ParT C — AIRCRAFT AIRWORTHINESS INVESTIGATION

CHaPTER I

AIRWORTHINESS — GENERAL

1. Airworthiness Defined

Airworthiness of an aircraft must be defined
before undertaking the investigation of an air-
craft accident. Airworthiness is a relative con-
cept, depending upon the aircraft in point and
how that aircraft is utilized. For example, a
particular aircraft may be “safe enough,” air-
worthy for crop dusting, but not for carrying
passengers across the Atlantic. The definition
depends to some extent on who is defining
airworthiness concepts, as they may be con-
sidered from different viewpoints.

Even though airworthiness may be variously
defined, it is understood that the maximum
reasonable airworthiness (safety) should be in-
herent, or designed into the aircraft.

A definition of airworthiness is: the capa-
bility of an aircraft and its systems to operate
in all environmental conditions for which they
have been designed; or stated simply, aircrafi
fitness for flighi.

If airworthiness exists at a particular time,
functional and mechanical integrity of the air-
craft and its systems are necessary. Civil
aircraft have been developed to a very
high degree of airworthiness through careful
and conservative design, through the use of
redundancy of many essential elements, through
proper operation, and through careful mainte-
nance. The goal is to reduce the probability of
failure of components, and to minimize the
threat to airworthiness if a failure occurs. Some
of the parameters making up airworthiness are
discussed in the following sections.

2. Structures

The integrity of aircraft structural elements
is a complex function of material properties,

fabrication, design criteria, and environment.

" Failure is possible in one or a combination of
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service induced over a period of time.

modes. Some failure modes are random, such
as single overloads and unique dynamic re-
sponses to unknown environments. Other
modes such as fatigue, creep, and corrosion, are
Struc-
tural failure modes result from localized stress
phenomena. .

Failure may occur from a single overload on
a part essentially undamaged by previous serv-
ice. This means an unanticipated high load
(such as a gust of extremely rare magnitude)
or a high, but anticipated, load on a part of
unanticipated weakness. This type of overload
failure has been extremely rare and can be kept
rare by careful design, manufacturing, quality
control, and proper maintenance of aircraft.

Failure can occur, even under anticipated
loads, in a part weakened through previous
service life. Strength may decrease in several
ways: cumulative fatigue damage, corrosion.
stress corrosion, creep (at elevated tempera-
tures ), or any combination of these.

The consideration of fatigue is very complex
in structural integrity evaluation. It is very
difficult to estimate fatigue damage and re-
maining fatigue lifetime, and -there are two
quite different approaches toward design to
prevent fatigue. One is the “safe life” approach
which involves designing the primary structure
with a high confidence level of nonfailure for
a selected life, and includes plans to retire the
structure or critical parts when this lifetime has
been reached. This approach demands very
exact design with quite accurate predictions of
flight conditions, or extremely detailed record-
ing of local strain at all critical spots. In addi-
tion, allowance must be made for scatter in



material fatigue strengths and for other un-
certainties in design and fabrication. To cir-
cumvent these difliculties another philosophy
recommends a “fail safe” attempt to build the
structure -in such a way that its strength is not
catastrophically reduced by noticeable fatigue
cracks, coupled with scheduled inspection for
cracks or other evidence of damage.

This approach still requires appropriate de-
sign to achieve adequate “safe life”, to avoid
statistical uncertainties in inspection, and to
avoid excessive weight and unreasonabie re-
placement costs.  Actually, either approach
may be limiting, and some aspect of each is
needed.

The total objective in structural airworthi-
ness is to establish and maintain the design in-
tegrity of the aircraft structure during its oper-
ational life.

3. Propulsion

The powerplant parameters of interest vary
with different types of aircraft and engines.
The powerplant differs from many other sys-
tems in the multiengine aircraft in that to
some extent it is fail safe without redundance.
Failure of an engine, and in some flight condi-
tions two engines of four-engine aircraft, re-
sults in a degradation of aircraft performance,
but flight is possible. This lack of redundancy,
however, makes powerplant performance deg-
radation or failure potentially critical under
some operating conditions and emphasizes the
importance of powerplant airworthiness investi-
gation.

Aircraft engines have been developed to a
high level of operational refinement in a rela-
tively short period of time. The factors limiting
the performance, reliability, and service life of
these engines are of interest,

Proper performance of a powerplant is
dependent on two aspects of the engine: ther-
modynamic performance, and the mechanical
integrity of the powerplant. These are inter-
related since any deterioration of the mechan-
ical integrity of the powerplant ultimately
results in degradation of the thermodynamic
performance, and operation outside thermody-
namic limits is a frequent cause of mechanical
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failures. However, mechanical difficulties fre-
quently must reach the level of failure before
a significant decrease in the thermodynamic
performance is noted, and mechanical failures
resulting from exceeding thermodynamic lim-
its are frequently delayed.

4. Aircraft Systems

Each system in the aircraft is designed for
a specific function necessary to the operation
of the aircraft. If the loss of a system’s func-
tion results in a catastrophic incident, or even
in marginal aircraft operation, the system is cer-
tainly related to airworthiness.

Functional integrity is the ability of a system
or a system component to perform as designed.
The probability that it will continue to have
functional integrity is evidence of its reliability.
Reliability specifications for a given class of
components are determined statistically from
test data and/or operational data on a number
of samples. The actual reliability of a given
component may differ considerably from the
statistical quotations, however. For this reason,
and because the statistical reliability itself may
not be deemed satisfactory, the redundant-
design concept has become a standardized ap-
proach to provide high levels of overall me-
chanical system reliability in aircraft.

The performance of any system component
depends on the behavior of its materials in the
environment to which they are subjected. Ma-
terial changes can occur in the form of cor-
rosion, wear, deformation, and even fracture.
(The loads which cause stresses within the
material are classed as environment here.)

“Whether these material changes affect perform-
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ance or not depends on the functional task of
the device in question. For simple load-bearing
members, fracture or deformation may be the
only serious material change. If the part is an
essential piece in rotating machinery, deforma-
tion, wear, and fracture could all be significant
and might lead to a seizure with complete loss
of performance. :

The performance or functional integrity of
many mechanical devices is sometimes not af-
fected by material changes within the device.
If the pushrod operating a critical flight-control
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surface fractures, or is deformed and seizes, a
loss of mechanical integrity occurs.  Simultane-
ously, functional integrity is lost.

This is not true of all mechanical devices.
Some, especially those with a number of me-
chanical parts, can experience material failures
of one or more parts and yet maintain part or
all of their functional integrity. Thus, a hy-
draulic pump may experience scored bearings,
worn pistons, or other types of failure and con-
tinue to perform, possibly at lower performance
levels. This effect of material changes on per-
formance is often referred to as performance
degradation.

5. Manufacturing, Modification, and
Maintenance

The importance of proper manufacturing,
modification, and maintenance of aircraft in
contributing to airworthiness is obvious, but
should not be taken for granted. Here lies the
responsibility for insuring that the aircraft en-
gines, systems, and. equipment conform to the
design, specifications, materials, processes, and
adequate construction, modification, and main-
tenance techniques. Continuous quality control
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helps to insure the airworthiness designed into
the aircraft.

6. Flight Characteristics

The flight parameter of an aircraft is that
parameter most apparent to all concerned in
the operation of an aircraft, for it is the param-
eter which is physically observed and felt,

Stability is the inherent quality of an-aircraft
to correct for any upsetting condition; it is a
primary aircraft design characteristic. It should
be noted that there are two distinct types of
stability. Static stability is the initial tendency
that the aircraft displays after being disturbed
from equilibrium, and dynamic stability is the
overall tendency that an aircraft displays after
being disturbed from equilibrium. The stabil-
ity of an aircraft is a very important factor in
its flight regime, therefore, based on the type of
aircraft and its intended operation, minimum
levels of acceptable stability are established.

Another major parameter of flight is per-
formance. Performance can be defined as how
fast, how high, how quickly, how much dis-
tance, and with what payload an aircraft can
operate under specific environmental circum-
stances. ’
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CuaprtER 11

FLIGHT CHARACTERISTICS

1. Aerodynamies and Performance

In the investigation of aircraft accidents the
_investigator is confronted with the necessity
for some knowledge in a variety of subject areas,
such as the human factors, the operations, the
© structures, the systems, and the various other
phases of the investigation. Aerodynamics is a
consideration in practically all aircraft accident
investigations since it is the medium in which
the aircraft operates. An understanding of the
principles of aerodynamics provides the investi-
gator an excellent foundation for a clear under-
standing of what may have happened. If it is
necessary to obtain assistance, such under-
standing will give the investigator. a back-
ground knowledge so that he can be effective,
and specific in his requirements.

The study of aerodynamics requires a good
background in mathematics through and above
calculus. The theory of aerodynamics found
in a text has no value unless we build the air-
plane and fly it, and thus determine the validity
of the theory. The purpose of this text is not
to stress mathematics, but to present aerody-
namics in layman’s language. The objective is
to explain some of the fundamentals which
have been utilized for a number of years but
which have not been discussed freely among
pilots and aircraft accident investigators.

1.1. Characteristics of the Atmosphere

Since the aircraft operates in the medium of
the atmosphere, it is logical to discuss some of
the characteristics or properties of the atmo-
sphere. In various texts on this subject it is
noted that the composition of the earth’s at-
mosphere by volume is approximately 78%
nitrogen, 21% oxygen, and 1% other gases, which
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may be water vapor, argon, carbon dioxide, etc.
For all practical purposes, the atmosphere
maintains a uniform mixture of these gases.
Three basic areas to study relative to these
properties of an air mass are pressure, tempera-
ture, and density. The aircraft operates under
the laws of aerodynamics, and when these
three properties of the atmosphere change for
any reason, an aircraft will have a correspond-
ing response change. It is the lack of under-
standing (on the part of certain flight person-
nel) of these various changes that produces an
alarming and continuous accident rate.

1.1.1. Pressure

Pressure from a physical aspect is not dif-
ficult to visualize. It is the weight of the at-
mosphere above the level where the pressure
is measured; 100% of the pressure is obtained at
sea level, approximately 75% of the pressure
at 8,000 ft, approximately 507 at 18,000 ft,
and 25% of the sea level pressure at 33,000 ft.
All of these percentages are approximate, since
the percentage varies with the temperature and
the location on the earth’s surface. The in-
vestigator must be conversant with a number
of pressures. As an example, dealing with aero-
dynamics and pressure in general, the term
14.7 1bs. per sq. in. is used as a standard pres-
sure under standard conditions at sea level;
2,116 ibs. per sq. ft. is an aerodynamics term
of standard pressure at sea level. The first
is pressure in Ibs. per sq. inch and the other
Ibs. per sq. foot. In the operations phase of
accident investigation the investigator will be
dealing with pressure measured in inches of
mercury, standard pressure being 29.92 in. of
mercury.



The term millibars of pressure will be utilized
with 1013.2 mb. as a standard pressure. The
operation of air carrier aircraft, as well as gen-
eral aviation high altitude jet aircraft, has made
the millibar pressure more significant to the
investigator. In dealing with medical person-
nel, the investigator will be using pressure in
the terms of millimeters of mercury, with 760
millimeters of mercury the standard pressure.
This is associated with the partial pressures
available to the lungs.

1.1.2. Pressure Ratios

The basic pressure of the atmosphere is rela-
tively easy to understand, but as soon as the
investigator encounters a problem involving
piessure and associated technical data he will
encounter the term pressure-ratio. This means
the comparison of whatever pressure the situa-
tion involves with what it would be at sea level
under standard temperature and pressure con-
ditions.  Pressure ratio is designated by the
Greek letter delta (8), and is equal to the pres-
sure (P) under consideration divided by the pres-
sure (P,) at sea level under standard tempera-
ture pressure conditions (P/P,). An important
point to remember is that the pressure speci-
fled as 14.7 Ib. per sq. inch, or 29.92 in. Hg.,
is measured from absclute zero pressure.

113, Temperature

Temperature is a major factor in the cause of
many aivcraft accidents since it varies the pres-
sure anc the density of the atmosphere. When
thinking of temperature, one usually visualizes
2 thermometer of one type or another, and
therefore it is important to discuss the two
thermometers in common use to get a picture of
change in temperature. Considering the Fah-
renheit thermometer first, it indicates that
water freezes at 32° and boils at 212° under
standard conditions. There is also the 0° mark
which is 32 units below the freezing point of
water and really has no significance. Study of
this thermometer found it to be somewhat un-
scientific, and for this reason the centigrade
thermometer was developed. The centigrade
thermometer is based on the freezing and boil-
ing points of water and as the word centigrade
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connotes, it is divided into 100 units between
these limits of the mercury displacement.

To be of use from a scientific standpoint, the
temperature must be measured from absolute
zero. By this is meant zero molecular motion,
since temperature and molecular motion are
synonymous.

Problems in aerodynamics, aircraft perform-
ance, etc., deal with temperature ratios and
these ratios deal with absolute temperature.
They are normally noted with the capital T.

To clearly understand absolute temperature
in both the centigrade and Fahrenheit scales,
reference Fig. C II-1.

In referencing zero degrees on the centigrade
scale, it can be noted that absolute zero is
273°C below this point. In referring to the
Kelvin scale, it can be seen that the scale is
merely zero referenced at absolute zero. For
familiarity purposes, note that 0°C or freezing
is 273°Kelvin, a standard day 15°C is 288°
Kelvin, and the boiling point of water is 100°C
and 373°Kelvin. The Fahrenheit scale (Ran-
kine for absolute temperature) can be analyzed
in a similar manner. This subject is discussed
since technical reports from government en-
gineering agencies, manufacturers, and opera-
tors will refer to temperature in degrees Kelvin
and Rankine.

1.1.4. Temperature Ratios

As pressure is expressed in ratios, tempera-
ture can be expressed in a similar manner. We
are interested not merely in one temperature,
but the temperature in comparison to what it
would be under standard conditions, therefore,
this results in the term temperature ratio. Tem-
perature ratio utilizes the Greek letter theta (6)
and is equal to T/T.. It is very important to
understand that this must be absolute tempera-
ture. The investigator should understand that
if a temperature of 50°C is increased to 100°C
this is not a 100% increase in temperature, but
rather, a 16% increase, as far as absolute tem-
perature measurement is concerned. '

1.1.5. Density

The third factor in the atmosphere is density,
basically, the mass of a given body of air. The
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aireraft flies under a law of Newton that Force
equals Mass x Acceleration. The air is acceler-
ated downward by the wing and this action
develops a force. It is this work on a given
mass M which resulis in lifr. The density of the
atmosphere is measured in slugs per cubic foot.
In the layman’s terminclogy, it is the weight of
a cubic foot of air divided by the acceleration
of gravity, which is approximately 32.2 fz. /sec./
sec. Standard demnsity at sea level is 0.00237,

slugs/cubic foor.

1.6, Density Ratios

Density, as in temperature and pressure, is
normally expressed in terms of density ratios;
in other words, the density of the atmosphere
in any given zaltitude in comparison to what it
is at sea level under standard temperature pres-
sure conditions. The Greek letter sigma (o) sig-
nifies density ratio. Density has been assigned
the Greek letter rho (p), and therefore density
ratio sigma is equal to rho at altitude divided
by rho subzero (o/p,) at sea level under standard
temperature pressure conditions. A point wor-
thy of mentioning is that the pressure ratic
curve and the density ralio curve are not the
same curve when plotied vs. altitude. This
means that at an altitude of approximately
22,000 fr. the density is only 50% of what it is
at sea level, while at 18,000 ft. the pressure is
approximately 50% of what it is at sea level.

In 2 veview of the three characteristics of the
atmosphere it becomes quite obvious why a
number of accidents oocur as a result of cerfain
density altitude conditions. Since an increase
in altitude will decrease the pressure and the
resultant density, and an increase in tempera-
ture will alse decrease the density, one can
visualize that a high temperature - high altitude
takeoff will gravely affect the performance
characteristics of an aircraft.

The effect of density can be clearly
undersiood if the above wmentioned foi-
mula is analyzed for lift; thag is, Force
equals Mass x Acceleration. We  must
have a given force, which is lift, to fly the air-
craft. The mass of air is accelerated downward
to generate this lift. If the density of the air
is decreased a higher rate of acceleration is
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required to maintain the same lift. This re-
quirement then means that the engine must
put out more horsepower to compensate for
the less dense air. Or, in other words, a greater
velocity is required to accelerate the lighter
mass. The problem becomes more complex
at the higher altitude density condition, for
the engine capability becomes less at a time
when the aircraft is demanding more.

1.2. Altitudes

The investigator will be constantly con-
fronted by problems involving altitudes, such
as weather data, witness information, field ele-
vations, cabin pressurization, etc.

1.2.1. Absolute Altitude Measurement

Absolute altitude is the altitude above the
terrain or sea. It is the altitude which the in-
vestigator needs to know, but finds difficult
to actually determine, unless there are scars,
such as on an gbstruction, or a flight recorder,
to give some clue.

1.2.2. Pressure Altitude

The pressure altitude is the altitude as indi-
cated on the altimeter when the altimeter is
set to standard conditions of 29.92” of mer-
cury. This is the altitude used in accident in-
vestigation to determine the density altitude.

1.2.3. Density Altitude

Density altitude, which may be considered
as the working altitude of the aircraft, is ob-
viously the altitude that must be computed or
estimated by the investigator. Density altitude
is pressure altitude corrected for temperature,
a correction made by the use of a computer or
a density altitude chart.

1.3. Airspeeds

There are five basic airspeeds with which the
investigator should be somewhat familiar,
1.3.1. Indicated Airspeed

Indicated airspeed is the needle reading on
the airspeed indicator. In most cases this is
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very different from the actual airspeed of the
aircraft through the air.

1.3.2. True Indicated Airspeed

True indicated airspeed, TIAS, is the indi-
cated airspeed as mentioned previously, cor-
rected for errors within the instrument itself.

'1.3.3. Calibrated Airspeed

Calibrated airspeed is true indicated airspeed
corrected for position error. By position it is
meant the position or location of the pitot
static system. This normally requires an air-
speed placard in an aircraft, since under great
changes of attitude considerable error will be
introduced into the instrument reading. It is
desirable ‘that the minimum error in this in-
strument reading occur in the vicinity of the
approach speed of the aircraft.

1.3.4. Equivalent Airspeed

Equivalent airspeed is a calibrated airspeed
corrected for the compressibility effect of the
air. This is a function of highspeed flight at
airspeeds in the vicinity of 300 knots and
greater. The  air becomes compressible, no
longer acts as a noncompressible fluid, and
therefore the airspeed indicator reads high.
The correction for compressibility is always
minus. In other words, it is always subtracted
from the instrument reading, whereas the areas
of the instrument error and the pitot static po-
sition error may be plus or minus.

1.3.5. True Airspeed

True airspeed reading is what is desired for
navigational purposes. It is the equivalent air-
speed corrected for density. An airspeed indi-
cator is a pressure instrument which measures
the pressure differential between the ambient
air pressure (which is referred to as static
pressure) and a dynamic pressure which is the
pressure of motion. The static pressure is a
measure of the air above the instrument, and
the dynamic pressure is a function of the
square of the velocity times % the density of
air (rho). This term rho over 2, V squared, is
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referred to as dynamic pressure or “q” in aero-
dynamics (¢ = p/2 V*),

1.3.6. Mach Number

In the area of motion or velocity of aircraft
through the air we will consider the mach num-
ber or the mach meter as mounted on the in-
strument panel. The definition of mach number
is the ratio of the true air velocity of an aircraft
divided by the ambient velocity of sound. In
other words, M is equal to V over a (M = V/a).
The ambient velocity of sound changes with
temperature. The value a is equal to a subzero,
which is the velocity of sound at sea level times
the square root of theta (a = a,\/0). Theta is
the temperature ratio in absolute temperature
and one can see from this formula that the mach
number is not a function of pressure or altitude,
but a function of temperature only. The point to
keep in mind here is that temperature possesses
a relationship to pressure and density. The
velocity of sound at sea level under standard
conditions is 661 knots or 761 mph.

1.3.7. Angle of Attack Indicator

An angle of attack indicator is a device which
allows the pilot to read the angle between the
longitudinal axis of the aircraft, or the chord
line, and the free stream velocity (relative
wind ). This device has been used successfully
on military aircraft, some executive jet aircraft,
and on certain air carrier type aircraft.

This instrument is ‘best explained in con-
junction with the airspeed indicator, since the
airspeed indicator is an indirect angle of attack
indicator. The angle of attack indicator is a
direct reading instrument and records only one
basic function, that of angle. The airspeed
indicating system is plagued with mechanical
and environmental errors. As an example of
an indirect reading instrument, the airspeed
indicator will, under a given weight and en-
vironmental condition, represent some un-
known angle of attack at a given airspeed
reading. If the weight, temperature, etc., are
changed, the angle of attack could change with
no change in airspeed indication.

Another example is the lift over drag ratio
of an aircraft and gliding distance. L/D maxi-



mum is a shape characteristic of an aircraft
and it occurs at some specific angle of attack.
L/D max. is independent of weight, and if the
aireraft is at maximum gross weight L/D max.
occurs at some indicated airspeed. If the same
aireraft is very light, L/D max. occurs at some
other airspeed. In utilizing an angle of attack
indicator it is possible to place the aircraft in
a specific flight regime.

There are other uses for the angle of attack
indicator besides angle indication. Tt may be
used as the activator of a stall warner and /or
a stick shaker. Tt may also be utilized as a
stick pusher sensing device.

1.4, The Wing

The wing area has been separated into indi-
vidual components since the wing is such an
important factor in the design of an aircraft.
Basically, the wing descends the aircraft,
climbs the aireraft, and turns the aircraft. It
is therefore highly desirable for accident in-
vestigators to have a thorough understanding
of the development of the aircraft wing,

14.1. Nomenclature of Parts and Shapes

The span of an aircraft wing in this country
is measured from tip to tip regardiess of the
plan form of the wing, whether it be straight
wing, elliptical, or sweptwing. This, as we will
find later, is an important aercdynamic factor
in characteristics and performance.

The chord of the wing is a line from the
nose of the airfoil section to the aft tip of the
section. The letter which represents wing span
is small b, and the letter representing chord
is small ¢. The dihedral angle is by definition
an angle between two planes, which in this
case would be the right and left-hand wing
surfaces of the aircraft, Normeally, dihedral is
positive, and the dihedral angle is measured
from a lateral plane to a specific plane of the
wing.  Dihedral is primarily used for purpeses
of lateral stability. Another term js cathedrai
or antihedral. A number of aircraft designers
use this configuration for a specific purpose.
Basically opposite to dihedral, the antihedral
wing tips are lower than the root sections.
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The angle of incidence is the angle between
the longitudinal axis of the aircraft or the fuse-
lage and the chord line of the wing. This nox-
mally is a very small angle, and may be plus
or minus, depending on the characteristics of
the airfoil sections used in the wing. Decalage
is an angle involved in the two-wing or biplane
type aircraft, and it represents the difference
in angle of incidence between the top and
lower wing. In the biplane the bottom wing is
rather inefficient, and therefore it is mounted
on the aircraft at a higher angle of incidence
than the top wing, These two angles, incidence
and decalage, may be of interest in accident
work involving newly certificated aircraft, such
as aircraft of an experimental category or agri-
cultural aircraft. The determination of the bal-
ancing airfoil or mean aerodynamic chord of a
biplane is somewhat more complicated than
that of a monoplane. :

A design characteristic of a wing s
calied wash-out, and this in turn will be fol-
lowed by the term wash-in. The term wash-out,
which is very common in aircraft design, is in
actuality an aerodynamic twist of the wing. In
layman’s language, the wing is twisted to give
a different angle of attack at the tip of the
wing than that at the root section. The way
to differentiate beween wash-out and wash-in
is to associate wash-in with an increase
in angle of attack towards the tip. Very few
aircraft have ever used this system of wash-in
at the tip, but it is very common to have the
tip washed-out, where the angle of attack will
be less at the tip than it is at the root section.
The purpose of this is to achieve a better stall
characteristic of the wing, where some area
inboard on the wing stalls before the tip sec-
tion to prevent adverse rolling in the advanced
stall state. ‘

Another shape characteristic is called taper
ratio and involves the ratio of the tip chord
to the root chord. We can say that a wing has
a higher taper ratio when the tip chord is small
in comparison to the root chord. Generally
speaking, wings with a high taper ratio have
rather undesirable stall characteristics because
the tip section tends to stall ahead of the root
section. There is a definite reason for this
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which will be discussed later when the subject
of Reynolds number is explained.

Another item relative to wing design and
shape is aspect ratio. This is an extremely im-
portant characteristic of the wing which should
be thoroughly understood by the student of
aerodynamics and the air safety investigator.
In the subject of aspect ratio refer to the first
two items under discussion of the wing, the
wing span and the wing chord. The basic for-
mula for aspect ratio is the span small b divided
by the chord small c. Generally speaking,
wings are of an aspect ratio of approximately
6 to 1. One of the reasons for this is that most
of the wind tunnel research by the National
Advisory Committee on Aeronautics (NACA)
was with model wings of an aspect ratio of 6.
It is found from actual flight experience
that a wing with an aspect ratio of 6 dispiays
rather good characteristics. The formula for
aspect ratio, AR equals small b divided by c,
is the physical relationship between the span
and the chord that must be visualized to under-
stand what aspect ratio actually is. The general
term in aerodynamics is this basic formula of
b over ¢ multiplied by b over b which, of
course, has a value of one. And in studying
this equation we have in the numerator b x b
which would be b squared, and in the de-
nominator we have the span b x the chord ¢,
which is actuaily the wing area S. So, in mul-
tiplying b over ¢ x b over b we arrive at the
equation of span squared

AR*EyE—E
¢c b S

over area. This is the overall formula for as-
pect ratio, regardless of wing or airfoil shape.

Sweepback angle is a characteristic of an
aircraft in which the wing is swept back so that
the tip sections are aft of the root sections. In
the study of the mean aerodynamic chord, we
will find the reason why sweepback is meas-
ured in a certain manner in this country. The
angle of sweepback is measured from the
lateral axis aft and around to the quarter
chord point of the wing, and not to the leading
edge of the wing. There is a reason for this,
since the design engineers are always con-

95

cerned with the quarter chord wing line. This
is a point where the aerodynamic characteris-
tics of the wing are known and sweepback is
measured from the lateral axis back to this
quarter chord line of the wing. In line with
the above, the subject of the mean aerody-
namic chord is one of major importance. It is
a subject not too well defined except in aero-
dynamic texts. If the aerodynamic characteris-
tic of airfoils in association with the mean aero-
dynamic chord is understood, the implications
of weight and balance, and stability and con-
trol become obvious.

1.4.2. The Mean Aerodynamic Chord

By definition, mean aerodynamic chord is
an airfoil with a certain chord length which
represents the aerodynamic characteristics of
the complete wing as if it were a rectangular
wing. In actual aerodynamic work it is a la-
borious task to determine the mean aerody-
namic chord. It is determined by use of all the
airfoil characteristics throughout the span of
the wing, and it involves a location of this the-
oretical airfoil in a spanwise direction, in a
vertical direction, and a fore and aft direction
in the wing. Quite often it actually is not an
exact location within the wing. It is also found
that a centroid or center of gravity of a given
wing area will give an airfoil section an actual
chord, which is known as the mean geometric

chord.

The mean geometric chord of a tapered wing
can be determined in the following manner:
A line is drawn from the midchord point of the
root section to the midchord paint of the tip
section. This is the average chord or median
line. The tip chord length is then added to the
root chord length on either end. The root
chord length is then added to the tip chord
length, but it is added to the opposite end to
which it had been added to the root chord.
In other words, one segment to the trailing
edge, and one segment to the leading edge.
The external points of these two lines are con-
nected by a diagonal line. The mean geo-
metric chord (mean aerodynamic chord) is
located where this diagonal line crosses the
previousiy drawn median line. Figure C II-2.
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1.5. The Airfoil

The airfoil, or the basic shape of the wing,
is an extremely important factor in the design
of an aircraft. Considerable time is spent in
design, deciding which airfoil to use, or which
series or family of airfoils, and how to arrange
these airfoils to make a workable wing,

1.5.1.

A clear picture of the working characteristics
of an airfoil section is shown in Fig. C HI-3.

Shape, Development, and Nomenclature

1.5.2. Nomenclature (Aerodynamic)

A series of points on an airfoil affect the gen-
eral characteristics of the shape. The knowl-
edge of these various points on the airfoil and
what they represent can be directly associated
with accident causal factors. The first to con-
sider is the stagnation point. Actually, there
are two stagnation points on an airfoil, one on
the leading edge, and one on the trailing edge.
We shall discuss only the leading edge stag-
nation point. By definition, this is a point on
the leading edge of an airfoil where the air
flow velocity (free stream velocity, or relative
wind) is brought to a velocity equal to zero.
As we can see, referring to Fig. C II-3, the
stream lines separate on either side of this
point and flow below and above the wing. As
the angle of attack of this airfoil is increased,
the stagnation point moves downward. It is
this movement of the stagnation point which
prompted Dr. Leonard M. Greene to develop
the stall warning indicator in such common use
on general aviation aircraft. This is the small
vane which protrudes from the leading edge of
the wing. It is held down by a light spring
pressure and by dynamic pressure. When the
stagnation point reaches the area of the vane
or below, it will move to an “up” position, and
either activate a light, blow a horn, or both,
in the cockpit to indicate an approach to a stall.
One manufacturer utilizes a hole in the lead-
ing edge of the wing, so positioned that it will
produce an audible whistle or vibration as the
stagnation point approaches this particular
area. This type of stall warner has an ad-
vantage over the other type because no elec-
trical equipment is required. It must be

pointed out here that the stall warning devices
used on general aviation aircraft do not prevent
stalls, they merely warn of an approaching
stall.

The next point to consider on an airfoil is
shown in Wig. C II-3. This is the transition
poini. The flow of air preceding the leading
edge of the wing, and that which passes up
over the top and bottom leading edge curva-
ture of the wing, is leminar. By this it is meant
that each stream line is parallel to the other,
and remains so down fto the surface of the
wing. It is desirable to keep this flow laminar
as far aft on the airfoil as possible. In exam-
ining the metal aircraft wing, note that the
surface from the leading edge to a point ap-
proximately one-fourth to one-third aft of the
chord is flush riveted, whereas the rear por-
tion of the wing surfaces on top and bottom
may be riveted with brazier head rivets which
protrude above the skin of the wing. In the
transition area, or transition point, the airflow
changes from laminar flow to turbulent flow
next to the surface. This is a very thin layer
of turbulence which increases in thickmess as
it approaches the wing section trailing edge.
One might say at this point that if a person
desired all possible speed from an aircraft he
would wax the leading edge portion of the
wing. Beyond this point, additional waxing
and polishing would be useless, since the sur-
face is working in a thin layer of turbulence.

Proceeding aft on the upper wing surface
this turbulent area gets thicker and thicker
until finally another point known as the sepa-
ration point is reached. This is the point where
the airfow breaks away from the surface of
the wing and thus initiates the stall. Note in
examining Fig. C I[-3 that as the stall pro-
gresses a reverse in flow occurs, since the air
has been slowed along the surface. Aerody-
namicists refer to this as deenergization of
the boundary layer. In layman’s language, it
means that the surface of the skin has de-
creased the airflow velocity next to this sur-
face. Visualize that if the surface of the wing
is rough it will have the effect of rapidly de-
energizing the air velocity next to the surface,
and in turn, it will cause the separation point
as well as the transition point to move forward.
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This makes it easy to visualize why frost is so
critical on an aireraft wing and horizontal tail.
Frost on the surface has a very effective de-
energizing characteristic on the airflow, and as
a result, the tramsition and separation points
move forward to produce a premature stall.

In referring to the leading edge area of the
airfoil section it can be seen that it is desirable
to maintain laminar flow as far aft as possible.
As stated previously, this is the reason manu-
facturers normally use flush rivets in this par-
ticular area. Laminar flow airfoils are airfoils
that maintain laminar flow over a large aves.
They were developed just prior to and during
WW II. The P51 aircraft is an example of one
of the early aircraft employing a laminaz-flow
type wing. The laminar-flow wing is also uti-
lized on a number of the modern general avia-
tion aircraft. .

Procedure for development and testing of
airfoils is worthy of a few comments, since
rather an elaborate process is employed to de-
velop the technical information on a given
shape. Various shapes will act as airfoils; how-
ever, each shape requires accurate wind tunnel
testing to determine the actual physical char-
acteristic for reporting in a writien, graphical
form. Almost any airfoil shape will generate
lift if enough power is available to obtain the
required velocity. This is the origin of the
oldtime statement of the 1930’s, “I can fly a
barn door if T have enough power.” The mod-
ern airfoil, however, is considerably more so-
phisticated than the bam deor.

The first item to cover in the airfoil is the
chord line. This is the line drawn from a lead-
ing edge to the trailing edge, a reference line.
This line is actually used to plot the airfoil,
and it is also utilized to attach the wing to the
aircraft. The angle between this line and the
longitudinai axis of the aircraft, as previously
stated, is the angle of incidence.

o

[

In the study of airfoil shapes we
find a second line known as the mean
camber line. This line is defined as

the line which results from a plot of all points
half way between the upper surface and the
lower surface of the airfoil. This is the line
used to mathematically develop an airfoil sec-
tion. By this it is meant that equations can
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be written for the curves involved. It is nec-
essary to refer to Fig. C 11-4 to illustrate the
chord line and a mean camber line.

in referving to this figure, note that in this
particular illusiration the mean camber line is
above the chord line, and therefore this airfoil
section has positive camber. Any time the
mean camber line goes below the reference
chord line, we have negative camber. We
might also make the statement that a sym-
metrical airfoil would have the mean camber
line and the chord line as the same line, and
therefore the symmetrical airfoil has no cam-
ber. Since airfcils are developed from this
mean camber line, airfoils series, or families of
airfoils, can be explained. The numbering sys-
tem for the five-digit airfoil section series is as
follows. The first integer indicates the amount
of camber in terms of the relative magnitude
of the design lift coefficient — the design lift
coefficient is thus three-halves of the first in-
teger. The second and third integers together
indicate the distance from the leading edge to
the location of maximum camber. The distance
in per cent of the chord is one-half the number
represented by these two integers. The 23012
airfoil therefore has a design lift coefficient of
0.2 (3/2 X 0.2 = 0.3), has its maximum camber
at 15 per cent of the chord (30/2 = 15), and
has a thickuess of 12 per cent of the chord.

In the four-digit series airfoil section, the
numbering system is based on the section ge-
ometry. The first integer indicates the maxi-
mum displacement of the mean camber line in
per cent of the chord. The second integer in-
dicates the location of the point of maximum
camber in per cent of the chord. The 2412
airfoil section thus would have. a 2 per cent
camber located 40 per cent of the chord aft
of the leading edge, and it is 12 per cent thick.

It is desirable in the construction of a canti-
lever wing to have it thicker at the root section
than at the tip. The center airfoil, therefore,
might be a 23015 or 23618 airfoil, meaning that
it was 15 per cent or 18 per cent thick. This
could taper out to middle areas where it might
be a 23012 airfoil, and possibly go out to a
23009 at the tip section. There are many wing
designs which have a different family of air-
foils within the wing section itself, in other
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words, a different section at the tip than at the
root. As a matter of fact, some of our jet trans-
port aircraft have wing sections of different
types in three individual areas. These are from
the fuselage to the first outboard engine, a
section between the engines, and the third
section from the last engine outboard to the
tip. The inboard section may actually be in-
verted to obtain a desired characteristic of the
wing. A number of series of airfoils exist
throughout the world; this discussion will be
confined to NACA type airfoils.

Another series of interest is the NACA
laminar-flow type airfoil such as the 65412.
Each of these digits represents some technical
information, as in the 23012 series, but this
series is in no way related to the 23012 series.
The digit 6 designates the fact that this is a
laminar-low airfoil. The second digit, 5, signi-
fies the chordwise position of minimum pres-
sure in tenths of the chord from the leading
edge. The third digit, 4, represents the lift co-
efficient of 0.4 which is at a point of minimum
drag of this section. In other words, this would
be a design cruise lift coefficient and the last
two numbers ave the same as in the older
23012 series. This means that the airfoil is 12
per cent thick airfoil. To be specific, on a
100-inch chord the airfoil would be 12 inches
thick. There are hundreds of airfoil shapes,
some with a scientifically developed back-
ground, others are airfoils which carry the
name of the person who developed the shape.

One of the most popular of these is the Clark
Y series. Other types of airfoils used in the
1930°s were the Gottingen, Eiffel, and RAF
series. A more modern airfoil type is the
faminar-flow series which came into common
use during WW II. Note Fig. C II-5; these air-
foils possess drag curves with what is known
as a drag bucket. There is a small range of
angle of attack or lift coefficienit where the drag
decreases appreciably. In order to utilize prop-
erly this laminar-flow airfoil, it is necessary to
have adequate power to bring the airplane up
into a designed speed range where we can
utilize the lower lift coefficient, and operate
in the drag bucket. or low shape-drag range.

The aerodynamic center of the airfoil is a
common term found in all aerodynamic books

i01

but one omitted from most pilot-type aerody-
namic books as seemingly unimportant. Ac-
tually, it is an extremely important area on an
airfoil, as will be noted in the discussion of
weight and balance, stability and control, and
inflight breakup under a high-speed flight con-
dition.

If a cambered airfoil is tested in a wind tun-
nel, it will display a pitchdown or nosedown
pitch characteristic through the range of max-
imum lift coefficient (which is a stall) to a low
angle of attack, or zero-lift condition. This is
referred to as a pitching moment, a characteris-
tic of practically all airfoils except symmetrical,
and some highly modified airfoils. This pitch-
ing moment characteristic was one reason for
the development of the 23000 series discussed
previously, the idea being to develop an airfoil
with a minimum pitching moment.

A symmetrical airfoil has a zero pitching mo-
ment, and for this reason it is used almost uni-
versally in helicopter main rotor blades. (Fig-
ure C II-6) The aerodynamic center is an.air-
foil property which should be clearly under-
stood. 1t is defined as the point on an airfoil
about which the pitching moment coefficient
is constant. It is a point on an airfoil which is
approximately one quarter of the way back
from the leading edge. One must also visualize
that the center of pressure under a varying
angle of attack moves fore and aft on the air-
foil. It is well forward at a high angle of at-
tack, and it is well aft at a low angle of at-
tack. It is then a matter of taking moments
around some point on the airfoil to determine
the Jocation of a point where the pitching mo-
ment is constant. In layman’s language, this
means that at the lower angles of attack the
center of pressure is well aft on the airfoil, and
the lift is of a relatively small value. There-
fore, the moment arm from the aerodynamic
center (which in this case is approximately the
quarter chord point )to the relatively small lift
force will be some fixed moment. If there is
an increase in the angle of aitack, the lift force
will increase, and at the same time it will have
moved forward on to the airfoil.

In generalities, if the force is decreased, the
moment arm is longer, and if the force is in-
creased, the moment arm is shorter. This is a
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physical presentation of the aerodynamic cen-
ter. The aerodynamic center is a fixed point
on an airfoil determined by wind tunnel tests,
and for all practical purposes it is at the quarter
chord point.

If one were to examine the data on a series
of cambered airfoils, it would be found that the
position is approximately 0.249 to 0.269 per
cent of the chord. The above explanation
should be visualized as a wind tunnel operation
where the velocity is constant, and only the
angle of attack is changed. It must be remem-
bered that the pitching moment increases as
the square of the velocity.

Since wing pitching moments are a part of
stability and control as well as a factor in in-
flight breakup problems, it is necessary to un-
derstand why the wing pitching moment in-
creases as the square of the velocity.

In the wind tunnel, the velocity normally
remains constant, and the angle of aitack and
resultant lift are varied. In the aircraft, the
velocity and angle of attack are varied, and the
lift remains constant for any given instant of
study.

In studying a level flight condition at slow
speed, the lift equals the weight, the angle of
attack is high, and the center of pressure is
close to the aerodynamic center. The moment
arm beiween the serodynamic center and the
life force is shurt, therefore, the pitching mo-
ment would be at some low value.

In the high-speed flight regime, the weight,
and therefore the lift force, is still the same.
The angle of attack, however, is low, and the
center of pressure is well aft on the airfoil.
The force of lift times its moment arm from
the aerodynamic center will therefore be a
higher value than in the slow-speed regime.

As an example, if an aircraft with a cam-
bered airfoil has a given pitchdown moment at
100 knots, it will have four times this pitch-
down moment at 200 knots, and of course, nine
-times this moment at 300 knots. This fact
makes it easy for the investigator to understand
the breakup sequence in a loss-of-control,
weather-type accident. ‘

In understanding the mean aerodynamic
chord as an airfoil which represents the char-

acteristic of the wing as if it were a rectangu-

lar wing, and the fact that it, in turn, possesses
an aerodynamic center which is located for all
practical purposes at the quarter chord point, it
becomes easy to visualize why the wing is at-
tached to the fuselage in a particular position
for weight and balance purposes. See Fig. C
II-8. The horizontal tail, therefore, can be vis-
ualized as the balancing surface for the wing,
fuselage, and powerplant combination. For
example, if one were to take a series of air-
planes and note the center of gravity limits of
each, it would be found that they fall in the
ball park area of approximately 10 to 15 per
cent of the M.A.C., fore and aft of the aero-
dynamic center. This will vary with different
aircraft configurations, but as an investigator,
one should visualize this as a general area of
the C.G. limits beyond which the horizontal tail
surfaces cannot generate enough power to con-
trol the aircraft (forward C.G.), or conversely,
the aircraft becomes extremely sensitive or un-
stable (with an aft C.G.). It is this pitching
moment of the wing, plus the pitching moment
characteristics of the engine thrust, the fuse-

- lage shape, etc., which must be counterbal-

108

anced by the normally negative load on the
horizontal tail.

In a stable conventional aircraft all moments
add up to a condition that requires a download
on the horizontal tail to balance the aircraft.
It must be visualized that with an abnormally
forward C.G. in the aircraft it is possible to
exceed the download aerodynamic carrying ca-
pability of the tail. In the slower-flight regimes
it is possible to have an uncontrollable pitch-
ing down condition of the aircraft. This is one
of the areas in which FAA engineering person-
nel will flight check the aircraft during the cer-
tification tests. '

The other regime will be the maximum aft
C.G. limit in which the download on the tail
will disappear, or become positive, because of
the excessive aft C.G. condition. Under this
condition, the aircraft will become highly un-
stable, or very sensitive on the controls, to the
point where aver controlling could result.

e
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1.5.3. Related Equations

To Hustrate the relationship of lift, drag, and
moment of the airfoil or wing, reference is
made to Fig. C [1.7 which shows the lift char-
acteristic curve, the drag characteristic curve,
and the pitching moment curve of an airfoil
section. These curves are plotted versus the
angle of attack across the horizontal or X-axis.
The three characteristics of 1ift coeflicient, drag
coefficient, and moment coefficient are plotted
on the vertical or Y-axis.

Figure C II-8 illustrates the three eguations
associated with these coefficients. A lift equa-
tion is equal to the lift coefficient times rho
over 2 8§V squared, where rho is the density of
the air, 8§ the wing area, and V the velocity in
feet per second, of the aircraft (Lift = C, p/2
SV®). The drag equation is the same basic
equation of C sub D, or drag coefficient, times
tho over 2 SV squared (Drag = C, £/2 sV?).
These equations result in pounds of lift and
pounds of drag, respectively. The third equa-
tion, which is the moment equation, is equal to
C sub M, sub AC, which is the moment co-
efficient around the aerodynamic center, times
rho/2 SV squared (Moment = C p/2 SVic).

This quantity will result in a force times a dis-
tance ¢, the Jast letter in the equation, which
is the mean aeradynamic chord. This distance
(c) when multiplied by the wing lift force
will give the total pitching moment in the wing.

1
AC

1.5.4. The Stall

The stall has been an operational problem
of an aircraft (heavier than air) since man
began to fly. It is a simple thing in itself, just
a matter of exceeding the critical angle of at-
tack of a given airfoil. It can be a lethal thing,
for there have been numerocus stall, or stall-
and-spin accidents every year since the flying
machine came into being. The stalled attitude
of an aircraft, in the hands of a skilled pilot,
is a beautiful thing to watch at an air show.
The snaproll, the hammerhead, the spin, the
falling leaf, the vertical reverse, and the lom-
cevak are all maneuvers involving the stalled
condition of an aircraft.
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The stall is highly misnamed. There are the
power-on, power-off, acceleration, the secon-
dary, the deep, the stable, and the advanced
stalls. There is only one stall — that which
exceeds the critical angle of attack. The named
stalls are merely flight regimes. '

Since we must live with the stall, there are
some aircraft which possess such bad rolling
characteristics in a stalled condition that stall
strips are placed on the leading edge to initiate
an early stall in a strategic area. Some aircraft,
because of undesirable stall characteristics, are
required by the FAA to be equipped with a
stall warner. This stall warning device is
standard equipment on many aircraft as a
safety device.

Stall-proof aircraft have been developed in
an efiort to preclude the spin. This type air-
craft is prevented from stalling merely by re-
stricting elevator travel so that .the aircraft
cannot be held in an attitude to obtain the stall.
There have been fatal spin accidents in these
spin-proof aircraft. Once this type aircraft is
stalled and spun the recovery may be difficult
because of the small or restricted controls. It
is possible to get this type aircraft in such an
attitude that it falls into a high angle of attack
and subsequent spin condition.

It must be understood by the investigator
that a complete aircraft under certain condi-
tions can fall. The statement that an aircraft
canmot fall is an old wives tale taught by some
instructors to instill confidence in the student.
If this were so, it would be safe to do stalls 50
feet above the ground. Scientifically, the the-
ory is expiained: Any time the weight exceeds
the lift, the aircraft will accelerate towards the
earth. The acceleration rate is in proportion
to the differential of lift and weight. One
merely has to ride through a tail slide or lomce-
vak maneuver to sxperience the full effect of this
scientific explanation. Fortunately, as the air-
craft falls, it again begins to fly, provided there
is sufficient altitude, or, it does not remain in
a high angle of attack, stalled condition.

As an investigator, keep in mind that an air-
craft must be stalled in a spin. If it is not
stalled, the aireraft is merely in a steep spiral.
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1.6. The Momentum Theory of Lift

The momentum theory of lift is based upon
the equation Force equals Mass times Accelera-
tion (F = Ma). This means that the wing will
act upon a mass of air and deflect it downward
through some angle. It is this downwash or
angular acceleration of the air that requires
an equal opposite reaction, which is lift. This
theory appears to be a rather elementary ap-
proach to lift generation. However, it can be
utilized to develop all of the lift and drag equa-
tions developed from other theories of lift. In
studying the momentum theory in which a
mass of air is deflected, one mighi ask what
happened to Bernouli’s principle in which a
change in air velocity over the wing changes
the pressure? There is no change in the princi-
ple as put forth by Bernouli. Obviously, one
wants to use an efficient wing to accelerate a
mass of air. A barn door wing could be used to
lift an aircraft, but this is rather an inefficient
deflector of air. By utilizing Beimouli’s princi-
ple, and an efficient airfoil shape, the deflector
can be greatly improved over a barn door.

To understand the momentum theory, visu-
alize the wing as accepting a cylinder of air
in which the wing span is the diameter of this
cylinder, If the plan form of the wing is el-

- liptical, such as that used on the Spitfire air-

craft of WW 11, it will actually aifect a nearly
perfect cylinder of air. If we consider a tapered
cantilever wing, the total area the wing accepts
is not perfectly cylindrical, but becomes slightly
elliptical, and a correction factor will be intro-
duced. A straight rectangular wing will also
deflect an elliptical section of air. It accepts
this tube of air, and then deflects it downward
through some angle. In viewing Fig. C {I-9
note that we can have a cross-sectional area of
a wing span in diameter and one foot in thick-
ness to form a volume. It can be seen that the
velocity, density of the air, and mass or volume
of air will eventually result in the lift equation,
if we desire to derive it by this method.

1.6.1. The Downwash Angle

In the momentum theory of lift, actual flight is
easily visualized, since this is what is taking
place: The cylinder of air strikes the wing, and
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the wing deflects the mass of air downward at
some downwash angle. This normally results
in a downwash on the horizontal stabilizer
which assists in creating the download re-
quired for stable flight conditions. Referring
to the shape of the wing, a study of aspect
ratio in conjunction with the momentum theory
of lift will show that aspect ratio plays an im-
portant part in aircraft design for a specific
mission.

In examining the sailplane, the B52 bomber,
and the UZ, it is obvious that these aircraft
possess very high aspect ratios. These air-
craft with large wing spans and relatively short
chords will work upon a large mass of air, and
therefore must deflect it through a relatively
small angle to generate lift.

On the other hand, in an examination of an
aircraft of delta wing design, which has a
rather low aspect ratio and short span, it is
noted that in order to sustain the weight of the
aircraft, the wing must necessarily take this
small tube of air and deflect it through a rela-
tively large angle. In this case, what is lack-
ing in the mass (volume) of the air must be
made up in acceleration of the air. In observ-
ing the takeoff and approach attitudes of
aircraft such as the F102, F106, and B58, it is
noted that the attitude or angle of attack is
extremely high compared to the . conventional
wing aircraft. This configuration of the wing
plane has the characteristic of developing very
high induced drag which will be explained
later. Although the momentum theory of lift
is relatively easy to visualize as it takes place
in a conventional aircraft, other complications
are involved in this basic aerodynamic phe-
nomenon. '

1.8.2. Three Dimensional Flow

One facet of aerodynamic flow is known as
three-dimensional flow. Airflow can be visual-
ized as traveling in one dimension in a direction
from the leading edge to the trailing edge.
As it passes over an airfoil, the air will pass
above and below in a second or vertical di-
mensijon. The third dimension is in a spanwise
direction, or spanwise flow.
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1.6.3. Vortex Generation

Figure C Ii-10 illustrates a conventional rec-
tangular- wing. Note that the airflow on the
top of the wing is straight fore and aft in the
center of the wing, but in progressing toward
the wingtips on the top surface the airflow
tends to flow inward from both tips at a slight
angle. The dotted line represenis the airflow
on the bottom surfaces of this wing. It can be
noted that the air flows in straight lines from
leading edge to the trailing edge in the center
of the wing. Progressing outward toward the
tips, the airflow assumes an outward flow to-
ward the tips because of the difference in pres-
sure between the bottom and top surfaces. The
high pressure air on the bottom moves toward
the tip to enter the low pressure area on top
the wing. Examine part B of Fig. C II-i0a,
which is a trailing edge of the wing; note that
the spanwise flow creates a shearing action
across the trailing edge of the wing, which in
turn causes rotation or small vortices to form.
The size of these vortices increases as they
move out toward the tip, as evidenced in the
plan view in Fig. C 1i-10a. The spanwise flow
increases in magnitude inversely as a function
of the distance from the wingtip.

In the high aspect ratio wing, a large span
and relatively small chord, it is obvious that
it is more difficult for the air to spill over the
tips, primarily because of the distance involved.
Conversely, the low aspect ratio wing, a short
span and large chord, it is relatively easy for
the high pressure air on the lower portion of
the wing to spill into the low pressure area on
top of the wing, Aspect ratio then will be one
factor in the process of vortex generation which
in tum will have an effect on induced drag.
In Fig. C I1-10b, a cross section of an airfoil,
note that vortex action creates a downwash of
the air as it passes over the wing. The greater
the vortex action, the greater will be the angle
of downwash. The airflow in the area of the
aerodynamic center is parallel to 2 line equal
to one-half the downwash angle. ¢(Epsilon)
The total vortex action is the sum of the bound
vortex and the vortex of downwash.
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1.6.4. Induced Angle of Attack

Wind tunnel tests proved that the airflow
in the vicinity of the aerodynamic center or
the quarter chord point (the effective relative
wind) is parallel to a line which is equal to
one-half the downwash angle. This downwash
angle in turn induces a higher angle of attack
to the airfoil referred to as alpha sub I or alpha
induced. The total angle of attack (in refer-
ring to Fig. C II-10b) will be noted to be alpha,
which is the original angle between the chord
line and the free stream velocity. The total
angle of attack then is equal to alpha sub zero,
the airfoil section angle of attack, plus alpha
sub i, the additional wing characteristic angle
of attack (@ = a, + «;). The spanwise flow
increases toward the tips and therefore the
vortex action increases toward the tip of the
wing. For this reason, the airfoil will assume a
higher angle of attack toward the wingtip, and
this in turn will cause the tip airfoil to stall
earlier than the root section. In a great per-
centage of aircraft, the wing is twisted around
the aerodynamic center of a conventional metal
wing or rigged in a strut-braced wing, thus re-
ducing the angle of attack in the area of the
wingtip. Other methods have been used to
improve stall characteristics. One method. is
the use of leading edge wing slots, and another
is the use of a highly cambered airfoil section
to give better tip stall characteristics. End
plates and tip tanks also improve this situation
to a certain degree.

1.6.5. Induced Drag

Figure C II-10b illustrates the reason for in-
duced drag. Note that the line which is la-
beled as free stream velocity, or relative wind,
describes an angle between the chord line and
this line. This is the true angle of attack.
Progressing to the quarter chord point, there
is a change in the angle of attack which is the
induced angle of attack. The original lift, nor-
mally drawn perpendicular to the relative
wind, now inclines aft since the relative wind
in the vicinity of the aerodynamic center is at
a different angle. This causes the lift vector
to incline aft.
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in flight; the third is the extended range of the
aircraft. Some disadvantages to a tip tank in-
stallation will be covered in another subject
area.

2. Stability and Control

An aircraft should display satisfactory han-
dling characteristics throughout its flight re-
gime from V., which is full-lap landing con-
figuration stalling speed, up to maximum oper-
ational speed, V.. The aircraft should provide
sufficient stability to return to a normal flight
regime when disturbed by some outside influ-
ence. Also, to achieve the desired performance,
the aircraft should display a proper control
response.

2.1. Stability — Controllability —
Maneuverability

In this area of stability and control three sub-
ject areas should be defined. Stability is the
inherent flight characteristic of an aircraft after
being disturbed by an unbalanced force or mo-
ment. This definition of stability of the aircraft
covers the characteristics, stable or unstable.
One might say that an aircraft possesses stabil-
ity with the connotation that it is good. When
the statement is made to a test pilot that an air-
craft possesses stability, a question immediately
arises in his mind: “Sure, it possesses stability,
but is it good, bad, or marginal stability?”

Controllability is the ability of an aircraft to
respond to control surface displacement, and
to achieve the desired condition of flight.

Maneuverability is defined as an aircrait de-
sign characteristic of motion around the three
axes governed by weight, inertia, couirol sur-
face size and location, structural strength, and
powerplants.

A term in that branch of physics known as
mechanics should be thoroughly undersiood
prior to any study of stability and control. This
is equilibrium, defined as the state of an object
(in this case an aircraft) when the summation
of all forces and moments equals zero. This
means that all vertical forces must equal zero.
In other words, the total lift of an aircraft must
equal the total weight plus aerodynamic down-
loads on the aircraft. In the horizontal direc-
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tion this means that the sum of all side loads
and fore and aft loads must equal zero. In the
area of moments, the aircraft must have zero
moments around the three rotational axes of
the aircraft in order to be in a state of equi-
librium.

%.1.2, The Six Degrees of Freedom

An aircraft possesses six degrees of freedom
which diferentiate the aircraft from earth-
bound vehicles.

There are three degrees of translational free-
dom, meaning that the aircraft can move in a
fore and aft direction, move or translate side-
ways (slip to the right and to the left), and it
can move up and down. ; '

Translational means that the aircraft can
move on a line in either of two planes, that is,
vertical and horizontal. Horizontal includes
fore and aft, and left and right directions.

The aircraft also possesses three degrees of
rotational freedom in that as a body it can ro-
tate around the X, Y, and Z axes of the aircraft.
Note in Fig. C II-11 that X axis is the longi-
tudinal axis; the aircraft will roll around this
axis. The Y axis is the lateral axis, and the
aircraft will pitch up and down around this
axis. The Z axis is the vertical axis, and the
aircraft will yaw left and right around the
veriical axis. It is also noted that the three
axes intersect at the center of gravity of the
aircraft, an important point to remember in
studying aircraft motion.

All rotation takes place around the center of
gravity of the aircraft while the aircraft is in
Hight. A plus and minus sign convention has
been established relative to motion around
these three axes. On the longitudinal X axis
a roll to the right is a positive rolling moment;
on the lateral Y axis a pitchup is a positive
pitching moment; and on the vertical Z axis a
yaw to the right is positive.

2.2. Static Stability

For an aircraft to possess safe and desirable
control qualities, it must possess certain sta-
bility characteristics. Stability is classified in
two areas, static and dynamic. Static stability
is the initial tendency of a system, in this case
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an aircraft, to return to equilibrivm conditions
after some disturbance. It is further subdivided
into three areas known as positive, neutral, and
negative stability. The important point to re-
member is that static stability is only the tend-
ency to return to equilibrium conditions. Ref-
erence Fig. C T1-12.

2.2.1.

As a practical example of positive static sta-
bility, visualize an aircraft trimmed for cruise
flight conditions. Back pressure is applied to
the control system until the aircraft has as-
sumed some nose-high pitch attitude. The
control pressure is then released, and the char-
acteristic of the aircraft is studied. If the nose
of the aircraft tends to pitch down or return to
a level flight condition, the aircraft has dis-
played a positive static stability condition. This
is also verified from the nosedown pitch con-
dition.

Positive Static Stability

2.2.2. Negative Static Stability

If the nose of the aircraft pitches to a higher
attitude when the controls are released, it is
displaying a negative static stability.

2.2.3. Neutral Static Stability

If the nose of the aircraft remains in the
same nose-high attitude when the controls are
released, it is displaying neutral static sta-
bility.

2.3. Dynamic Stability

The second phase of stability is known as dy-
namic stability, defined as the resulting motion
with time. -Dynamic stability also is classified
as positive, neutral, and negative. Ref. Fig. C
II-12.

An important relationship between static and
dynamic stability is that positive static stability
is a requirement for dynamic stability, but static
stability does not necessarily imply dynamic
stability. To visualize the difference between
static and dynamic stability, take a practical
application of an aircraft trimmed for cruise
flight conditions. If back pressure is applied
so that the nose is placed at some angle above

1 — Fuicar CHARACTERISTICS

level flight conditions, and the control column
is released, one of the following conditions may
result: positive, negative, or neutral dynamic

stability.

2.3.1. Positive Dynamic Stability

If, after displacement from a level trim con-
dition, the nose of the aircraft continues to rise
and descend through a level flight condition,
and during this oscillation the amplitude is less
than the one previously displayed (in both the
up and down condition from level flight) the
aircraft is displaying positive dynamic stabil-
ity. This means that the aircraft will eventually
damp itself out and return to the level flight
regime for which it was trimmed.

2.3.2. Negative Dynamic Stability

When the aircraft is displaced from a level
trim flight attitude, either up or down, and the
resulting motion increases the amplitude each
time, the aircraft is displaying negative dy-
namic stability.

-2.3.3. Neutral Dynamic Stability
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It the aircraft is displaced as previously, the
displacement of the aircraft as it oscillates
above and below level flight attitude is the
same each time and continues at the same am-
plitude; the aircrait is then displaying a con-
dition of neutral dynamic stability. '
2.3.4. Longitudinal Stability and Control

General aviation aircraft which display nega-
tive dynamic stability characteristics are cer-
tificated within this country. This in no way
makes the aircraft dangerous or undesirable,
and they fully meet the FAA Part 23 and 25
requirements for stability. The FAA require-
ment for longitudinal stability reads as follows:

Any short period longitudinal oscillation
between the stalling speed and maximum
dive speed must be heavily damped with the
primary controls (a) free, (b) fixed.

In the discussion of longitudinal stability,
which is rotational around the lateral axis of
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the aireraft, it is found that numerous items af-
fect the pitching characteristics of the aircraft.
In order to remain consistent in the signs for
moments and directions, longitudinal stability
should be visualized from the left side of the
aircraft, that is, with the nose to the left and
the tail to the right. In dealing with longi-
tudinal stability we therefore have pitching
occurring in the aircraft around the center of
gravity. If the nose pitches up, the aircraft is
displaying a positive pitching moment char-
acteristic, and if it pitches down, a negative
pitching moment characteristic. A nosedown
pitch is a stabilizing moment, and a noseup
pitch is a destabilizing moment. 'This is ob-
vious when flying standard category FAZL cer
tificated aircraft, for if the power is reduced
the nose of the aircraft will lower., This is a
negative pitching moment and also a stabiliz-

_ing moment. The aircraft merely rotates nose-

down around the lateral axis to return to the
speed for which it was initially trimmed.

2.4. Wing Pitching Moments

The aerodynamic pitching moment of the
wing itself can be a major factor in longitudinal
stability. If the airfoil sections of the wing
possess negative pitching moment coefticients
it can be noted from the moment equation that
the pitchdown tendency increases as the square
of the velocity. In other words, the faster the
aircraft moves through the air, the greater the
download requirement on the horizontal tail to
control this moment. This is no basic problem
in a stable aircraft, since as the airspeed in-
creases there is an increased download on the
horizontal tail surface, and it has to be trimmed
out. The investigator should, however, have a
clear understanding of these loads and mo-
ments, for the inflight loss of the horizontal tail
surface could result in characteristic wing and/
or fuselage separation or break. Also a number
of modern general aviation aircraft have been
designed with symmetrical airfoil sections and
thus the stable nosedown pitch quality is zero
as far as the wing is concerned.

2.4.1. Fuselage Pitching Moments

The fuselage and the nacelle configuration
of aircraft also possess aerodynamic charac-
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teristics. These characteristics normally arve de-
termined from wind tunnel tests, and the shape
may be modified somewhat to obtain a desired
fuselage pitching characteristic.

2.4.2. Powerplant(s) Pitching Moments

Powerplant outpat and position of installa-
tion affects the longitudinal stability of an air-
craft. Generally speaking, if the power is in-
creased, a destabilizing influence is exerted on
the aircraft, which means the engine or power-
plant has the ability to establish a greater
pitchup influence upon the longitudinal sta-
bility characteristics of the aircraft, as well as
rolling and yawing, For this reason, it will
be woted in aumerous reciprocator ngine in-
stallations that the throst line iy | ointed to
some small angle downward to five or six de-
grees. As power is applied with the thrust line
pointing down slightly, a stabilizing influence
results.  All rotation takes place around the
center of gravity, and if one refers to some of
the cwrrent light twin jet business aiveraft in
which the engine is mounted in the aft fuse-
lage area, it will be noted that these engines
are also mounted at.some specific angle, usually
around three degrees to the longitudinal axis
of the aircraft. Engines are mounted so that
the forward end of the engine is higher than
the aft end. Application of thrust has a nose-
down or stabilizing influence on the aircraft.

The location of the engine also is a major
factor in longitudinal stability. As an example,
in the large four-engine jet transport in which
the engines are mounted below the wing, and
below the center of gravity, the low position of
the engines causes & pitchup tendency during
initial phase of takeoff. On the other hand,
the light four-place amphibian aircraft, which
has the engine mounted above the wing, has the
problem of excessive nosedown pitch at full
power because of the distance of the thrust line
above the center of gravity.

2.5. Directional Stability and Contro}

As in longitudinal stability and control, an
aircraft must possess desirable directional sta-
bility and directional controllability. Direc-
tional stability means that if the aircraft is



subjected to a disturbing force or moment so
that it is rotated around the vertical axis in
one direction or another, the aircraft will dis-
play a heavily damped return to a straight
fiight condition. In the ares of controllability
the aircraft must be directionally controllable
from minimum velocity to maximum velocity.
In the slow speed regime, the aircraft must
possess adequate directional control in the area
of V.., and a full displacement of the rudder on
multiengine aircraft is a factor in determining
Vee. In the other regime of maximum dive
speed, the rudder vertical stabilizer combina-
tion must be capable of controlling the. aircraft
in a directional sense without excessive force
or without oversensitivity.

2.5.1.

Wing Yawing Moments

Since the wing is the all-important surface
on the aircrafi because it lifts the aircraft, low-
ers the aircraft, and turns the aircraft, the per-
formance of these varied functions also pro-
duces some undesirable stability qualities in the
aircratt. One of these is adverse yawing, that is,
rotation of the aircraft around the vertical axis,
Adverse yaw is the result of asymmetrical lift.
In order to roll the aircraft to execute a turn,
it is necessary to have dissymmetry of lift be-
tween the left wing and the right wing, If the
lift on one wing is reduced, the drag is conse-
quently reduced,

Considering the opposite wing, increasing
the lift to produce this roll; drag is conse-
quently increased. If a turn to the right ig
desired, the aircvafi will yaw to the left, the
opposite direction of the desired turn. This
problem manifests itself with conventional aile-
rons or a spoiler system, In execating a turn
to the right we spoil the lift on the right wing,
utilizing the spoiler. This may have a tendency
to reduce the drag and produce the same up-
desirable directional characteristics. The oppao-
site may be true on certain aireraft, Crosswind
landing might present a problem in the use of
spoilers. - The investigator must become fa-
miliar with the particular aircraft involved,

TSI
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2.5.2. The Yaw and the Sideslip

The terms yow and sideslip enter into the
discussion of directional stability and control.
The difference between a yaw and sideslip
must be thoroughly understood.

The yaw is rotation of the aircraft around
the vertical axis. Tn conventional signs for sta-
bility and control, when the aircraft rotates to
the right around the vertical axis a right or
positive yaw results.

The term sideslip means that the aircraft is
slipping sideways.

To understand the difference between yaw
and sideslip, visualize an aircraft in which full
right rudder is applied; the aircraft yaws to
the right, but it sideslips to the left, -

As an interesting sidelight, a number of
years ago the Air Force renamed the turn and
bank instrument the turn and slip indicator.
Since the wing turns the aircraft, the needle of
this instrament is the turn indicator, and indi-
rectly the bank indicator. The displacement
of the needle in either direction indicates that
the aircraft should be banked in that direction,
therefore the needle indicates turn and bank.
The ball, on the other hand, actually indicates
whether or not there is a slip condition, that is,
if the ball is in the center the aircraft is in
equilibrium, it is not slipping. If the ball is
displaced in one direction or another, it indi-
cates that the airplane is slipping to the inside
or the outside of the turn. This instrument re-
cords a yaw as well as a coordinated turn. As
an example, in a yaw to the right using right
rudder only, the needle displaces to the right;
the ball is displaced to the left. It is this in-
strument’s very sensitive response that poses
the question: Is it possible to fly the modern
jet transport or light executive jet aircraft at
high altitudes under turbulent conditions when
other attitude reference instruments have been
lost?

Since this is the instrument which indicates
the yaw and the sideslip, the investigator must
have a clear understanding of the value of this
instrument. As an example, if an aircraft exe-
cutes an aileron roll on a point, what does the
needle indicate? Another question, assuming
that the aircraft is in a coordinated turn-to the
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right: Is the aircraft yawing around a vertical
axis? Is the aircraft sideslipping? In this case,
the needle represents the fact that a turn is
being executed, and if the ball is in the center,
there is no yawing, no slipping. If a section of
a wing has separated in flight, it is important
to study the evidence of yaw and roil on the
remaining structure. The aircrafi is out of
equilibrium at the time of separation, and will
soon seek a state of equilibrium.

An inflight wing separation will cause 2 se-
vere yawing of the aircrait, and it may cause
a structural breakup of the vertical stabilizer.
If it is a positive wing separation, there is a
good chance that the wing may strike the tail
assembly. This can easily be determined. If
there is a negative wing separation, the tail
may or may not separate. If it does, adverse
yaw is probably the reason. A study of the
breakup will show the sequence of separation.

2.5.3. Engine Torque

The subject of engine torque has been a
catchall for all the undesirable torques that
occur within an aircraft as a result of power
In actuality, the torque taking
place in a single engine aircraft is comprised
of four individual twisting moments, each of
which will be discussed in detail. Engine
torque demonstrates the law of motion that
for every action there is an equal and opposite
reaction. The American-designed aircraft en-
gine rotates the propeller to the right, which
in turn causes the engine to rotate to the left,
transmitting a counterclockwise torque to the
aircraft around the longitudinal axis of the air-
craft. This direction of engine rotation con-
forms to the automotive engine field. If the
engine applies a left or negative torque to the
aircraft structure, the aircraft will roll to the
left, since it will be out of equilibrium. This
roll, in turn, must be equalized by asymmetrical
wing lift because the left wing will have to
carry a slightly larger lift value than the right
wing. The left wing will have to carry the
slight increase in lift over the right wing. Con-
sequently, this left wing will develop a slight
increase in drag. This places the aircraft out
of equilibrium around the vertical axis and
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therefore must be compensated for by a ver-
tical stabilizer adjustment, or a rudder trim
tab adjustment.

2.5.4. Asymmetrical Loading of the Propeller
Disc Area

There is a second area of torsional moments
around the vertical axis of the aircraft, caused
by the propeller under certain low airspeed re-
gimes and aircraft attitudes. If an aircraft is
operaied in a slow flight regime, in a high pitch
attitude, and under power, the descending
blade of the propeller will operate at a higher
angle of attack than the ascending blade. This,
in turn, will cause the right half of the pro-
peller disc area to develop more thrust than the
left half of the propeller disc area. This asym-
metrical thrust will cause the nose of the air-
craft to be yawed to the left. The magnitude
of this yawing action is a function of engine
output, aircraft attitude, and aircraft velocity.
This is one of the primary factors which makes
the number one engine critical on multiengine
aircraft of American manufacture.

In an engine(s)-out regime, the engine(s)
operating on the right side of the aircraft,
under a low-airspeed condition, have the center
of thrust moved outboard or farther away from
the vertical axis of rotation, which passes
through the center of gravity.

Conversely, with the right engine(s) shut
down at the lower-speed flight regime, the cen-
terline of thrust of the left engines will aiso
move to the right, which in turn places the
applied thrust closer to the center of rotation
(vertical axis).

2.5.5. Slip Stream Rotation

A propeller creates thrust by accelerating a
mass of air in one direction, in this case aft, in
the aircraft. As this propeller accelerates the
air, it also imparts a rotational motion to the
air in the same direction as the rotation of the
propeller. This should be visualized as a spring
or spiral around the fuselage in a single engine
aircraft.

If an aircraft is flying under cruise condition,
this spiral or spring rotation around the fuse-
lage should be visualized as a long, stretched-
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out spring in which the pitch is guite large.
This spiral action of the air around the fuse-
lage will strike the left side of the vertical tail
surfaces.  For this reason, the fin or vertical
stabilizer is offset to counteract the angular
relative wind at this point. The fin is offset
under a cruise flight condition so that the rud-
der may fair in behind the vertical stabilizer to
produce a minimum of drag. The flight re-
gimes higher than cruise airspeed, with and
without power, are normal points of confusion
to many pilots, qualified or not.

Considering the flight regime above cruise
speed, if a power-off dive is executed, there is
a pronounced yawing or turning of the aircraft
to the right, due to the rigging of the vertical
stabilizers to the left. This requires a left rud-
der for coordination to put the aircraft back
into equilibrium. If high power is used during
this dive condition, the situation will be re-
lieved somewhat, due to the slipstream rota-
tion.

In the flight regimes below cruise flight, if
the power-off condition is studied first, we see
that in the absence of slipsiream rotation the
vertical stabilizer rigging will cause the aircraft
again to turn to the right or yaw to the right.
Therefore, considerably more-than-normal left
rudder is required for rolling into turns to the
left, and rolling out of tums from the right.

The areas just discussed are conditions ex-
isting 1n an aircraft and they are not directly
associated with accident causal factors.

The third area is that of low airspeed and
high power. To visualize this flight regime, the
slipstream rotation might be pictured as a
closely wound spring because of the low ve-
locity of the aircraft. Then one can visualize a
high dynamic pressure contacting the left sur-
face of the vertical stabilizer system. This, in
turn, will set up large negative moments around
the vertical axis of the aircraft. It follows that
the aircraft must be placed in equilibrium by
large positive moments which are created by
right rudder pressure application. This aero-
dynamic characteristic of aircraft results in
many stall-and-spin-to-the-left type accidents.
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2.5.8. Gyroscopic Action

The fourth area of torque around the vertical
axis of the aircraft which involves directional
control and stability is that of propeller gyro-
scopic action. In the average light single en-
gine aircraft during a stall recovery, as the nose
of the craft is lowered, additional right rudder
is required to maintain a directional control.
This is caused by the gyroscopic action of the
propellcr-engine combination. Tt is based on
the principle of precession that a force applied
to the rim of a gyroscope will be effective 90
degrees later from the point of application.

if the nose of the aircraft is lowered, this in
effect causes a force application forward at the
top of the propeller disc area and a force ap-
plication aft at the bottom of the propeller disc
area. In returning to the top of the propeller,
if the force is applied forward at this point it
wili be felt gyroscopically 90 degrees later, or
at the right side of the propeller disc area.

If the lower area of the propeller is exam-
ined, it moves from right to left as the force is
applied aft. This force in turn will have a re-
sultant maximum value when it is in the left
side of the propeller disc. Therefore, the com-
bination of these two forces will yaw the air-
crafi to the left.

An investigator must realize the difficulty
an inexperienced or untrained pilot may have
under such a flight regime. As an example,
assume that a pilot executes a go-around from
the final approach from a relatively low air-
speed flight condition. Power is applied, and
engine torque is directly applied to the aircraft
structure to cause the airplane to rotate to the
left or turn to the left. The slipstream rotation
under a slow airspeed condition will reach a
maximum, and therefore has the same maxi-
mum tendency to yaw or turn the aircraft to
the left. If the nose of the aircraft is allowed
to assume relatively high pitch attitude, asym-
metrical thrust enters the picture, which will
further turn the aircraft to the left, and if the
pilot should inadvertently lower the nose rap-
idly, the aircraft will yaw or turn to the left.

All of these torques must be counteracted by
adequate right rudder pressure to maintain a
status quo in directional control. Improper
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control techniques such as the example above
have resulted in aircraft rolling completely in-
verted and striking the ground in an unusually
steep pitch attitude.

2.5.7. Asymmetrical Power

The problem of asymmetrical power has been
a direct causal factor in numerous multiengine
aircraft accidents. These accidents range from
the very light twin aircraft to the large trans-
port of either reciprocator or jet powerplant.
Asymmetrical power connotes more than one
engine with the thrust line located at some
other point than through the vertical axis or the
center of gravity of the aircraft. There is a
type-certificated aircraft in production which
is not in agreement with this statement. This
is the Cessna Model 337, a twin-engine, push-
pull type aircraft, in which the thrust line of
both engines passes through the vertical axis
of the aircraft. Consequently, loss of one en-
gine does not result in a disturbing directional
moment.

The loss of one or more engines on one side
of the aircraft merely establishes a disturbing
directional moment in a direction towards the
loss of power. Under this condition, the air-
craft will yaw, that is, rotation will be estab-
lished around the vertical axis.

Referring to the slip indicator, the ball will
be displaced from the center. This problem
is counteracted by a moment in the opposite
direction established by the application of rud-
der pressure. It is obvious that the application
of rudder pressure develops a force, and this
force works on a moment arm to the center of
gravity of the aircraft. When this force or this
moment arm generates a moment equal to the
disturbing moment of asymmetrical thrust, the
aircraft is again in equilibrium from a direc-
tional control standpoint. The ball in the turn
and slip indicator will be centered if the wings
are held in a level attitude.

It is immediately obvious that an aft c.g.
condition is more critical than a forward c.g.
position because of the length of the moment
arm.

Asymmetrical power causes a problem pri-
marily in the slow flight regime. This is the
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velocity referred to as minimum contro} ve-
locity, or V sub m sub ¢ (V.. In the type
certification of a multiengine aircraft, this value
must be established. The FAA in their V..
requirements must know the minimum veloc-
ity for control, with the maximum power on
the good engine(s) when the other engine(s) is
in a simulated feather condition, with the cen-
ter of gravity of the aircraft in the aft position.
The aircraft will also be under a design gross
weight condition,

Analyzing the overall situation for this test
configuration, the aircraft is at a maximum de-
sign gross weight condition requiring a maxi-
mum lift coefficient or the minimum velocity
at which the aircraft can sustain level flight con-
dition. This requires that the aircraft be in a
nose-high attitude, which will result in a maxi-
mum asymmetrical thrust of the propeller disc
area. This is critical, with the right engine at
maximum power. The thrust, therefore, is at its
maximum distance from the center of gravity
or the axis of rotation of the aircraft. The rud-
ders, which must generate a force to result in
a moment to counteract the disturbing mo-
ment, are at a minimum of aerodynamic effi-
ciency because of the low velocity. The cen-
ter of gravity must be in an aft condition to
place the moment arm from the center of grav-
ity to the center of pressure of the rudder at
its minimum distance.

In essence, the aircraft is placed in a flight
status where there is a maximum generation of
disturbing moment under a condition of mini-
mum correcting moment. The aircraft there-
fore is operating under a flight regime in which
any decrease in airspeed will result in a loss of
directional control. :

Numerous accidents occur throughout the
world annuaily as a result of attempts to fly
below V.. The aircraft will normally perform
two types of maneuvers under this flight re-
gime. The first is a roll into the dead engine,
a maneuver which usually results when the
pilot merely holds the ailerons and rudders
against the furn with no power change.

The second maneuver is that in which the
airplane rolls violently or snaps away from the
dead engine. This type maneuver is normally
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accomplished when the pilot abruptly closes
ihe throtile on the good engine.

In analysis, the aircraft is set up in an ideal
configuration for a spin into the good engine
as soon as the throttle is closed on the good
engine. Aileron and rudder are already in a
position towards the good engine. It is not
unusual for the investigator to find an aircraft
which has spun in to the right with the left
engine out, or vice versa.

Yaw Dampers and Rudder Boost

Although some straight wing aircraft have
a characteristic of yawing left or right in nor-
mal flight, the advent of the sweptwing jet
transport has resulted in a considerable num-
ber of problems of yaw due to the sweep back
of the wing. This is caused by the location of
the airfoil sections within the sweptwing, and
any yaw left or right causes an aerodynamic
deficiency in one wing, and an increase in aero-
dynamic efficiency in the other wing, which in
turmn aggravates the yaw. and roll situation.
For this reason, yaw dampers were developed
to set up an opposite motion and/or damping
effect to this undesirable yaw characteristic.

The yaw dampers are gyro-referenced de-
vices and are usually part of the autopilot sys-
tem or the rudder boost control system. Rud-
der boost means that the rudder pressures are
so high, due to the size of the control surface,
assistance is required to actuate the rudder.
In an accident involving a directional control
problem, the system checkout of the yaw damp-
ers, rudder boost, and associated systems, is
mandatory.

2.5.9. Vemntral vand Dorsal Fins

It is the consensus of airplane designers and
aerodynamicists that the size of the vertica] tail
surface indicates the number of design errors
within the aircraft. If one studies a number
of designs in which the vertical tail area has
been changed, he will find that the area, after
a given design has been approved, will have
been increased rather than decreased. One
method of increasing the area is by the use of
the dorsal fin which is located on the topside
ahead of the vertical stabilizer. A lower fin has
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been installed on a number of aircraft, the
ventral fin.

In discussing vertical tail surfaces, ventral
and dorsal fins, the whole problem is that of
vertical sideplate area of the fuselage. If one
locates the mean aerodynamic chord, and in
turn the center of gravity of the aircraft, which
is approximately the quarter chord point of the
mean aerodynamic chord, it will be found that
there must be more vertical fuselage area aft
of this point than in front. Otherwise, the air-
craft will have a tendency to reverse in direc-
tion. It is for this reason that when numerous
land planes are converted to seaplane operation
the vertical sideplate area of the floats is such
that it increases the fuselage area ahead of
the center of gravity, and as a resuit, dorsal
or ventral fins must be added to the aft fuse-
lage area.

2.6. Lateral Stability

Lateral stability deals with stable character-
istics or roll around the longitundinal axis of
the aircraft. During any phase of time in which
the rate of roll is increasing or decreasing
around the longitudinal axis of the aircraft it is
out of equilibrium in lateral stability. To illus-
trate: Visualize an aircraft flying straight and
level entering a turn to the right; a 30-degree
bank is maintained during this coordinated
turn. As aileron pressure is applied to roll the
aircraft to the right, there is a differential of
lift between the left and right wings, and the
aircraft rolls to the right. When a desired angle
of bank is obtained, it is necessary to put the
aircraft into conditions of equilibrium relative
to wing lift. This means that the lift has to be
the same on the left and right wings. This
fact is easily demonstrated in flight, for in hold-
ing a constant bank attitude in a coordinated
level turn, it will be necessary to hold slight
opposite aileron. This is in effect equalizing the
wing lift, since the outside wing travels at a
slightly higher velocity than the inside wing.

2.6.1. Dihedral

The oldest and the most common method of
obtaining some degree of lateral stability is
accomplished by utilizing a dihedral angle.
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This is the angle as measured from the horizon-
tal lateral axis of the aircraft to the spanwise
reference axis of the wing. When the reference
line or plane of the wing is above the horizon-
tal lateral axis, it is dihedral or positive di-
hedral. If these wing surfaces are below the
horizontal reference axis, they are referred to
as negative dihedral, cathedral, or antihedral.
Although most aircraft possess dihedral, a few
designs, particularly in the military, incorporate
antihedral or cathedral, a design in which the
tips are mounted lower than the root sections
for a specific purpose, which will be covered
later. :

2.8.2. Types of Lateral Control Devices

Numerous control devices have been de-
signed in the lateral control area, the most com-
mon being the aileron. Even today in the
modern jet transport, varied devices are in use
for the purpose of lateral control. In the high-
speed sweptwing transport, the problem of
twisting the wing from outboard aileron con-
trol cannot be tolerated at the normal high
cruise speeds.

The three basic manufacturers of American
sweptwing transports, the Convair, Boeing, and
Douglas companies, use three different devices.

The Boeing Company on the 707 series, as
an example, utilizes outboard aileron controls
in a similar manner to our subsonic aircraft,
provided the flaps have been extended a spe-
cific degree. Once the flaps are fully retracted,
the outboard ailerons are locked in the faired
position, and cannot be used. The aircraft then
depends upon an inboard aileron for lateral
control in conjunction with spoilers.

The Convair 880 and 990 series, on the other
hand, are designed without an outboard aileron,
and lateral control is obtained by the use of
inboard ailerons.

The Douglas DC 8 utilizes an outboard aile-
ron system in conjunction with spoilers, how-
ever, the outboard aileron is so torsiomally
loaded that at high speeds it is not possible to
deflect the ailerons to produce undesirable tor-
sional loading to the wing structure.
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2.6.3. Roll Rate

Roll rate is the rate at which an aircraft is
rolling around the longitudinal axis. It is usu-
ally expressed in technical reports in degrees
per second or radians per second. This term
is also used in the witness investigation for
such problems as inflight wing failures, V.,
ete., in which the witness, with the aid of a
model can illustrate what he thinks the rate of
roll or yaw of the aircraft was during the period
of observation.

2.6.4. Spiral Divergence

Spiral divergence is a term used to explain a
divergence of an aircraft around any one or
combination of the three axes of rotation. It
is a relatively simple maneuver but potentially
lethal. In layman’s language, a divergent spiral
is commonly called the “graveyard spiral.” The
aircraft accidents associated with the grave-
yard spiral normally possess the ingredients of
weather and unqualified flight personnel. Al-
though an aircraft displays normal positive dy-
namic stability around the lateral axis, which
is known as longitudinal stability, it is found
that the aircraft is basically unstable around
the longitudinal axis in lateral stability.

If an aircraft is not monitored properly, a
wing may drop for one reason or another. If
this takes place, the aircraft by normal aerody-
namic process of slipping tends to follow the
flight path direction. Once the wing has low-
ered below normal, a tum is initiated because
of the geometry of flight. The right wing in-
creases in velocity slightly due to the larger
radius of turn. If this is not corrected, more
lift on the right wing than on the left wing re-
sults, which steepens the angle of bank. The
nose of the aircraft lowers, and the speed of
the aircraft increases.

The next aerodynamic phenomenon which
occurs is that as the airspeed increases, the
download on the horizontal tail surfaces in-
creases, since this surface is attempting to
bring the aircraft back to a trim condition. As
the turn is tightened by natural longitudinal
stability characteristics, the bank will tend to
steepen, and the spiral as a consequence will



tighten. The aircraft therefore will spiral out
at extremely high airspeed. The problem
reaches a critical stage when the aircraft de-
scends from an overcast, and excessive aerody-
namic loads are placed upon the structure dur-
ing recovery, with a subsequent failure.

2.6.5. Artificial Devices

Artificial devices are placed in the control
system to give an artificial feel to the flight
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controls. These are associated normally with
a boosted control system in an aircraft that
possesses extremely high speed or size so that
the aircraft cannot be operated by normal push-
pull tube or cable-control system. These de-
vices normally sense the dynamic pressure in
certain areas on the aircraft, and this parame-
ter is utilized to establish a feel load on the
controls.
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CuartEr I

STRUCTURES

1. Structures — General

Fortunately for the pilot and the flying pub-
lic, structural failures cause only a relatively
small number of aircraft accidents. In the air
transport field relatively few accidents involv-
ing structural failure of a major component
have occurred. In the light plane field a
greater number of major inflight structural
failures have occurred, most attributable to
excessive loads imposed when the aircraft’s
limitations were exceeded by the pilot. Both
types of aircraft have experienced landing ac-
cidents because of structural failures of landing
gears. This phase of the problem continues to
be important.

Although the record has been good and is
expected to improve, the accident investigator
must always consider structural failure a pos-
sibility, and check out the structure to eliminate
it as a causal factor. The aircraft field is not
static, and new materials, new designs, and
new manufacturing processes are constantly
being developed. These new ideas inevitably
produce new problems. The higher perform-
ance of the modern aerodynamically clean air-
plane makes it easier for the pilot to exceed
the design limitations. The use of higher
strength aluminum alloys and the resultant
higher stress levels in the structural material
have highlighted the importance of fatigue
failures.

These problems challenge the accident in-
vestigator to ferret out answers against almost
insurmountable odds. Whether he can or not
depends on his training, experience, and per-
severance.

Two basic questions face the investigator
following an accident involving suspected struc-

tural failure. Which structural part or com-
ponent initially failed in flight? Why did the
part or component fail? The “what failed?”
question dictates that the investigator first
know how to look for a failure, and how to
recognize the various fractures he will en-
counter. The first question requires a knowl-
edge of investigatory procedures and tech-
niques, and the latter that he have a knowledge
of fracture analysis.

The “why-did-it-fail?” question is generally
more difficult to answer, and an understanding
of aircraft loadings is a prerequisite.

It is evident that a complete investigation of
the structural failure problem should include
three general topics:

— Procedures and Techniques
— Fracture Analysis
— Aircraft Loadings

Only those procedures and techniques pe-
culiar to structural failure investigations will
be considered. It is assumed in this presenta-
tion that the investigator is familiar with stand-
ard investigation procedures, especially with
those associated with witnesses and operational
problems. The material on fracture analysis
has been divided into sections on fatigue fail-
ures and static failures. Recognition of dif-
ferent types of fractures is emphasized, since
this point has been too often neglected. This
phase is of chief interest to the investigator
whose main task it is to ferret out the cause of
failures from a pile of wreckage.

In another section, the overall problem of
aircraft loadings is presented in considerable
detail in the belief that the average investiga-
tor’s knowledge of this subject is somewhat
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limited, and that a raore thorough understand-
ing of the aircraft loading problem will pro-
duce better investigations.

In arranging the material, it seemed logical
and desirable to reverse the order of presenta-
tion, to begin with the subject of aircraft load-
ings, following with fatigue, static failures, and
procedures, in that order. This was indicated
since the first thres topics are basic informa-
tion and must be thoroughly understaod before
the investigator initiates his examisation of the
wreckage at the accident scene. The section
on aircraft loads can be considered necessary
background material; the sections on fatigue
and static failures as basic tools for detecting
failures; and general procedures of investiga-
tions as techniques employed to use the back-
ground information and the basic tools effec-
tively.

Li.  Aircraft Loadings — Variations in
Loading Application

The mode of load application has an ex-
tremely important bearing on the way a part
fails in service. Any breakdown or typing of
variations in loading applications is arbitrary,
since in general the difference between types is
one only of degree. Thus one mode of load
application blends into another as rate of load-
ing is decreased or increased. Or changes in
the frequency of loading will result in change
in the mode. No hard or fast rule can be
stated, however, for purposes of investigation
it is sometimes convenient to look upon a par-
ticular loading as one type or another. For
this reason, in the following discussion the
various modes are arbitrarily divided into three
types: static, repeated, and dynamic.

a. Static Loading — Static loading can further
be divided inio short-time static loading,
and longtime static loading:

(1) Showi-time — In short-time static load-
ing, the load is spplied so gradually
that all parts are at any instant es-
sentially in equilibrium, ie, the sim-

- ple, conventional stress formmuias can
be used directly. TIn testing, the load
is increased progressively until failure
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results, and the total time required to
produce failure is not more than a
few minutes. In service, the load is
increased progressively up to its maxi-
mum value, is maintained at that max-
imum value for a limited time, and
is not reapplied often enough to make
fatigue a consideration. The ultimate
strength, elastic limit, yield point,
yield strength, and modulus of elas-
ticity of a material are usually deter-
mined by short-time static tests. As
will be explained more fully later, this
is the type of loading application used
in conjunction with present day de-
sign criteria, Loads imposed upon
the aircraft by various mancuvers or
by isolated peak gusts are generally
considered as static loads.

Longtime — In longtime static load-
ing, the maximum load is applied
gradually as before, but the load is
maintained. In testing, it is main-
tained for time sufficient to enable its
probable final effect to be predicted.
In service, it is maintained contin-
ucusly or intermittently during the
life of the structure. The creep or
flow characteristics of a materia) and
its probable permanent strength are
determined by longtime tests at the
temperature prevailing under service
conditions. This type of loading ap-
plication is generally only important
at elevated temperatures. When a
part is loaded for a relatively long
time at higher-than-normal tempera-
tures, it will begin to creep or distort
at a more or less uniform rate. The
strength of the part is reduced from
its room temperature value. At the
present time, there are few applica-
tions of this type of loading in civil
aircraft, However, as aircraft speeds
increase and skin temperatures are
sufficiently high, this type of loading
will take on increased significance.

b. Repeated Loading — In repeated loading,
the load or stress is applied, and wholly
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or partially removed or increased many
times in rapid succession. This is the type
of loading application which is associated
with fatigue. Generally speaking, repeated
loading implies a large number of load
application. However, under certain con-
ditions, repeated loading of only a rela-
tively few cycles can produce an effect
similar to a large number of cycles. This
point will be explored further in the dis-
cussion on fatigue. The important point
to remember is that the strength of a
part is reduced from its static strength
value when the part is loaded repeatedly.
The actual reduction varies with the stress
level and the number of repetitions. A
typical example illustrates this point: A
stress of about 70,000 psi is required to
break a round bar of 2014-T6 aluminum
alloy under static tension loading condi-
tions. Yet this same bar would fail after
about 100,000 cycles of a reversed bending
load that produces a maximum repeated
stress of only 20,000 psi. Cycles of this
order of magnitude can be and often are
encountered within the lifetime of an air-
craft. In the aircraft field, atmospheric
gusts and vibration produce a repeated
type of loading. For some aircraft, maneu-
ver loads are significant. :

. Dynamic Loading — In the two types of
loading discussed, a state of equilibrium
existed, ie. the external loads were in
balance with the internal loads. In dy-
namic loading, the loaded member is in a
state of vibration and static equilibrium
does not exist for a time. Loosely speak-
ing, there are two classes of dynamic load-
ing — sudden loading and impact loading.

(1) Sudden Loading— Sudden loading
occurs when a weight or ‘dead load,”
not in motion, is suddenly placed
upon a member or structure. A beam
would be thus loaded if a weight were
suspended by a cord which ailowed
the weight just to tough the beam,
and the cord was then cut. The stress

(2)

in static loading. Any force will cause
approximately twice as much stress
and deformation when .applied sud-
denly as when applied progressively.
The actual magnitude of the “magni-
fication factor” depends upon the par-
ticular type of force or load being
considered and upon the stiffness of
the system. In the aircraft field, gust
loads are forms of sudden loading,
although as will be seen later, they
are handled as static loads.

Impact Loading — Impact is generally
associated with motion, as when one
body strikes another. Unusually high
forces can be developed under im-
pact loading. This type of loading
has no direct place in aircraft design
(a possible exception would, perhaps,
be in design for crash survival) but
it is important in aircraft accident
investigation, Materials which ordi-
narily fail in a ductile manner under
static loading can be made to fail in a
brittle manner if the rate of loading
is high enough. In this connection,
the rate of loading has to be appreci-
ably greater than 50 feet per second
for this type of loading to be signifi-
cant.

1t should be remembered that even
when an aircraft strikes the ground

at high speed, because of elasticity in
the structure, many of the parts are
loaded at considerably lower rates
than the impact velocity of the air-
cratt would indicate. Impact loadings
occur in the air during structural
breakup following, say, unusual ma-
neuvering. The point to remember
here is that very high forces can be
developed by light objects or parts
traveling at high speeds hitting other
parts of the aircraft. The procedures
used to distinguish impact damage
will be covered later.

and deflection so producted would be
approximately twice as great as if the
weight were eased onto the beam as

2. Materials
The complexity and variety of systems within
a modern aircraft are matched by the com-
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plexity and variety of materials that comprise
the makeup of the aircraft.

The Air Safety Investigator should famil-
iarize himself with the variety of materials
used in aircraft construction. Texts are avail-
able in technical libraries under the titles of
“Aircraft Materials and Processes:.” “Aircraft
Structural Materials;” “Materials for Aircraft
Fabrication,” etc. The objective is not to be-
come an expert on aircraft materials, but to be
aware of the complexity of such materials and
therefore recognize when technical assistance
is required.

As an example, welding, brazing, and soldex-
ing are similar only in that they are methods
of attaching metal to metal. As there are
various welding methods, there are various
brazing and soldering methods,

Afrcraft structural materials encompass the
fields of metals, plastics, fabrics, and woods.
The Air Safety Investigator during his career
will certainly become involved in one or more
of these areas.

2.1. Materials Used in Aircraft Struchures

The basic structural materials used in air-
craft are aluminum alloys and steel. Wood has
been used tc a considerable extent in the past
and some wooden comvonents remain in serv-
ice, Plastics and other nonmetallic materials
are used in some applications and may become
increasingly more important as their strength,
aging characteristics, and dependability are im-
proved and new ways of using them in com-
bination with metals are developed. Composite
materials are used in some structural applica-
tions and their use probably will increase in
the future. Properties favorable for certain ap-
plications can be developed better with com-
binations of materials than with any single
material. Examples of such combinations are
(1) sandwich structural panels made with ex-
terior surfaces of fiberglas or thin aluminum
sheet and a core of aluminum honeycomb or
plastic foam, (2) glass, graphite or metal fibers
embedded in thin sheets of plastic which may
be honded together to form tubular or solid
components, (3) solid bars of a metal, such as
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aluminum, reinforced with graphite or boron
fibers.

There are numerous sources of additional
information on these and other materials. One
of the most comprehensive sources for metals
is the Metals Handbook published by the Amer-
ican Society for Metals. Four volumes cur-
rently available are, Vol. 1, Properties and Se-
lection of Metals; Vol. 2, Heat Treating, Clean-
ing and Finishing; Vol. 3, Machining; Vol. 4,
Forming.

few of the most common structural mate-
rials will be discussed in more detail in the
following paragraphs.

2.1.1. Steel

Iron ic the major constituent and carbon is
the basic alloying element in steel. Small
amounts of residual or impurity elements, such
as phosphorus and sulfur, are always present
in steel and many other alloying elements, such
as nickel, chromium, molybdenum, vanadium
and tungsten may be added in carefully con-
trolled amounts. In general, the carbon con-
tent of steel determines the maximum strength
obtainable in steels that are hardened by
quenching and tempering. Other elements, or
combinations of elements, influence (1) the
combinations of strength and toughness that
can be obtained by heat treatment, (2) the
thickness of sections that can be hardened com.
pletely through to the center of the section,
and (3) the response of the steel to environ-
mental conditions, such as corrosive atmo-
spheres or high temperatures.

Ferrous (iron) alloy materials are generally
classified according to carbon contents, as fol-
lows:

Material Carbon Content

Trace to 0.08%
0.10% to 0.30% -
0.30% to 0.60%
0.60% to 2.2%
2.3 to 4.5%

Wrought iron
Low carbon steel
Medium carbon steel
High carbon steel

" Cast iron

A numbering system for the identification of
steel has been established by the American
Iron and Steel Institute and the Society of Au-
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tomotive Engineers. The following table gives
the AISI-SAE designations for carbon and low
alloy steels. (In the complete designations the

XX’s would be replaced by numbers to indicate
carbon content. For example, 1035 steel has
0.35% carbon and 52100 steel has 1.00% carbon):

10XX Plain carbon steel

11XX Carbon steel with additional sulfur for easy
machining

13XX Carbon steel with about 1.75% manganese

23XX 3% nickel steels

2BXX 5% nickel steels

31X 1% nickel with some chromdurm

33XX 3% aickel with some chromium

40XX 0.25% molybdenum

41XX Molybdenum steel with 1% chromium

43XX Molybdenum steel with nickel and chro-
Tium

48XX Molybdenum stee! with 1.7% nickel

48XX Molybdenum steel with 3.5% nickel

50XX or 1.30% chromium steels

BOXXX

51XX or 1% chromium steels

BIXXX

52XX or 1.5% chromium steels

B52XXX

81XX 1% chromium steel with 1.15% vanadium

86XX 1.8% chromium, 0.5% nickel, 0.2% molyb-
denum

87XX 0.5% chromium, 0.5% nickel, 0.25% molyb-
denum

92XX 2% silicon steels

93XX 3.25% nickel, 1.20% chromium, 0.12% mo-

' lybdenum

98XX 1% nickel, 0.8% chromium, 0.25% molyb-

denum

There are, of course, numerous steels with
higher percentages of alloying elements that do
not fit into this numbering system. These in-
clude a large group of stainless and heat re-
sisting alloys in which chromium is an essential
alloying element. Some of these alloys are iden-

tified by three digit AISI numbers and many
others by designations assigned by the steel

‘company that produces them. The few exam-

ples below will serve to illustrate the kinds of
designations used and the general alloy content
of these steels.

EXAMPLES OF STAINLESS AND HEAT RESISTANT STEELS
NOMINAL COMPOSITION (PERCENT)"

Alloy _ General Class
Designation Carbon Chromium Nickel Other Elements of Steel®
302 0.15 max. 18 8 -- Austenitic
310 0.25 max. 25 20 -- Austenitic
316 0.08 max. 17 12 2.5 molybdenum Austenitic
347 0.08 max. 18 12 0.8 columbium Austenitic
410 0.15 max. 12.5 -- -- Martensitic
440A 0.65 17 .- -- Martensitic
430 0.12 max. 16 .- - Ferritic
4486 0.20 max. 25 - -- Ferritic
PH15-7 Mo 0.07 15 7 1.15 aluminum Precipitation
2.25 molybdenum Hardening
174 PH 0.04 18.5 4.95 0.25 columbium, Precipitation
3.6 copper Hardening
AM350 0.10 18.5 4.95 2.75 molybdenum Precipitation
Hardening

® Remainder is iron and normal impurities.

L2

The austenitic steels are either nonmagnetic or weakly magnetic.
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»els ic controlled by cold working or heat
treatment.  In general, any process that in-

cresses the strength of a material will also de-
crease its ductility. Cold working, or strain
In

ardening, is basically a deformation process
nined at normal room temperatures. It is
used commercially to increase the sivength of
many meterials, including low carbon steels
and aunstenitic stainless steels, that cannot be
havdened by heat treatment. Fxamples of this
process are the cold rolling of sheet or sirip
material and the cold drawing of wire. Surface
relling and shot peening are also cold working
processes.

Heat treatments are applied to steel either
o prepare it for a subsequent manufacturing
operation or to produce material with properties
suitable for a specific service application. Some
information on basic heat treatment is given
below. ’

Anncaling. A process of softening and in-
creasing the ductility of steel by 2 heating and
copling cycle. Slow cooling (usually in the
urnace used for heating) is required in steels
hat are hardened by quenching. Rapid cocling
s required for precipitation hardening steels.
Jormaliz Similar to annealing except
hat steel is always cooled in air. This treat-
ment is used mainly to refine the grain struc-
tuve aad improve the machinability of the steel.

Quenching.  Rapid cooling of steel from a
suitable elevated termperature. This is usually
accomplished by immersion in oil or water,
ough air cooling can be used for some types
of stesl. (uenching is the hardening treatment
used for quenched and tempered steels. It
leaves most of these steels very hard and britde,
with undesirable internal stresses, so that they
must be tempered before they can be used. In
precipitation hardening steels quenching is
used in softening or annealing treatments. Rapid
cooling in such steels does not increase their
hardness but instead prevents the precipitation
haxdening that would oceur if they were cooled
slowly.

Tempering (sometimes called Drawing). Re-
heating a steel that has been hardened by
quenching to a suitable temperature (lower

ity

1

Pooc

(44

sirength and ductility, or toughness, of
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than the temperature from which it was
quenched for hardening), holding it at that
temperature for a suitable period of time, and
then cooling it to room temperature. Temper-
ing reduces the hardness, increases the ductility,
velieves internal stresses, and, thus, increases
the toughness of the quenched steel.

Stress Relieving. (sometimes called Process
Annealing). A process similar to tempering but
primarily to reduce internal stresses.

Solution Treatment. A treatment used pri-
marily on precipitation hardening alloys (both
ferrous and nonferrous) prior to precipitation
treatment. The alloy is heated to a relatively
high temperature and held for a predetermined
length of time to dissolve precipitated particles
and then cooled fast encugh to hold the con-
stituents of these particles in solid solution.

Precipitation Hardening (sometimes called
Age Hardening). Hardening of ferrous and
nonferrous alloys by precipitation of finely dis-
peised particles from a2 solid solution. This
can occur at room temperature in some alloys,
but usually the material must be heated. The
temperatures used are considerably lower than
those employed for solution treatments.

Case Hardening. A hardening treatment ap-
plied to steel, in which a swface layer (case)
is made substantiaily harder than the inner por-
tion (core). This operation may involve only
heat treatment, but in most applications it com-
bines heat treatment with a process for increas-
ing the carbon or nitrogen content of the case.
In some processes both carbon and nitrogen are
added to the surface layer of the steel. Typical
processes used for case hardening are carburiz-
ing, nitriding, carbonitriding, cyaniding, induc-
tion hardening, and flame hardening.

212, Aluminum Alloys

Aluminum alloys are used in aircraft in both
cast and wrought forms. Castings are generally
more brittle than the wrought materials and
they are used mainly for light load applications
where ductility is not an important considera-
tion. Wrought aluminum alloy products, such
as extrusions, forgings, and rolled sheet, plate
and bar stock, make up the great bulk of struc-
tural materials used in aircraft. -
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An alloy and tewper designation is used for
the identification of wroughi alwmioum slloys.,
A four digit wumerical designation identifies
the chemical composition and a letter followed
by one or more digits identifies the temper of
the alloy.

In alloy (chemical composition) designations
the first digit identifies the alloy group, the
second digit indicates a modification of a basic
type of alloy, and the last two digits identify a
specific alloy composition (except in unalloyed
aluminum where the last two digits indicate
the purity of the metal). The following table
gives the designations for the alloy groups.

Alley Number
Commercially puve and high purity Aluminum

(Aluminum content 99% and higher) 1XXK

(Copper QXXK
Alloys (Manganese 3XXX
grouped by (Silicon Y. 9.9:4

(Magnesium 5XXX
major (Magnesium and silicon B6XXX
alloying (Zinc THHKX
element (Other element 8XXX

Most of these alloys coatain other elements
that significantiy affect their properties. The
nominal compositions of a few of the most
widely used alloys are given below as illustra-
tions of the number and amounis of alloying
elements involved.

NOMINAL CHEMICAL
COMPOSITION
Percent of Alloying Elemenis”

A.“(Dy Gilicon Copper Manganeso Magnesivm Chromium  Zine
2024 4.5 0.6 1.5

5052 2.5 0.25

8061 0.6 0.25 1.6 0.20

7075 1.6 2.5 .30 5.6
7079 0.8 0.20 3.3 .20 4.3
7178 2.0 2.7 0.30 6.8

_ ®Remainder is aluminum and normal impurities.

In aluminum alloys, as with steels,the prop-
erties of any specific alloy can be altered by
work hardening (often called sivain hardening)
or heat treatment or by a combination of these
processes. Alloys in the 1XXX, 3XXX, 4XXX,
and 5XXX series can be strengthened by various
degrees of cold work, but not by heat treat-
ment. Alloys that can be strengthened by heat
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treatment are precipitation hardened after a
preliminary solution ireatment.

The basic temper designations for aluminum
alloys are as follows:

F — As fabricated. Applies to products that
acquire some temper from processing but in
which there is no special control of strain
hardening or thermal treatment.

O — Anneal (wrought products only, lowest
strength condition).

H — Strain hardened (wrought products only).

W — Solution heat treated. An unstable temper
applicable in finished producis only to alloys
that spontanecusly age harden at room tem-
perature atter solution treatment.

T — Thermally treated to produce stable tem-
pers other than ¥, O, or H.

There are numerous subdivisions of the H

! = rs. T sic subdivisions of the
and T tempers. The basic subd f th
T temper are given below as this is the most
common designation encountered in aircraft
materials.

T1 Cooled from an elevated temperature
shaping process (such as extrusion or
casting) and naturally aged to a sub-
stantially stable condition.

T2 Annealed (cast products only). Applies

to east products that are annealed to
improve ductility or dimensional sta-

bility.

T3 Solution heat treated and then cold
worked.

T4 Solution heat treated and naturally aged
{o a substantially stable condition.

T5 Cooled from an elevated temperature

shaping process
aged.

and then artifically

T6 Solution treated and artificially aged.

T7 Solution treated and then stabilized.
This stabilization treatment provides
additional control of some special char-
acteristic of the material,
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T8 Solution heat treated, cold worked, and
then artificially aged.

T9 Solution heat treated, artifically aged,
and then cold worked.

T16 Cooled from an elevated temperature

shaping process, artifically aged, and
then cold worked.

Ta the above definitions artifically aged
means that the material was given an elevated
temperature precipitation hardening treatment.
Naturally aged means that precipitation harden-
ing occurs spontaneously at room temperature.

2.1.3. Titanium Alloys

Titanium was discovered in 1789 by an Eng-
lish clergyman named Gregor. Five years later,
a German by the name of Klaprath named the
element #itan because of its strong chemical
bond with other elements. In the ingot form,
free of scale and clean, titanium possesses a
silver-gray color. It is nonmagnetic (as are
aluminum alloy and stainless steel), and thus
precludes the use of a magnet for material
separation and identification.

Titanium alloying elements are chromium,
iron, manganese, vanadium, molybdenum, and
tungsten, as an example, Ti-8AL-IMO-IV,
Ti-6AL-4V, and Ti-BAL-6V-25n are three alloys
which may be used on a supersonic transport.
It is noted that these titanium alloys consist
of aluminum, molybdenum, vanadium, and tin
in varying perceantages.

Additional information on titanium follows:

1. Titanium has been wused as a structural
metal only since 1952.

2. Unalloyed titanium is sometimes used for
firewalls, bulkheads, COMPressor cases,
shrouds and tailpipes.

3. The most common use of titanium alloys is
in gas turbine engine parts, such as com-
pressor discs, blades, and spacers. How-
ever, some use has been made of titanium

e
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alloys, mainly in military aircraft, in pri-
mary structural members, skin, and air-
frame forgings and fasteners.

4. Additional important .alloys are Ti-3Al-
2.55n, Ti-8Mn, Ti-7TAL-4Mo, Ti-7Al-4Mn.

5. Use of titanium alloys is expected to in-
crease rapidly in the future. For example,
large quantities of titanium alloys are being
used in the Boeing 747 for drag fittings
and parts of the landing gear beams. Boe-
ing expects their use of titanium alloy parts
to increase from 25,000 parts per month
early in 1969 to 2,500,000 parts per month
when the SST reaches the production line.

2.1.4. Copper

Copper is used in its basic form primarily
as an electrical conductor and for oil and fuel
line tubing. In this area of fuel lines, copper
has been almost replaced by flexible lines at
points of high vibration.

Copper in the annealed state possesses an
ultimate tensile stress of 32,000 psi. and a yield
stress of 6,000 psi. It possesses the mechanical
property of work hardening under a condition
of vibration, and for this reason has been elim-
inated from the fuel system in ‘the carburetor
to firewall area. Where copper and aluminum
lines are attached to the powerplant, “s”
curved lines and 360° spirals are incorporated
to relieve the stresses from vibration.

Copper in annealed by heating in an air fur-
nace to 1100°-1200°F, and then quenching in
water. Maximum softness and ductility is ob-
tained if the high temperature is held no longer
than five minutes.

A failed copper line, perhaps a causal factor
in an accident, should be analyzed for me-
chanical properties, provided the aircraft did
not burn, nullifying such information. The
characteristics of copper wire when exposed to
external heat versus electrical load are covered
under systems investigation. -
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Copper is the major constituent of brass and
ln'mw.v. Zinc is the primary alloying element

1 brass.  Either tin, aluminum or silicon are
nscd as alloying elements in the various types
ol bronze.

2.1.5. Other Alloys

There are hundreds of alloys in addition to
the three base metals previously discussed. The
cobalt-hase alloys are an example. Such alloys,
high in cobalt content, possess resistance to
wear and excellent oxidation-corrosion resist-
ance under extreme conditions of -elevated
temperatures and environments of corrosive
conditions.

The development of the turbosupercharger
at the beginning of WW II was dependent on
the discovery of metals and alloys which would
maintain acequate strength at temperatures
of 1300°F and above. The cobalt-base alloys
were found to possess superior performance
as gas turbine blades. Many major improve-
ments in turbine blade materials have taken
place since WW 11, and coupled with improved
design have lead to long times between over-
hauls (TBO’s).

Another series of alloys are ﬂ)ose which are
nickel based. A number of these alloys are
known by their trade names, such as Hastelloy

and Inconel. The English counterpart of In-

conel is Nimonic. Inconel possesses from
4.5%-7% iron, and therefore is not a steel alloy.
Inconel is used as the recording medium in
certain tlight recorders and is commonly mis-
called stainless steel tape. Other flight re-
corders utilize an aluminum alloy recording
medium. If it is necessary in a report to dis-
cuss the metal used as a flight recording me-
dium, the correct material should be specified.
Inconel is used since it can be fabricated in
thin sheets, possesses good strength properties,
and most important, possesses excellent phy-
sical propertics at elevated temperatures.
There are also thousands of noncommercial
alloys.  Noncommercial is a term generally ap-

plied to experimental alloys which are not

produced in quantity for commercial use. These
alloys are developed in both private and gov-
ernment sponsored rescarch programs for many
different purposes.

2.2. Crystallization

All metals are crystalline in their solid state;
that is, they are made up of crystals or graius
in which the atoms aré arranged in a repetitive
three dimensional pattern. Crystallization is
the process by which metals solidify from a
liquid state. It takes place by a mechanism
of nucleation and growth. Reference Fig. C
II-1 by Rosenhain. As a liquid metal is cooled
in the solidification temperature range, it begins
to solidify by the formation of tiny crystallites
around nuclei in the liquid. These crystallites
then grow larger and larger, eventually grow-
ing together as the solidification process is com-
pleted.

The terms crystallization and recrystalliza-
tion are two greatly mistreated words by the
layman, the mechanic, and the untrained in-
vestigator. These words are used when a
fatigue-type break is examined: “The metal
crystallized and broke,” “it was a case of
The “It
crystallized and broke,” is technically correct,

or,
recrystallization.” first expression,
for at some time the metal was cooled from a
liquid state to a solid — so it crystallized, and
at it broke.
should be left to the metallurgist and his
report.

some later time, These terms

2.3. The Stress-Strain Curve

In order to intelligently utilize the capabil-
ities of the various structural materials that go
into the comstruction of an aircraft, it is neces-
The stress-strain
the result of a specific test,

sary to test these materials.
curve, therefore, is
or one might say,
provide information about the mechanical
properties of the material.
To understand the basics of the stress-sirain

the plot of a specific test,

curve, it is first necessary to understand stress

and strain. Stress is force (in pounds per unit
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Stages (a) through (e) piciure the crystallographic
grain growth of o metal as suggesied by Rosenhain. Junc-
tion lines of adjacent crysialline growths are represented
in (f). Shaded portion of (2) represents the boundary area
beiween crystals grains.  Atoms at the boundary ore .sub-
jected io different elecirical affraction-repulsion forces
than aloms of cenfer of grain. Thus, grain boundary

preperiies are not the same as for crystal proper

Crystallographic Grain Growth of hMetal
Figure C III-1.
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area (square inches). If a rod of one square
inch in cross-sectional area sustains a load of
50,000 lbs., the rod is under a tensile stress of
50,000 pounds per square inch (psi).

The formula for stress is S = P/A, where S
is the stress, P, the load in pounds, and A is
the area in square inches. In the metric system,
P could be in grams or kilograms, and A could
be in square centimeters,

In the above case, where the rod carries a
tensile load of 50,000 Ibs., the rod has stretched
in length to a certain degree. All materials will
deform under a load condition, and since dif-
ferent materials deform differently, this is the
purpose of plotting the stress-strain curve.
When a material is deformed, it is under stress
(S) and a strain (e epsilon); you can’t have
one without the other, Strain is measured in
units of inch per inch. In other words, how
much does each inch of the material deform?
If a ten-inch rod is stretched 0.010 of an
inch, it is under a strain of 0.001 in. per in.
¢ (epsilon) = 0.001 in./in.

Referring to Fig. C III-2, note that stress
is plotted on the vertical or Y axis (ordinate),
and strain is plotted along the horizontal or
X axis (abscissa), This is not a curve of a
specific material, but is representive of a rather
ductile material such as low carbon steel or
2024 aluminum alloy.

As a load or stress is applied, the material
begins to deform or stretch if it is under ten-
sion. As long as the stress does not exceed
the elastic limit, the material will return to its
original shape when the load or stress is re-
moved. The vertical dotted line in the figure
represents the deformation resulting when the
stress has been raised to the elastic limit. The
distance from zero deformation to the dotted
line represents the elastic range of the material.
According to Webster, “elastic” is defined as
having the property of immediately returning
to its original size, shape, or position after being
stretched, squeezed, flexed, or expanded.

In studying the elastic range and the elastic
limit, it is obvious that an aircraft structure
should operate at some point on the straight
line portion of this plot, not exceeding the

elastic limit. The investigator should associate
the design term limi¢ load factor with the
straight line portion of this curve.

If an individual desired to build an aerobatic
type aircraft with a limit load factor of six, he
would have to decide what stress below the
elastic limit to use for a good service life, and
the remaining portion down to zero stress
would be divided into six equal spaces to de-
note each g. As an example: Assume the elas-
tic limit was 40,000 psi and the designer
selected 36,000 psi as the maximum stress ex-
pected in service. Then, in straight and level
unaccelerated flight, the particular part under
consideration would be under a stress of 6,000
psi (1 g). In a coordinated level turn with a
60 degree bank, this part would be under a
stress of 12,000 psi (2 g’s). In a 6-g pullout
maneuver the stress would be 36,000 psi.

Referring again to Fig. C III-2, note that the
material will continue to sustain higher loads
without separating or breaking.

3. Design

Present day aircraft are designed essentially
for static loads. In the next section the loads
used in the design are discussed in some de-
tail. These loads are assumed to act on the
aircraft in such a manner that static equilibrium
of external and internal loads results. These
loads fall into the shori-time static loading
category. At the present time precise methods
for determining the life of parts or components
under repeated loading are not available to
the designer. Considerable research is under-
way to devise suitable methods to handle re-
peated loading. In the past, the designer has
intuitively proportioned the parts so that the
effects of repeated loading are reduced in
importance. Dynamic loading has not been too
critical in the past because conservatisms in
the design criteria and relatively high stitf-
nesses in the primary structure have been such
that the magnification factors developed by
this loading have been either incorporated in
the static design criteria, or they have been
small enough to neglect.
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Future Prospecis

Future trends are always difficult to
predict. It can be said, however, that
repeated loading and dynamic loading are
assuming more and more importance. Cat-
astrophic failure of primary structure due
to repeated loading or fatigue is of con-
stant concern to the designer. Dynamic
effects are being given closer attention
today. Lower design load factors, higher
speeds, decreased stiffnesses due to thin-
ner wing designs all aggravate the situa-
tion and make these two types of loading
more significant, Whether the present
static load criteria will be replaced by
more complex criteria which would in-
clude repeated loading and dynamic load-
ing effects depends to a great extent on
the future development in these fields.
Until such time as aircraft are designed
for these effects — and even afterwards
perhaps - — the aircraft accident investi-
gator must carefully examine all structural
failures to determine if some other cause
aside from exceeding the static strength is
responsible for the failure.

3.1. External Aircraft Loadings

The actual loads imposed upon the aircraft
structure during inflight and ground operation
are extremely complicated in nature, and s
rigorous analysis of the structure for the almost
infinite number of loading combinations would
be an impossible task, For practical reasons,
therefore, the aircraft structure is designed
for a relatively small number of simplified
conditions, so selected to bracket all the criti-
cal conditions likely to be encountered by the
particular aircraft in its useful lifetime. These
loading conditions or requirements are set forth
in the Federal Aviation Regulations for com-
mercial aircraft. Transport eircraft are de-
signed according to FAR Part 25 requirements.
Light planes and larger aircraft in nonsched-
uled passenger and cargo use are designed
according to FAR Part 23 requirements. The
different loading conditions specified in these
regulations are, for the most part, of the static
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type; i.e, the aircraft is assumed to be balanced
or in equilibrium.

In the following subsections the two main
types of loading, airloads and ground loads,
are briefly discussed. The significance of vibra-
tion loads in aircraft design is briefly noted.

3.1.1.  Airloads

Two separate and distinct types of airloads
are imposed upon the aircraft in flight, ma-
neuvering loads and gust loads. Although these
types of loads can and often do occur in com-
bination, the design conditions are so selected
that these loads can be considered separately.

3.1.2. Maneuvering Loads

When an aircraft is flying in straight and
level flight the lift forces on the wing and tail
are in balance with the overall weight of the
aircraft, and the aircraft is said to be operating
at a one “g” level. If the aircraft is maneuvered
by deflecting the control surfaces in one direc-
tion or another and until the aircraft reaches
an equilibrium condition in its new altitude,
the forces acting on the aircraft are either
raised or lowered from their initial value and
the “g” level or load factor is accordingly in-
creased or decreased. The exact load factor
developed in any particular maneuver of a
certain airplane depends for the most part on
the rate of change of control surface displace-
ment and the speed entry into the maneuver.
The higher the rate of change or the higher
the speed, the higher will be the resultant load
factor developed. If at any instance in a
maneuver the acceleration forces are balanced
by equal and opposite inertia forces, the air-
plane can be considered in a state of equili-
brium and a static type of strength analvsis
may be made,

For design purposes, then, the airplane is
assumed to be subjected to certain load factors
or acceleration units, and the structure is de-
signed to incorporate strength for the specified
values. For transport type aircraft, where ma-
neuverability is secondary, strength is provided
for a limit positive load factor of 2.5. The
load factor used in light plane design depends
on the use to which the airplane is to be put.



Acrabatic type of aircraft, for which all ma-
neuvers are permitted, are designed for a limit
positive maneuvering load factor of 6.0.

Aircrafi designed to the utility category re-
quirements of FAR Part 23 are provided with
a strength of 4.4 load factors. This type of air-
craft is intended for only “mild” maneuvering,
and certain maneuvers are prohibited. Light
planes designed under the FAR Part 23 normal
category requirements are intended mainly for
transportation purposes in which only ordinary
maneuvers are permitted, and hence, the limit
load factor is only 3.8. Some of our modemn
light planes are designed to meet both normal
and utility categories. From the above, it can
be seen that an aircraft is designed for an
arbitrary load factor, the exact value depend-
ing upon the intended use for the airplane.
Any of these values can be exceeded by the
pilot if he fails to observe the limitation of
the aircraft. Very often people will ask, “Why
can't you design the airplane so that the pilot
cannot fail the structure by any flight ma-
neuver?” The answer, of course, is that the
aircraft could be designed in this manner, but
that the cost in weight would be prohibitive.
With some of our modern light planes, operat-
ing at relatively high speeds, the design limit
load factor would have to be of the order of
20 g's or more to preclude failure within the
aircraft maximum speed limitations

a. Ven Envelope

The basic maneuvering flight conditions
could be given by stating the limiting
values of acceleration and speed for which
the airplane is to be designed. It has
been found more convenient, however, to
represent these conditions graphically on
a diagram which is referred to as a V-n
diagram. Such 2 diagram is shown in
Fig. C II1-3. This diagram shows all of
the design conditions and is also useful
in illustrating the operating limitations.
The lines AB and CD represent the re-
stricted positive and negative maneuver
load factor which are limited to speeds
within the line BD, the design dive speeds.

TSI
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These restricted maneuver lines intersect
the airplane Cuwax curves at A and
C. At speeds between A and B, the pilot
must be careful not to exceed the limiting
maneuver acceleration, since, in general,
it would be possible for him to manipulate
the controls to exceed these values. At
speeds below A and C, the pilot need not
worry particularly, since the Cyaax of
the airplane will be reached before the
limiting values given by lines AB and CD
can be developed and the airplane will
stall. Generally speaking, if the airplane
is designed for the airloads resulting from
the conditions A, B, D, and C, the cor-
ners of the diagram, it will be safe from
a structural strength standpoint if it is
flown within the specified limits of velo-
city and acceleration. Conditions A and
C are generally referred to as high angle

of attack conditions and B and D as low .

angle of attack conditions. The various
speeds used in design are also shown on
the V-n diagram.

With the conditions specified on the V-n
diagram as a basis, the designer balances
the airplane for the various forces and
computes the loads on individual compo-
nents, such as the wing, tail, etc. These
are then used to design the various mem-
bers and components. From an investi-
gation viewpoint, a thorough understand-
ing of the significance of the V-n diagram
is often useful in evaluating inflight struc-
tural failures. In this regard, it should be
remembered that different aircraft, or dif-
ferent models of a particular aircraft are
designed to meet the requirements of dif-
ferent categories; and an effort should be
made to determine if the aircraft was being
operated in accordance with its limitations.

Tail, Flap, Aileron Loadings

The tail loads determined by the pro-
cedure described in the previous sub-
section are referrred to as balancing tail
loads. In addition to these balancing tail
Ioads, maneuvering tail loads are pre-
scribed in the pertinent regulations. The
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horizontal tail, for example, is designed for
an abrupt upward or downward deflection
of the elevator at the design maneuvering
speed, V.. These maneuvers are called
“unchecked maneuvers.” The horizontal
tail is also designed for the loads imposed
by a “checked maneuver” where the sur-
face is deflecied suddenly in one direction,
and then “checked” or reversed so that
the maximum maneuvering load factor on
the airplane is developed. Similarly, the
vertical tail is designed for definite ma-
neuvers involving displacement of the rud-
der at V, with varying amounts of yaw.
The flap is designed for the loads imposed
upon it when extended to any angle up
to the maximum used. The ailerons are
designed for the balancing loads while in
the neutral position, and, also, the maxi-
mum displacement at speed, V..

In general, the horizontal tail, the ver-
tical tail, and the ailerons are designed
for full displacement at the maneuvering
speed, V.. This means, then, that these
sarfaces can be moved as abruptly as the
pilot desires at speeds below V. without
danger of structural failure, For a large
number of modern light planes, the de-
signer has selected V, to coincide with
the speed at point A on the V-n diagram,
so that if abrupt control displacement is
vestricted to speeds at or below V., no
danger of failure of the entire aircraft will
result. .

3:1.3. Gust Loads — Gust Envelope

All commercial aircraft are designed for the
loads imposec by a =50 ft./sec. gust at the
cruising speed of V. from sea level to 20,000 ft.
and then reduced linearly from *+50 ft./sec. to
%25 ft./sec. at 50,000 ft.

At V, speed, the gust factor is +25 ft./sec.
from sea level to 20,000 ft. and then reduced
linearly from =35 {t/sec. at 20,000 ft. to
*+12.5 ft./sec. at 50,000 ft.

In addition, ransport aircraft are designed
for a =66 ft./sec. gust at V, from sea level to
20,000 ft. then reduced linearly from =66 fi./
sec. at 20,000 ft. to =38 ft./sec. at 50,000 ft.
(V. is design cruise speed and V, is design
speed for maximum gust intensity). V., is often

referred to as the “rough air speed.” ( Reference
is made to FAR Part 23 and Part 25.) The
specified gust velocities are vertical velocities,
and their effect on the aircraft is to produce a
sudden change of angle of attack which in-
creases or decreases the load on the wings
(depending upon whether the gust is positive
or negative). This produces incremental accel-
erations. These incremental load factors are
added or subtracted, as the case may be, to the
one “g” load factor and the aircraft is designed
for the resulting loads. The diagonal lines on
Fig, C III-3 are a graphical representation of
the “gust lines” and show the load factor de-
veloped when a gust of a certain intensity is
encountered at various speeds. In tl . illustra-
tion shown, the gust lines fall outside the
maneuvering envelope at some points, and the
gust loads are the controlling design loading
factors. For some designs, these gust lines fall
within the maneuvering diagram and are not
critical. Whether gusts are critical or not de-
pends upon the wing loading, W/S, and certain
aercdynamic characteristics. In general, it can
be said that the higher the design maneuvering
load factor, the less likely is it that gusts will
be critical. For this reason, then, gusts are
more significant in transport aircraft design
(where the maneuvering load factor is 2.5)
than in acrobatic aircraft (where the maneuv-
ering load factor is 6.0). In any event, the
designer must check for gust loads as well as
maneuvering loads, and select the critical loads
for the particular design.

3.1.4. Distvibution of Loads

To intelligently understand and evaluate in-
flight structural failures, the investigator should
have some knowledge of the way in which the
airloads are distributed on the various com-
ponents. A few brief notes on this general
subject are included in this subsection.

The lift on an airfoil shape is developed by
a differential pressure between the upper and
lower surfaces. For positive angles of attack, the
pressure on the upper surface is less than am-
bient, which, in effect, means that there is a
suction force acting away from the airfoil. For
this same condition, the pressure on the lower
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surface is positive, ov, in other words, the
force is acting toward the airfoil. The center
of pressure at high angles of attack is generally
forward on the airfoil and moves aft as the
angle of attack decreases. For this reason,
wing failures resulting from violent maneuvers
generally start at or near the leading edge or
front spar, and are in an upward direction
whereas failures while in a dive generally start
farther aft on the airfoil, nearer the center or
rear spars. Downward leading edge failures
are also indicative of low angle of attack or
dive conditions. These points are sometimes
helpful in establishing the wmaneuver which
produced the structural failure.

Maneuvering tail loads generally result in a
distribution of loading which increases from
near zero at the leading edge to 2 maximum at
the hinge line and then to zero at the trailing
edge. In other words, the center of pressure
under maneuvering conditions is aft on the
surface. For gust loads or balancing loads, the
center of pressure is near the leading edge and
there is a concentration of load in this area. The
distribution of loading on flaps, ailerons, and
tabs is approximately triangular with the maxi-
mum unit loading occurring at the hinge line
and dropping off to zero at the trailing edge.

3.1.5. Ground Loads

Ground loads are those loads which arve im-
posed on the structure during the actual land-
ing and during operation on the ground such
as taxiing, braking, turning, etc. These loads
are an important part of the overall design
requirements. Whether a pardcular compo-
nent or member will be designed by ground
loads or airloads cannot generally be predicted
until both are computed and compared with
one another. In general, however, ground load-
ing conditions are often critical for the wing
structure inboard of the gear and for the fuse-
lage structure. In all cases, of course, the
landing gear attachment points are designed
for the pertinent ground loads.

a. Landing Loads
In designing the aircraft for landing
loads, the aircraft is assumed to contact the
ground in several arbitrary attitudes, so
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selected that they will bracket all possible
attitudes likely to be encountered in opera-
tion. For a tail wheel type of aircraft two
basic conditions are used, the level land-
ing and the taildown landing. For a nose
wheel type of aircraft, a third condition,
level landing with nose wheel just clear
of the ground, is also specified. The ver-
tical load acting through the center of
gravity is, in all cases, equal to the landing
weight of the aircraft multiplied by the
landing load factor. The Jlanding load
facior is selected by the designer, and he
is required to demonstrate that this factor
will not be exceeded by the landing gear
when the aircraft is landing at the descent
velocity specified by the regulations.
(1) Descent Velocity Considerations
For transport type of aircraft, a
value of 10 ft./sec. is specified in the
regulations for the design descent ve-
locity. For light airplanes, the speci-
fied value of descent velocity is given
by a formula, but it need not be
greater than 10 ft./sec., nor can it

be less than 7 ft./sec. With these
values of descent velocity .in mind,

the designer selects a value of load
factor and then proceeds to design

a shock strut which will absorb the
landing energy corresponding to the

descent velocity. Drop tests are con-
ducted on the gear to verify that it
will absorb the energy required within
the selected load factor limitations.
From an investigation viewpoint, it
is well to note that the specified de-
scent velocities are high and that con-
siderable static strength and shock
absorbing characteristics are designed
into the gear. A landing gear de-
signed for a 10 ft./sec. descent ve-
locity can absorb the shock of an
" unflared landing at 600 ft./minute.
This is a hard landing. When land-
ing gear failures occur, then they are
usually associated either with fatigue
failures, running over obstructions, or
with free drops of the airplanes from
considerable heights when the ship is
“dropped” in from a stall.



(2) Spin-Up and Spring-Back Loads

When an aireraft initially touches
down, the wheels are not rotating, and
a considerable drag force is required
to bring the wheel assembly up to
the speed of the aircraft. This drag
load is refeired to as the wheel spinup
Joad, and formulae are available for
calculating its magnitude. The wheel
spinup lead is a very important de-
ign condition. In fact, considerable
research has been conducted to de-
termine msthods for reducing this
load, Oleo drag struis as wsed on
some particular aircraft are examples
of one method used successfully to
reduce the effect of wheel spinup
loads.

The wheel spinup load builds up
te a maximum value and in doing so,
deforms the landing gear rearward.
When the wheel assembly has been
brought up to the speed of the air-
craft, the wheel spinup load drops
off to zero, and the gear springs for-
ward 50 that at the instant of reaching
the maximum forward deformation a
dynamic springback load may be con-
sidered to comsist of the inertia of the
effective mass at the axle acting for-
ward normal to the oleo. The spring-
back load iz an important design con-
sideration.

b. Broke Loads, Taxiing Loaeds

In addition to the loadings described
above, the landing gear is designed for
such special conditions as braking, ground
turning, texiing, nose wheel yawing, etc.
For each of these conditions, the ioadings
are specified in detail in the regulations
for the particular type of airplane. During
an investigation of a landing gear failure
accident, it is important to attempt to te
in the instant of failure with the motion
of the aircraft at the time. Unless this
is done, a proper evaluation of the evi-
dence may not be possible. Thus, if the
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failure occurred when the brakes were
first applied, this may be significant and
should be pointed out in the accident
report.

c. Distribution of Loads

In some of the landing gear design con-
ditions, the loads on the landing gear are
balanced by linear or translational inertia
forces, and no angular motion of the air-
craft is involved. In other conditions, the
airplane is assumed to rotate or pitch about
the main gear, and angular inertia forces
must be considered. In either case, how-
ever, the wing, fuselage, and other com-
ponents are subjected to inertia forces,
usually in a downward direction. The de-
signer balances the airplane for all of the
forces involved and checks out the struc-
ture strengihwise, In many cases, the
landing conditions are more critical than
the flight conditions for certain compo-
nents.

3.1.8. Vibratory Loads

Vibratory loads are the most troublesome
type encountered in aircraft design and, in
general, their occurrence and magnitude are
difficult to predict. Generally speaking, vibra-
tory loads are considered only indirectly in the
basic design, and service testing is the most
frequently used method to determine sources
of trouble and orocedures to eliminate diffi-
culties. A large portion of the minor fatigue
cracking found in service is attributable to
vibratory loads.

Vibratory loads are divided into two general
types — resonant and forced vibrations. Cracked
engine mounts, cowlings, isolated skin panels,
ribs, etc., are all examples of resonant type
vibration failures. When the natural frequency
of the particular part or component approaches
the frequency of the normal engine RPM, high
amplitude vibrations of the wunit develop and
early cracking results. For this reason, it is
customary for the designer to keep the size of
unsupported panels within maximum limits
found by experience to be satisfactory. Forced
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vibrations are generally associated with slip-
stream effects in the wake of propellers, These
vibrations arise from the small but frequent
changes in the local air velocity which pro-
duce corresponding effects on the aerodynamic
loads. In many cases, it has been found neces-
sary to reduce panel sizes in the propeller wake
below that normally used for supported panels.
Forced vibrations from small pressure changes
in the wake of jets have produced failures on
adjacent fuselage skin panels and on tail sur-
faces. :

It is important to keep in mind the basic
difference between vibratory loads and “over-
all” structural loads. Alihough in many in-
stances it is difficult to distinguisn clearly
between the two types of loads, there are cer-
tain differences. Vibratory loads are gener-
ally of high frequencies and are more or less
of constant amplitude, Overall loads, on the
other hand (aerodynamic maneuver and gust
loads, landing loads), are generally of lower
frequency and of varying amplitude,

3.1.7. Internal Aircraft Loadings

In the previous section, the types of external
loads and the procedures for calculating their
magnitude were briefly discussed. In this sec-
tion, the methods and procedures used by
the designer and stress analyst to work the
external loads into internal loads will be
discussed.

a. Ways in Which External Loads Ave
Supported

Basically, the external loads are resisted
internally by tension, compression, shear,
torsion, and bending forces. In many ap-
plications, bending moments can be con-
verted into couple loads of equai and
opposite tension and compression forces.
In most instances, the various types of
loading occur in combination with one
another, but loadings can almost al-
ways be considered separately and their
effects added together.

All of the modern aircraft are of canti-
lever design types, i.e., the wings and tail
surfaces are supported and fixed at their
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root and no external bracing is used. In
this type of design, the shear, bending
moment and torsion loads are zero at the
tip and build up to a maximum at the root,
The designer’s job then, is to provide suf-
ficient structural material suitably arranged
at each station to resist the design loads.
The bending moment, which can be visual-
ized as a tension-compression couple, is
resisted by the top and bottom covers.
These covers may consist, in some designs,
of spar caps and stringers; or, in other
designs, of spanwise corrugations, sand-
wich construction, or spars alone. In any
case, the axial loads from the bending mo-
ment are distributed among the various
members, and stresses are computed. These
are compared with allowable stresses for
the material being used, and margins of
safety are computed.

The torsion loads are resisted by the skin
covering and by the spar webs. The tor-
sion Joads are distributed to the various
boxes in the wing or tail and the resulting
stresses are compared with the allowable
stresses in order to evaluate the margins
of safety. Around cutouts, such as land-
ing gear wells, nonstressed door openings,
etc.,, special methods are used, but the
basic concepts are essentially the same.
The skin covering and spar webs are al-
most always designed as tension - field
beams. This means that the sheet is per-
mitted to buckle, but it should be remem-
bered that even in this buckled state the
sheet is still carrying loads. If the applied
load is less than the design allowable for
the sheet, the buckles will come out when
the load is relieved. If the load is above
the allowable, permanent wrinkles or
buckles result, and these will not come
out when the load is relieved. This is
often a useful indication of excessive loads.
and the direction of the buckles will tell
the direction of the applied load which
produced the buckles. Thus, if permanent
wrinkles on the top surface of the wing or
tail are found to run toward the trailing
edge as they go outboard, this will indi-
cate a noseup torque loading. The direc-



tion of the wrinkles on the bottom surface
would be in the opposite direction (i.e.,
they would run toward the leading edge
as they went outboard ).

The vertical and horizontal shear forces
are also resisted by the skin covering and
the spar webs. Various methods are avail-
able for determining their distribution to
the different skin panels.

Fuselage siress analysis is not too differ-
ent from wing and tail analysis. The fuse-
lage is essentially a simple beam supported
at the spar attachment joints with an over-
hang forward and an overhang rearward.
The section of the fuselage aft of the rear
spar attachment can then be considered
as a cantilever beam and the shear, bend-
ing moment, and torsion summed up for
each station. As in the wing design, the
torsion and shear loads are resisted by the
skin covering, while the bending moment
is resisted by the stringers or longerons
and effective skin. Special methods are
used for the stress distribution around
window and door cutouts.

In examining the structure after an acci-
dent, it is desirable to be able to distin-
guish between inflight damage and dam-
age by impaci with the ground. A good
undersianding of the above basic poinis
fs extremely useful for making this deter-
mination. In examining the various fail-
ures, the mode of failure should be com-
pared with the type of failure that would
normally be expected for the particular
piece. For example, a spar cap in a wing
is designed primarily for tension and com-
pression forces. If a piece of spar cap
at the accident scene is found twisted, then
it may be possible to say that that partica-
lar failure was secondary and occurred
after the integrity of the wing was destroyed
by other features. Similarly, if a member
is known to carry only tension loads in
its normal life and the part is found failed
by bending or compression forces, this
failure, likewise, can be said to be second-
ary. In this manner, it is possible to
eliminate quickly a great many of the
failed pieces, If it is difficult to decide
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whether a particular piece failed from im-
pact or inflight loads, adjacent pieces are
pieced together and their failure pattern
studied. The basic tool in all of this work,
however, is a thorough knowledge of how
the structure carries the loads.

4, Failure Analysis — Fatigue

Fatigue is simply the progressive failure of a
part under repeated loading. Fatigue fractures
start as minute cracks that grow larger under
the action of fluctuating stress. Fatigue is not
a new problem. In fact, it is a very old prob-
lem, dating back to the time when metallic
materials were first used for structural com-
ponents. As early as 1858, Wohler, one of the
earliest researchers in the field, concluded after
conducting many tests: “Wrought iron and
steel will rupture at a stress not only less than
the ultimate static strength of the material but
even less than the elastic limit, if the stress is
repeated a sufficient number of times.” This
finding is as true today as it was then.

4.1, Importance of Fatigue in Aircraft Field

Why is fatigue so important in aircraft de-
sign and operation? There are a number of
reasons why fatigue is assuming more and more
tmportance. In the early days of aircraft de-
sign, maneuver loads were the only ones used
to design the airframe. Gust loads were com-
pletely disregarded in design until the 1930’s.
The strength that an airplane required in order
to withstand the intentional -maneuvers, such
as sharp turns and pullups from a descending
flight path, were adequate to cover gust loads.
As transports grew larger, they were being
maneuvered more cautiously, and the design
maneuver loads were correspondingly reduced.
It then became necessary to include in the
design an investigation of the strength under
the load imposed by single but severe vertical
gusts. The gust design requirement is the one
previously explained.

Unsatisfactory service experience with one
aircraft has brought the fatigue problem to
high priority, especially that aspect of the prob-
lem dealing with the cumulative effect of re-
peated gust loads. The emergence of fatigue
a5 a design problem in airframes stems from the
general trend of development in aviation,
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Transports are becoming ever larger and more
expensive; the operator is therefore forced to
fly them longer until he can afford to retire
them in favor of new models, Flight speeds
are ever increasing, Longer life and higher
speeds mean more miles covered; consequently,
more gusts encountered. Higher airplane
speeds mean higher loads for a given gust ve-
locity, More refined methods of design for
static strength bring about a reduction of the
so-called hidden factors of safety. Finally,
development in materials has brought about
improvements in the static strengths of the
materials, but unfortunately without propor-
tionate improvements in the fatigue properties.

Although it may be dangerous to generalize,
it is possible to note certain differences be-
tween transport aircraft and lightplane air-
craft with regard to the incidence of fatigue.
Because of the lower design load factor, higher
speeds, operational procedures, etc., fatigue of
major components such as the wing is an im-
portant consideration in transport design. In
light aircraft, on the other hand, these same
factors are such that the importance of fatigue
is somewhat lessened. Fatigue failures of such
items as lift strut fittings resuliing in wing
separation in flight indicate, however, that fa-
tigue of major components in light aircraft
cannot be ignored. Fatigue failures of landing
gear components and their supporting struc-
tures occur in both types of aircraft with about
the same incidence.

Some figures here will give you an idea of
the importance of fatigue in aircraft. One
authority has estimated that three-fourths of
all failures in aircraft parts are caused by
fatigne. Our experience in aircraft accident
investigation work bears out this figure.

4.2. Basic Theory

Although fatigue failures have been occur-
ring for a hundred years or more, the actual
mechanism of fatigue is not clearly undersicod.
Various theories have been proposed to explain
the phenomenon, but as new experimental re-
sults become available most theories are being
discarded, The best explanation of why parts

fail in fatigue under repeated loading is given

by the “slip theory.”

The “slip theory” works as follows. A metal
is composed of a very large number of crystals
whose axes have a random orientation and
whose elastic moduli vary depending upon the
particular crystal axes being considered. When
a small tensile stress is applied to a piece of
the metal, the actual internal stress is not uni-
form because of the haphazard arrangement of
the crystals and the different elastic moduli.
It can be seen, then, that the shear stresses at
the boundaries between crystals will vary in
magnitude. When a small stress is applied to
the piece, slip planes will develop within a
few of the crystals, i.e., plastic yielding has
taken place, Although the piece has not been
stressed beyond the elastic limit, a few grains
within the piece have undergone permanent
deformation. Work hardening of the crystals
accompanies slipping. As additional slipping
takes place, the localized stress reaches a
value at some point in excess of the ultimate
strength, and a crack starts. This will gen-
erally occur in a zone where much slipping has
taken place. The crack may stop at the grain
boundary if the neighboring grains are able to
supply stress relief in the form of plastic flow.
If they are unable to do this, the crack will
spread from grain to grain by way of slip
bands, until the stress in the remaining section
is sufficient to cause failure by tension.

The above can be summarized in the follow-
ing manner:

a. No damage is observed microscopically.

b. Slip line formation takes place with grad-
ual broadening of these lines.

c. The crack sets in most frequently at site of
marked slip.

d. The crack continues to grow larger until
the remaining uncracked cross sectional
area is too small to withstand the applied
load. '

e. Complete failure occurs.

f. The final overload part of the fracture can
be in bending or torsion, as well as tension,
depending on the kind of load applied.

It cannot be emphasized too strongly that the

above concept of the slip mechanism of fatigue
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has been quite firmly established.
4.3. Loadings

It has already been noted that fatigue is
caused by repeated loading. The form of the
repeated loading can be alternating bending
loads, alternating axial loads, alternating tor-
sion loads, or alternating shear loads. All of
these forms of repeated loading are encoun-
tered in the aircraft field.

For the overall airframe, the repeated load-
ing is produced in flight by alternating gust
and maneuver loads, and on the ground by
alternating landing loads. When an aircraft
is flying in level flight, the wings are support-
ing a load equal to the weight of the aircraft,
or putting it another way, the wings are
stressed to 1 g. When the aircraft encounters a
gust, the load iz increased or decreased from
the 1 g value, depending upon whether the gust
is positive or negative. Surveys have shown
that the frequency of negative gusts is about
the same as positive gusts. It can be seen, then,
that the load in, say, the lower spar chord
varies about a mean stress of 1 g. The magni-
tude of the deviation from 1 g varies, since the
airplane will encounter gusts of varying in-
tensities.

4.4. Factors Affecting Fatigue Strength

The term fatigue strength is best explained
by the fact that it depends on the material and
the degree of stress concentration. Fatigue life,
on the other hand, depends on the magnitude,
frequency, and manner of loading. In this sec-
tion some of the more important factors affect-
ing the fatigue strength as it is related to
material resistance are discussed.

While the designer does not exercise much
~ control over the magnitude and frequency of
loading which produce fatigue, he does control
the design of the part. Judicious selection of
material for a particular application, and care-

148

ful attention to detail design offer the greatest
promise today for the lessening or elimination
of serious failures in service.

4.4.1. Factors Which Impair

In discussing factors which impair the fa-
tigue life of a part, terms such as smooth speci-
nens, notched specimens, and stress concen-
tration are met. Since an understanding of
what follows depends to some extent on a
knowledge of these terms, a few words will
be said about them first,

If a smooth, sound, polished specimen is put
into a fatigue testing machine and tested at
a particular stress, it will fail after a -ertain
number of cycles. If a similar specimen, but
with a notch machined into it, is tested at
the same stress, the specimen will fail at a
lower number of cycles than before. The ratio
of these two figures is a measure of the effect
of the notch and is called a stress concentra-
tion factor. The more severe the notch is,
the higher is the stress concentration factor.
Other factors are similarly compared with the
smooth specimen values to arrive at a quanti-
tative estimate of their effect on the fatigue
strength of the material,

4.4.1.1, Stress Raisers
a. Notches

A notch can be broadly defined as any
change of séction which alters the local
stress distribution. In this sense, the def-
inition would include keyways, circumfer-
ential grooves, holes, contour change,
scratches, threads, etc.

Almost all of the structural materials
are semsitive to notches, and the fatigue
strength of a part with a notch is less than
for one without a notch. Within particular
types of materials, there is evidence to
indicate that the harder or higher tensile
strength alloy is more notch sensitive than
the softer alloys. This high notch sensi-
tivity of high strength steels makes it im-
perative to use care in the design and
maintenance of parts made from these
steels in an effort to preclude failures.
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Since notches as such cannot be com-
pletely eliminated from any design, we
are forced to leave them and to work
toward lessening their deleterious effect.
Generous filleting is a factor toward ve-
ducing the high stress conceniration in
some applications. Cold working the
thread roots, rolling the threads, and un-
dercutting the last thread will improve the
fatigue strength of threaded parts. Cold
working or rounding the edges of holes
will minimize the effect of the hole. In
some instances unloading notches adjacent
to a design notch will reduce the stress
concentration factor.

Many of the severe fatigue failures can
~ be traced to notch effects. Since the area
containing the notch has a lower fatigue
strength than the unnotched area, failure
will occur there first. For this reason, in
examining the wreckage after a siructural
failure accident, the investigator should
pay particular attention to fractures origi-
nating at changes in section, through bolt
holes, etc. Not all of these fractures, of
course, will be fatigue failures, but if there
is such a failure it is likely that it will
occur at one of these locations.

Decerburization

Decarburization is the loss of carbon
from the surface of a ferrous alloy as a
result of heating in a medium that reacts
with the carbon. The end result is a soft
skin or “back” on the surface of the part
which reduces the fatigue properties con-
siderably. Decarburization is an important
consideration in spring design since the
chromium-vanadium and siliconmanganese
spring steels are especially susceptible to
this effect. Decarburization does occur in
other steels, however, and fatigue failures
from the source are found in bolts, forg-
ings and other steel parts. The usual
procedure to eliminate this difficulty is
to machine the soft skin off the part. In
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service, decarburization frequently occurs
in a notch, and the overall effect is to make
the notch more severe.

c. Corrosion

When a corroded part is subjected to
repeated loading, the uncorroded fatigue
life value for the metal is appreciably
reduced. This follows since the pits on
the corroded surface act as notches and
produce the same deleterious effect as
notches. If the repeated stress is applied
at the same time as the corrosion is taking
place, we have a special type of fatigue
called corrosion-fatigue.

There is a corrosion condition in which
splitting along the grain lines takes place.
This is quite commonly observed in ex-
truded members in which the material
splits or flakes off. This is called exfolia-
tion. This type of corrosive action can
cause fatigue in certain installations in
which the part is cycled with a variable
tensile stress or an alternating tensile and
compressive stress. The corrosion prod-
ucts work into a corrosion separation area
and create a lever-fulerum or wedging ac-
tion. This results in a stress concentration
at the tip or sharp edge of the wedge. This
action could subsequently result in a sep-
aration of the part. This type of corro-
sion fatigue failure is not the same as a
corrosion pitting type of fatigue failure.
The latter is similar to machine-cut threads,
stone nicks on propellers, or scratch marks.

When corrosion-fatigue occurs in com-
bination with a stress concentration from a
geometrical notch (drilled hole, scratch,
change of section, etc.) the total reduc-
tion in fatigue strength is amazing. The
following tests figures illustrate this verv
well. The rotating-beam test endurance
limit of an SAE 3140 (heat treated to 162 -
000 psi) specimen tested in air was 90,000
psi. When a specimen of the same ma-
terial, but with a hole drilled in it, was
tested in a stream of running water, the
failing stress at 10,000,000 cycles was only



9,000 psi. In other words, the combination
of corrosion-fatigue and the notch had re-
duced the fatigue strength by a factor of
ten.

Fretting corrosion can be considered as
a special type of corrosion-fatigue. Fret-
ting corrosion occurs when two parts are
clamped, press-fitted or shrunk together
and subjected to vibratory loads. In steel
a red oxide powder is visible on the surface
thus affected, while in aluminum or mag-
nesium the powder is black. Fretting cor-
rosion roughens the surface, inducing local
siress concentration, and early fatigue fail-
ure resulis,

d. Inclusiona

Many people believe that inclusions in
a material are responsible for the majority
of service fatigue failures. Actually only
a minute fraction of service failures result
from this cause. All metals have some in-
clusions. Before they can appreciably
afiect the fatigue life of a part, they must
be large relative to the inclusions normally
~found in the material, and must be at or
aear the swiface of the part. Generally
speaking, inclusions at the center or near
the center of a part will have little effect
on the farigue life. One researcher from
his experiments with one parficular ma-
terial and type of specimen concluded that
large inclusions, or a cluster of many small
ones might reduce the fatigue strength
about 15 per cent when the ratio of the
depth of the inclusion in a radial direction
to the dizmeter of the specimen was ap-
proximately 1 to 10. By and large, the
effect of inclusions as inherent stress raisers
is very minor compared to the imposed
stress raisers in the form of poor fillets, oil
holes, and discontinuities of that char-
acter which are so common in meglectful
design. From the viewpoint of the acci-
dent investigator, the presence of inclu-
sions is the last cause to be suspected.
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4.4.1.2.

Internal or residual stress can combine with
the external applied stress to increase or to
decrease the actual maximum stress. The bene-
ficial effect will be discussed later in the fol-
lowing section and only the injurious effect
will be mentioned here. Certain heat treat-
ment or fabrication methods can develop ten-
sile stresses on the surface of a part. When the
part is then subjected to repeated loading, the
residual surface tensile stress adds to the de-
sign tensile stress and can produce a total stress
higher than the designer anticipated. Early
fatigue failure results. In examination of a
fracture, however, there may be little evidence
pointing to the existence of a residual stress.
it is then necessary to study the history of the
part from the ingot to the finished piece. Heat
treatment (including quenching practice),
drawing or rolling, cold working, cold straight-
ening, and other fabrication processes may all
vesult in residual stresses. A welded assembly
that is not normalized or heat treated after
welding is a typical process which can very
often develop excessive residual stresses.

Internal Stress

4.4.1.3. Clamping and Press-Fit

Although the harmful effect of a sharp in-
side comer is rather universally appreciated,
designers sometimes fail to realize that a sim-
ilar condition exists when a shaft has a collar
clamped to it, or when a press-fit assembly is
made without any planned distribution of local
stress. It has been shown experimentally that
the endurance limit of a smooth shaft dropped
from 88,000 p.s.i. to 45,000 p.s.i. when a collar
was clamped to it. There has been a number
of propeller blade failures due to clamping

stresses. Failure in engine parts is quite often
attributed to clamping stresses. Sometimes
control system parts and helicopter shafting are
similarly affected. In many cases, the initial
crack is formed in the press-fit and cannot be
detected until failure results. One authority
has commented that the life of a fuel-line
tubing under vibration loading is primarily
controlled by the fittings and clamps.
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4.4.2, Factors Which luprove

It almost poes withont saying thatr by avold-
ing the pufalla outlined in the previous sec-
tion, the fatigue sirength of a pam@u“ax part
will be improved. Good detail design and
thoughtful manufaciuring procedures will eliva
inate a great number of the difficulties which
turn up in service. Aside {rom those general
precepts, several things can be done to improve
the fatigue strength of a part. Several of these
are discussed below.
4.4.2.1.,

Surface Layers and Coatings

Under the section on decarburization it was
explained how the soft cavbou-deficiont shin
reduces the fatigne stength of & part. Under
the section on residual stresses, it was explained
how surface teunsile stresses will also reduce
the fatigue strength. The opposite of these
two effects can produce a beneficial result.
For steel, a local outer layer or case can be
produced by carbuxizing, niiriding, cyaniding,

induction hardening or flame Lr\rdl«ﬁmng In
each of these processes the benefit is two fold.
The harder outer layer or case has better fa-
tigue resistance and the process inguees bene-
Alumimum

ficial surface compression stvesses.
Alclad sheet, on the other hand
fatigue stvength thon the wncla
the cladding of pure al\'mﬂinum is ¥
than the core material.
hard case, the failwe will i ge
the core if the part is vnnotcoed.
the case is scratched, gouged, or
notched, the failure wmay start
case or core depending wpon
the notch.

Plating is applied to surfaces to prevent wear
or as a protection against corvosion, but like
most other surface trez tmcm& it alfects the
strengih of the member. as been found
that the softer ekcu‘mw@hn@ processes such as
zine, lead, and copper haﬁm 0o ﬂem:ammeu
effect on the fatigue strengih of sieel when
tested in air and actuslly increase the fatigue
strength under corrosion conditions over the

bare steel.

otherwise
ither in the
The severity oi

S
1
t ha

Wm

Hard chrome cr nickel plating, on
the other hand, decreases the fatigue strength.
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48 Cold Waorkdng

In cold working the material is strained be-
yond the yield point and caused to flow plas-
tically. Metal is cold worked in various ways.
Sheet metal is cold worked by rolling or stretch-
jng. Rod material is drawn through dies.
Shot-peening is a form of cold working. In
this process, the part to be worked is bom-
barded by small metal balls of the order of
025 in diameter.

Insofar as fatigue is concerned, cold working

produces two beneficial results. First, residual
compression sivesses ave induced. Second, the
cold working aids the endurance limit. Ex-
treme cold working, however, can have an in-
jurious effect on a part. If the amount of
shot- peu:‘ng is not carefully controlled, the
surface will be roughened and stress raisers
induced. In addition, the notch sensitivity of
the material may be increased sufficiently to
counteract the beneficial effects.

Shot-peening is often used in aircraft design
to lessen the effects of siress concentration due
to changes in section. Rolled threads are a
good example of cold working. In many appli-
cations, keyways, shafts, oil holes, bolt and
rivet holes are cold worked to improve their
fatigue strength.

4.4.%.3. Understressing and Overstressing

If a specimen is fatigue tested at a stress
level just below the endurance limit for a large
number of cycles, it will then be found that
the endurance limit has been raised over the
responding value for the virgin material.
This precedure is called understressing.

i a specimen is fatigue tested at a stress
slightly above the endmanoe limit for a rela-
tively small number of cycles, an improvement
similar to that produced by understressing may
sometimes be mnoted. This procedure is called
overstressing. If a still higher stress is used,
or if & much larger number of cycles is used,
then the fatigne sivength of the piece will
be damaged.

C o

Both of these procedures have been used
only in the laboratory so far. These effects are,
however, some measure of moral comfort to
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of the part, are very probably not fatigue frac-
tures although close examination is often re.
quired to see if some small area on the fracture
does not conform to the basic requisites. The
two features of a fatigue fracture referred to
in this paragraph are extremely useful in fer-
reting out a fatigue failure from a large number
of failures. In fact, in those cases when the
fractured surfaces are mutilated from subse-
quent damage, these features may be the only
ones available to distinguish between fatigue
and static failures. Having both halves of the
fracture available so that the sections can be
carefully {itted together and studied js almost
@ necessity in making determinations of thig
type. _

As indicated previously, the most valuable
information is contained on the fracture surface
itself. The actual fatigue fracture surface is
composed of two distinct regions: one smooth
and velvety — the fatigue zone; and the other,
coarse and crystalline — the instantaneous zone.
The smooth velvety appearance of the fatigue
zone is caused by rubbing of the mating sur-
faces as the crack opens and closes under re-
peated loadings. The coarse appearance of the
instantaneous zone has given use to the erron-
cous “crystallization theory.” For many years,
in examining a fatigue fracture or in discussing
them, people were accustomed to saying that
the part had “crystallized” We know now
that this erroneous belief sprang from the
coarse appearance of the instantaneous zone,
Mstallurgically, it is untrue that the part or the
metal in the part does crystallize under fatigue
loading,

The first task, then, in searching out a fatigue
failure is to look for the two distinet types of
zones on the fracture — the fatigue zone and
the instantaneous zone. In many fractures,
more than one fatigue zone will often be found,
indicating that several fatigue cracks had de-
veloped and were progressing at the time of
the final failure. In each fatigue zone, the
origin of the fatigue crack can be found by
locating the center of radiation of the crack
progression marks. These crack progression
marks are variously known as clamshells, oyster
shells, or stop marks, and are found in almost
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every service fatigue failure. It should be
noted here that in some instances, the fatigue
progresses without leaving distinctive wave
markings, although in these cases the fatigue
area can be identified by its smooth, rubbed,
velvety appearance. In some cases, secondary
techniques such as examining for absence of
ductility and single failure planes approxi-
mately perpendicular to the ioading or for the
presence of stress concentration must be used
to isolate a fatigue failure. Any suspicious or
dubious fractures should be referred to a spe-
cialist for confirmation.

The many wave lines or bonds in a typical
service fracture are caused by various degrees
of rubbing as the crack cither stops for certain
periods or as it progresses at a varying rate
under different stress levels. For this reason,
the term “stop marks” as it is applied to the
crack progression wmarks is perhaps more pic-
torial than the other two commonly used ex-
pressions since it indicates a hesitancy in the
crack progression. Laboratory fatigue specimen
failures very seldom show stop marks because
the loading is almost always at a constant level.

In the following sections, the appearance of
the fatigue fracture under various types of
loading - are illusirated, and the information
that can be learned froma an analysis of the
markings is briefly discussed. 1t should be
reiterated that fracture analysis as such is a
complex problem and that this presentation
cannot hope to cover all of the countless varia-
tions. However, knowledge of the material
in these following sections should enable the
investigator to recognize and diagnose the ma-
jority of service fatigue failures thai he is
likely to encounter.

4.5.1.

Bending fatigue failures can be divided into
three general classifications according to the
type of bending load imposed, one-way bend-
ing, two-way bending, and votary bending.
Most severe bending fatigue will fall into one
of these categories.

One-way bending results when a steady or a
fluctuating bending stress is imposed on a part.
Under this type of lcading, the stress at one

Bending Fatigue Failures
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point on the outer edge of the piece, generally,
is a maximum, and a fatigue crack will start
here if the stress is above the endurance limit
and if it is repeated long enough. Under two-
way bending loading, the stress on both sides
of the neutral axis is the same and, when the
stress level and number of loadings are of the
right order as before, cracks will start on either
side of the part and progress toward the cen-
ter. Rotary bending occurs when a part is ro-
tated while under a bending loading. A typical
example of rotary bending would be an engine
crankshaft or a railroad axle under service
loading, '

When the siress level is low, the fatigue
zone is large, and vice versa. Stress concentra-
tion atfects the general curvature of the fatigue
waves or stop marks. In all cases of fatigue
under bending loading, the radius of curvature
increases as the crack progresses inward. As
the stress concentration increases from a value
of 1.0 (no stress concentration) up to some
high value, the curvature of the stop marks
increases markedly, and at the very high stress
concentration the curvature becomes convex
instead of concave. The displacement of the
stop marks shown for the rotary bending case
is associated only with this loading and is
known as “crack slip.” This slip or turning
around is against the direction of rotation and
this point can be used to determine the rota-
tion direction.

These general features, then, can be used to
determine the type of bending loading applied,
and, qualitatively, the stress level and presence
or absence of stress concentrations. If the
cross section under consideration differs widely
from a symmetrical section, the actual signifi-
cance of the markings as related to stress level
and stress concentrations may be somewhat
altered, but, in general, the same reasoning
still applies.

4.5.2.

Because of initial eccentricities in a part or
because of eccentric loading, pure tension load-
ing as such rarely occurs in service. Usually
some amount of bending accompanies tension
on axial loading. However, enough fatigue

Tension Fatigue Failures



aceuwr in servies to warrant learning how to
distinguish these failures from bending and
torsional failures. Tension fatigue failures can
genzrally be recognized by the manper in
which the crack has progressed into the part.
Parallel or constant curvature stop markings
are characterisiic of {atigue failures resulting
trom '

as a measure of the stress level which produced

the {ailure.

4.5.3. Torsion Fatigue Failures
Fatigue cracks usually progress in a helical

£oo

direction from a rounded source of stress con-

centration like a corrosion pit or a hole, will
tend to follow a line source (such as a tool
mark or a longitading! flaw in the material) in
either the transverse or longitudinal direction.
The direction of grain flow may also influence
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sage that torsion loading is present
in the service application. In this regard,
torsion fatigue should be suspected when exam-
ining failures of cyankshafts, flap drive torque
tubes, coil springs, splined shaft members,
etc.
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4.5.4. Static Failures

A static failure is defined as a failure result-
ing from one or a small number of load appli-
cations. The failure is characterized by per-
manent distortion or rupture of the member
as a result of stresses in excess of the yield
point of the material. This type of failure
can be recognized by yielding over a consider-
able portion of the member in the region of
the failure. The phenomenon is commonly
referred to as “necking” in the failure of a
conventional tensile test specimen. Impact
loading may be considered as a special case of
static loading where the speed of load applica-
tion affects the magnitude of load.

4.5.5. When This Type Failure Ocecurs in
Aircraft

Static failure will occur when loads in excess
of the design loads are imposed on the aircraft
or some component of the aircraft. In flight,
this can happen when the aircraft is maneu-
vered too severely or at too high a speed. In
landing or on the ground, this can occur when
the aircraft is landed too hard or when the
aircraft is taxied over an obstruction. The
damage that results when an aircraft strikes
the ground is of the static type, with impact
loading being an important consideration.

4.5.8. Recognition of Common Fractures in
Metal

The amount of distortion, yielding, necking,
and size of the shear lips in a tensile separation
depends on the ductility of the material. Very
little, if any, of this will be found in static frac-
tures in such materials as brittle castings or
ultra high strength steels.

Detailed examination of the deformation will
disclose indications of the type of loading (i.e.,
bending, tension, etc.) and the direction of
loading. In most cases, the two halves of the
fracture will mate with one another or can be
recognized as a pair.

4.5.8.1, Tensile

In a tensile failure, the fractured surface is
ually made up of a series of planes inclined
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approximately 45 degrees to the direction of
loading. In a thin part, such as sheet metal,
there may be only one such inclined plane.
Considerable local deformation or “necking”
with a reduction of cross-sectional area is also
generally evident. If the fracture is the result
of pure temsion alone, the two halves of the
fracture will part cleanly and there will be no
evidence of rubbing.

4.5.8.2. Compression

Compression failures occur in twe general
forms — block compression and buckling.
Block compression is generally found in heavy
short sections whereas buckling is found in
long, lighter sections. When buckiing occurs
locally, it is referred to as crippling. When it
occurs in such a way that the whole piece
buckles, it is referred to as colummn buckling,
Local buckling and column buckling are casily
recognized since the part in all cases is bent
from its original shape.

In block compression failures, the piece sep-
arates on oblique planes as in tension, except
that there is rubbing of the two halves of the
fracture during separation. In addition, in
some materials there is a local increase in
cross-sectional area where the material has

yielded.

4.5.6.3. Bending

Bending is resisted by tensile forces on one
side of the member and by compressicn on the
opposite side. The apperance of the fracture
in the respective areas is as ouilined under
tension and cormpresssion above. The direction
of the bending moment causing failure can
always be determined from local distortion in
the fracture arsa. As the part finally separates,
iipped edges may be found on the imsice or
compression face of the fracture. This lipping
occurs because after the initial tension failure
the final failure on the compression side may
be in shear rather than in compression.

4.5.6.4. Shear

As in compression failures, shear failures can
occur in two distinct ways — block shear and
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shear buckling. In the former type of failure,
the two halves of the fracture will slide across
each other, and the fracture will appear rubbed,
polished, or scored. - The direction of scoring
will give a clue to the direction of the applied
shearing force.

Shear buckling generally occurs in thin sheet
metal such as wing skin or spar webs. The
sheet will buckle in a diagonal fashion and the
direction of force application can be told from
the appearance of the buckle.

Failures of rivets, screws, or bolts in shear,
are usually accompanied by elongation of the
hole and there will appear behind the rivet a
crescent shape open space. This result can be
used to determine the direction of the shearing
force.

456.5. Torsion

Since torsion is a form of shear, the failure
from torsion overload will be somewhat similar
to the shear failure. Evidence of the direc-
tion of torque can be seen on the fractured
surface by observing the scoring marks. Most
parts vetain a permanent twist and this can be
used as an indication. In tubing members or
a large open section, like the wing, torsion fail-
ures often occur .as instability failures in a
buckling wmanner. Again the direction of
twist can be determined by close examination
of the buclkie.

4.5.6.6. Tearing Failure

Tearing failures in sheet metal, or heavier
sections for that matter, generally occur in two
distinct forms — shear tearing and tensile
{earing.

Shear tearing occurs when the applied forces
are aciing out of the plane of the sheet. These
failures are characterized by a lipping of ma-
terial on the edges of the sheet and by scoring
lines on the fractured surface. The concavity
of the scoring can be used to tell the direction
of tearing. The direction of tearing is from
convex to concave. Sometimes if there is a
heavy paint film, the saw-toothed breaking of
the paint film can be used to tell the direction
of tearing.
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Comppression

torm of block compression or buckling,
Buckling failures will in general occur in the
longer, slender members and the type of faiture
is easily recognizable. In block compression,
the fajlure results in a collapse of the individual
fibers, sometimes along oblique planes with
no actual separation occurring in most cases,
The compression collapse of the fibers, how-
eveyr, reduces the tensile strength and separa-
tion generally occurs subsequently uader ten-
sile loads. The fracture has & flat carrot-like
appearance.
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4.8.4. Bending

Bending failures are essentially a combina-
tion of tensile and compression failures. In
addition, there generally is considerable de-
formation of the fiber at the fracture in the
direction of bending.
4.6.5. Shear

Shear failures usually occur along the grain
and some of the fibers which are not in the
plane of shear will be deformed in the direc-
tion of the force.
4.6.6. Torsion

Under torsion loads, wood will fail along the
grain as in tensile failure and the apperance
will be similar. The outstanding fibers, how-
ever, will be distorted in the direction of twist
and the part as a whole will generally retain
some permanent twist.

4.8.7. Plywood

Since plywood is made up of several layers
of wood at varying angles to each other, it is
natural tc expect that the failure under any par-
ticular loading will produce different types of
failure in each layer because of the varying
grain direction. In examining plywood fail-
ures, therefore, the failing force on each ply
must be compared with the others and the type
and direction of loading arrived at. The re-
marks made above for plain wood are applica-
ble to individual ply failures. Plywood sheets
often fail by buckling, but this type of failure
is easily recognizable.

4.86.8. Glue Joint

Sometimes it is important to be able to
determine if the glue joint or bonding
two members has failed. When the glue joint
has failed, the two halves of the joint are
smooth and undamaged. In some cases, there
will be evidence of glue adhering to both mem-
bers, or in other cases, all of the glue will ad-
here to only one of the members. When the
glue bond has held and the failure has occurred
in one of the members, some of the wood fiber
will siand out on the glue bond which remains
on the unfailed member. Generally, in parts
where there are different types of wood held
together by the glue bond, the failure will
occur in the softer wood. -
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4.7, Recognition of Coramon Fractures in
Fabric — Tensile

As would be expected, fabric failures result
from an overload of the individual threads.
If the applied tensile force is parvallel to the
threads in the cloth, then the outstanding
thread ends which have a brushlike appear-
ance will not be defoimed from the line of
the load. If the applied tensile force is at an
angle to the threads, the threads at the fracture
will be deformed in line with ihe load.

47,1, Tearing

Under tearing loads, the individual threads
fail in tension, but the threads are wsually
deformed in the direction of the tear. The ends
of the threads present the familiar brush-like
appearance. The deformation of the threads
is much more pronounced than that which is
found in tension loading at an angle to the
thread line.

4.7.2. Teasing

Teasing is the term applied to the appear-
ance of fabric fractures which have been flap-
ping in the airstream after failure. The fabric
becomes unravelled, fluffy, and sometimes even
tied up in knots. Sometimes this can be used
as indication of inflight failure. This condi-
tion can, however, be encountered on the
ground under high wind conditions, and cau-
tion must be used in applying this particular
characteristic. Some idea of the time of ex-
posure can be determined from the amount of
teasing present, Large amounts of teasing
might indicate long exposure and/or high air-
stream velocity.

4.7.3. Recognition of Common Fractures in
Plastics

Failures in plastic windows are difficult to
evaluate because in most cases only a small
number of fragments are available for exam-
ination, The more pieces recovered, the better
is the chance of determining the cause. The
general procedures used in studying failures in
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plastics is to plecs together the available frag-
ments and thea by correlating the individual
failure patterns to isolate the initlal failure.
In the following subsection, information is pre-
sented on the appearance of typical tensile,
bending and tearing type of fractures. In addi-
tion, there are a few general principles which
assist in isolating the initial failure. A first
paih of failure terminates only at an edge of
the panel and is generally a smooth cuive.
Therefore, breaks or fractures which end on
other bresks can be dismissed as being sec-
ondacy failures, All breaks should be carefully
examined for evidence of bubbles, scratches,
nicks or gouges, These will, in general, aci as
stress raisers, and ioitiate the failure.

Two general types of markings in glass or
plastic fractures have been identified and are
in general use. These two markings are “rib
marks” and “hackle marks”. Rib marks are
similar to the familiar fatigue clamshell or
beach marks and are curved lines radiating in
the direction of the fracture propagation. The
fracture direction approaches a rib mark on the
concave side and leaves the convex side. Al-
though rib marks are found on glass and plas-
tic fractures initiated by impact, they can be
produced by relatively siow tearing of glass or
plastic. Hackle marks are perpendicular to the
rib marks and are similar to the fatigue “ratchet
marks” which indicate muliiple cracks joining
with one another. Hackle marks are valuable
in identifying the origin of the fracture since
they always point in the direction of the initial
crack. If the source of the failure is a bubble
or other tlow, the hackle marks will very ofien
spread out in ray-like fashion from the flow.

474, Tensile

Because of their low ductility, plexiglass
and other similar plastics fail in & britide man-
ner. The failures generally originate at some
local weak point in the materizl or at a scratch
or gouge. The initial failure zome is usually
flat, smooth, highly polished. Marks resem-
bling the “herringbone” markings found in
metal tearing fractures radiate from the origin
of the tensile failure. Moving the piece back
and forth to get different lighting on it will

57



ip ic make the markings more
easily discernible.

The outer or tensile side of the bend can be
genevally deiermined by Jooking for the flat
i - Fracture whickh is roughly perpen-
‘ . On the compression

iture is wsually on an oblique plane
compression edge is either lipped or
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Tearing

Tearing in plasiics is essentially a tensile
tearing under loads in or neairly in the plane

of the surface. Very often bending effects

combined with tension effects are found in
tearing fractures,
be seen on the
point
lines
edge

Curved, wave-like lines can

fracture radiating from the
where the tear started. These curved
are usually perpendicular to the temsion
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Every investigation requires the develop-
ment of all related facts, and it is the investi-
gator’s task to decide which facts are pertinent
and to develop these to the fullest extent pos-
sible. Thoroughness is a must in this type of
work, and all evidence must be carefully sifted
and each clue must be fully traced in order
that all relevant points are brought to light.
Throughout the investigation, the investigator
should bear in mind that his report will be
later evaluated by those responsible for initiat-
ing corrective action, and that toward this end
his report should contain sufficient information
to permit a complete evaluation to be made.
The prevention of similar accidents depends
for the most part on the investigator’s success
in determining the cause of the accident and
this constructive goal should be a constant in-
spiration to the investigator in his work.

Only those procedures and techniques that
are particularly useful in structural failure acci-
dents will be presented in these sections. The
standard procedures used in other types of
accidents will be covered by other lectures.

4.8.1, Elimination Technique

When an aircraft crashes, there may be any
one of a thousand and one reasons why it did
so. The overall task, then confronting the
investigator is one of initiating a program aimed
specifically at eliminating those possibilities
which could not conceivably have been in-
volved under the particular circumstances.
Thus, if the weather is clear it may be possible
to eliminate weather as a factor without further
investigation. Similarly, if the accident oc-
curred during’ landing approach, say, those
possibilities associated with takeoff configura-
tlons or circumstances can obviously be elim-
inated. Or if all of the major structural com-
pouents are found at the scene of the accident,
it may sometimes be possible to state that no
structvral failure of the wings, tail surfaces,
fuselage, etc., occurred in the air, since if fail-
ure had occurred, it would be reasonable to
expect that the parts would be some distance
from the main wreckage. Although no possi-
bilizy can be completely eliminated until all of
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the pertinent facts are developed, the more
unlikely ones sheuld be set aside in favor of
the more likely ones. Very often certain possi-
bilities suggest themselves and others are elim-
inated soon after it is established just how the
aircraft contacted the ground. The general
approach, then, is to gradually eliminate the
more unlikely possibilities until a relatively
small number remains. Then by careful, pains-
taking investigation, the true probable cause
- and contributing factors can usually be un-
covered.

4.8.2. Types of Struciural Failure

Categorizing of aircraft accidents is extremely
difficult and can often be misieading, since in
almost every accident sufficent variation of
detail occurs to make each accident distinct
and slightly different, If the discussion is
limited to accidents involving structural failure
or malfunctioning, however, two broad classi-
fications are noted — major component failure,
and partial failure or malfunctioning.

4.8.2.1. 'Major Component Failure

As the title indicates, this category is asso-
ciated with inflight failure or separation of
some major component such as the wing, tail
surface, aileron, conircl system or fuselage.
The relative incidence of their occurrence is
approximately in the order listed with major
failures of the fuselage or control system oc-
curring very infrequently. In general, major
component failures result from either (1) in-
adequate design strength, or (2) excessive
loads imposed upon the components, or (3)
deterioration of static strength through fatigue.

Since all civil aircraft are designed and
tested to at least the minimum standards of the
Federal Aviation Regulations, failures directly
attributable to inadequate design strength are
remote if the aircraft is operated within its
design limitation. Sometimes, however, espe-
cially when the aircraft is first introduced,
different loadings are experienced than those
anticipated and static failures occur within the
operating limitations. This occurs so infre-
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quently as to be of no particular concern to
the accident investigator, but a certain amount
of suspicion should always be directed to fail-
ures involving new designs. Most of the com-
ponent failures attributable to inadequate de-
sign strength are wsually associated with
deficient repair or modification work, or with
an improperly manufactured part or compo-
nent. Since the manufacturer’s standards and
procedures are fairly closely supervised by
FAA manufacturing inspectors, major manu-
facturing “botches” are kept to a minimum.
Faulty repair or modification work is responsi-
ble for a large number of failures in this group-
ing. Improper rivet size or spacing, deficient
fabric repa.n"s and poor workmanship are major
causes ror failure.

Excessive loads are developed when an air-
craft is operating outside its limitations of load
factor and/or speed. Very often these large
loads are imposed inadvertently as when con-
trol is lost in an overcast in a typical weather
accident. More often, however, the pilot de-
liberately performs severe maneuvers for which
the aircraft was not designed, In either case,
the loading on the wing, tail, fuselage, etc,,
builds up to a value in excess of the design limit
and static failure results, The circumstance
immediately preceding the failure as developed
from witness statements is most helpful in
establishing excessive loads as the direct cause.

Fatigue failures continue to be one of the
major causes of structural failures of aircraft
parts and components. This basic cause should
always be strongly suspected until other facts
or circumstances are developed to disprove it
as being a factor. As indicated in the section
on “Fatigue,” this type of failure can result
from a number of causes. In general, fatigue
failures are due to either (1) inadequate de-
sign, (2) poor maintenance, (3) defective
manuiacturing, or (4) aliernating loadings not
anticipated by the designer. The majority of
fatigue failures result from imperfect detail
design and from improper instaliation or hand-
ling of the part. Since fatigue is usually asso-
ciated with large numbers of cycles of repeti-
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In addition to the three basic causes for in-
flight structural failure cited above, there is
pecial type of failure called flutter. This is
instabilits

self-excited

atory system and its occur-
“ upon the intervelationship
forces, inertia forces and

When flutter does
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oo, siitade of the oscillation builds
up anc extremely high loads are developed,
resubting generally in structural failure of the
i or cne of its components. For this
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vestigator in the same general
nat category of failure. The
itter is considered during the
design and testing of modern aircraft, and all
aircraft certificated by the FAA have been
demonstrated to be free from flutter when
operated within their design limitations. How-
ever, flutter can occur in service, if the original
configuration or component stiffness is altered
by repair or modification work or if excessive
ree play is permitted through poor mainten-
In two recent accidents, the repainting
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component or components separate at a low
altitude, the parts are strewn along the flight
path approximately in the order of their separa-
tion. When the component or components
separate at a high altitude, the interrelationship
of component mass, aerodynamic shape, speed
at separation and winds aloft all affect the
trajectory of the part and careful study of these
factors is required to determine the order of
separation from the ground wreckage trail.
Methods are available to approximate the tra-
Jectories of wreckage parts, and some investiga-
tors have had considerable success in evalu-
ating the significance of wreckage trails in
accidents of this type.

In most accidents of this general category,
more than one component fails and separates,
and the investigator is faced with the difficult
tasic of deciding which component failed first,
The study of the wreckage distribution as de-
scribed in the previous paragraph is a useful
tool for this purpose. Other techniques are
available for determinations of this type - and
these will be covered in subsequent sections.

4.8.2.2. Partial Failure or Malfunctioning

Accidents in this general category are by
ar the more difficult to investigate, since no
cbvicus evidence, such as a wing being found
two miles from the main wreckage scene, is
usually available on which to make a rapid
determination, Partial failure or malfunction-
ing of a major component generally results in
altered flight characteristics and these in turn
are responsible for the accident. Some of the
general causes of accidents in this category
are jammed controls, improper distribution of
load on beard, control suiface not rigged prop-
erly, incorrect installation of parts, hard-over
signals from autopilots, etc, Since accidents
of this type are {requently associated with
recent repair or slteration work, the investi-
gator can often discover valuable clues by
studying the aircraft’s history as reflected by
log book entries or by other sources.  In one
recent twin-engine transport fatal accident, a
cotter pin had not been iustalled through the
bolt which connected the elevator cable to

£
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the bell crank at the tail aft maiinie
overhaul with the vesult that the boki vibrzei‘c@d
out, elevator control was lost, porpo '
veloped during landing apypr 090'0\ md ’:hr»* -
craft dove into the ground in a weex veriical
attitude.

The general procedures used £ (g@@idmﬂc@
in this category are to follow routine investi-
gatory praciices, systemauwhv checking out
various leads and clues until the cause ic
determined. Certain techniques are available
to reduce the amount of work reguired to
complete the investigation. Of these, the elim-
ination technique explained previously is one
of the most useful. In most accidents, an ex-
perienced investipator con quickly eliminate
unlikely possibilities anc! can isolate the genersl
area in which the initial difficulty is located.
Then, by carefui study of the ghysical evi-
dence, the true cause can be found. The re-
construction technique, explained in a later
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section, is most helpful at this stage of Hw
investigation.
4.9, Initial Wreckage Examination at Site

In the {ollowing pa: gf pen of this section,

only those items directiy o
wreckage examination are ¢
be pointed out that prior m
wreckage examination, the inve
have compiet ed 3 genex

acnnected with the

1. Tt should
actual detail
1+ should
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terrain, th,ther conh@c wag 1w
buildings, etc., by the afrplane
the ground, and whether any aj
ing occurred at or around the wre
The general technioues used during this phase
of the investigation are explained in other por-
tions of this manual. In the following discus-
sion, it is assumed thai this phass has peen
fully explored.

4.9.1. GCeneral BExamination
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a general plan of investig
lated, This initial exarai ion s‘ho-u'k’i be con-
fined to observing for obvious indications, such
as the szbsence m some mmpo nert, pencral
ailure patterns of the wing, fuselage, tail,
fire damage or coliision -«narkmga At this
stage, an @fIOH should be made to determine
the attitude and relative speed of the aircraft
before impact. The amount of "elescopmg of
the structure, and the size and nunber of the
pieces of wreckage are generally used in the
speed-at-impact determination, The extent of
damage of one wing panel versus the other,
the damage areas on the fuselage, tail, etc,
tngether with the ground markings are used
in the attitude-at-impact determinaiion, = Dur-
ing this phase of the examination, the wreck-
age should be disturbed as little as possible.
After the walk-around inspection has been
completed, the investigator can proceed to
carry out his overall plan of investigaiion. It
is wsually advisable to begin this phase by
@bﬁtaﬁnmg the necessary data for use in making
up the wreckage distribution chart. When this
work has been completed, the detail examina-
tion of individual pieces of wreckage can be
started. At this stage, particalar atiention
should be directed toward significant smears,
cores, indentations, toward extent and
ype of damage, and toward the ur‘@hmding
ground Wd the position of the mecp relative to
Tw grovnd. If, during this preliminary ezam-
naion, mh invesrigator observes any wunusual
smesrs, he should consider their significance
rhether or not a laboratory examination is
ated. Smear samples must be taken as
OSSIblf‘ sT00e moverment wi mxrc wreck-
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T ais is paam&laﬂy true When ﬁre is involved,
and samples of ash may be desired since ash
is easily disturbed. Clear a*“ﬂe i notes and
g«una,hﬂb clarifying *»J'"@uCﬂuS 5 uJ e made of
all significant points learned during this gen-
eral examinaiion.

In many investigations,
have isoclated the cause of the structural failure
during the procedure as outlined above and
additional examinstion of the wreckage mav
not be necessary. In some investigations, how-
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the investigator will



ever, the cause connot be found at this point
and other iechniGues must be resorted to in
order to determine the part or component
which initially failed. Some of these tech-
nigues and procedures are explained in the
following sections.

It should be noted that the general plan
of investigation as outlined abeve ig only a
' . ome, and that the circumstances
mding a particular accident or the in-
igator's own working habits may dictate
substantial deviations. In general, however,
suggested plan is a practical one and its
use shouid insure the development of all sig-
nificant facts within a reasonable length of
time. Experience indicates that apparent short-
cuts often lead to additicnal work. In this
connection, it has been observed that investi-
gators, who immediately after arriving on the
acciclent scene start to turn over and rearrange
the wreckage without first making adequate
notes, frequently are required to spend con-
siderable time puzzling over markings made
during the moving process. Deviations from
orderly proceduves should culy be tolerated as
a last resort when unusual circumstances dic-
tate such & course.
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regard, ruch valuable information csn be gath-
ered from a careful study of the various smears
and scores foind on different paris of the
wreckage, When possible, this study should
be made before the wreckage is disturbed since
movement of the wreckage may destroy wval-
uable clues or create misleading ones, The
study and amalysis of wreckage smears and
scores is an extremely valuable aid in the in-
vestigation of collision accidents. In the fol-
lowing paragraphs of this section some of the
points that can be learned from a study of
smears and scoring marks ave presented in
some detail.

A smear can be defined as a deposit of paint,
primer, or oil film transferred from one part
to another part during the process of the two
sliding or rubbing across each other. This
sliding or rubbing action frequently occurs
after an inflight structural failure. For exam-
ple, a failed wing panel often makes such a
contact with the rear portion of the fuselage
or tail section. If the wing panel had been
painted with a distinctive color, it would be
cominon to find colored smears on the fuselage
or tail components. These paint smears usually
pile up against protuberances, such as rivet
heads or skin laps. The direction of the smear-
ing force can generally be determined from
the fact that the pileup of paint will be found
on the side of the protuberance away from the
direction of the applied force. Smear deposits
are sometimes found in the recessed slots of
screws. In some cases, excess deposits are
pushed out from the ends of the slots and
deflected over in the direction of the smearing
force. If the investigator cannot make a pre-
liminary determination and if he believes that
the smears may contain valuable clues, he can
resort to laboratory examinations. This type
of examination can usually reveal the nature of
the smear substance, and can usually pinpoint
the direction of the smearing force. In a recent
collision accident, this procedure was used to
good advantage to scientifically verify which
components had been in contact, and this find-
ing had an important bearing on the final
flight path determination,

Score marks are produced when one part
slides or scrapes across another. The score
marks result when some sharp edge on one of
the pieces gouges the other piece, Sometimes
only the paint film is gouged, while more fre-
guently actual metal is gouged and an indenta-
tion or trough is formed. Close examination
of the score marking under a magnifying glass
v microscope will reveal directional markings
and metal residue which is deformed in the
divection of the scoring force. When a skin
panel confaining a protruding head rivet seam
strikes a glancing blow in a painted skin panel,
a series of paralle]l score markings in the painted
filin 13 usually produced. If corresponding smear

o
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deposiis can be found on a p
rivets, and if the rivet pitch is ko
tive position of the two bodi
can usually be established. ‘Ilhis §
mination is often helplol in v
tions. Score wmarks can ofien be used io
establish that the damage occurred prior to
impact and not afterwards. 0 score warks
are found on several relaied pieces of wreck-
age, the cousistency and continvity of the
scores across the pieces after they are placed
in their relative positions will show that the
scoring was made before the pieces were torn
apart. This type of evidence can often be used
to establish that the scored componen: siruck
or was struck by ancther component, thus lead-
ing to a logical of inflight brealup.
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Many other distinctive markings ave often
found on pieces of wreckage and a caveful study
of such markings will very oft

valuable clues.

cin provide many
cuts through metal, it les

ating

When a  ro propeller

eves a very distinctive

saw-toothed paitern, The jagged “testh” are
deformed in the direction of the cuiting force

and curled over in an ecasily distinguishable
manner. The amount of curling, the extent of
the jaggedness, the lengib and width of the
cut, all provide indic @f the propeller
torgue and forward speed d the cutiing
interval, cable is another
ftem whi istinctive wmarking
when i or s maggea across a cki
panel. In this cass, the general indication is
a series of ti The exact shape
s can often be
livection in which the

aring

An aircraft coniro
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e cable

: e the
cabie was mv"-“\*ing WIS kings were
made. Peculiar shaped indentations on parts or
on skin pane;‘s can soraetimes be maiched with
the piece which made the marking and thereby
provide a clue the secuence of failure.
Further, it is sometimas possible to be misled
by cutting marks pm@ uced by am axe or hack-
saw used in the salvage operation, and the
investigator should learn to be familiar with
this type of marking and to distinguish this type
from the others described.
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- o ecomponent fails
0 of sveaty is started
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duving which other parts av componenis Fail,
l[m.., when a wing panel fails and detaches

itsell frora the aircraft, very often the severed

panf‘i will strike and deu‘m'; portions of the
fuselage or tail section. ‘The separation of

the wing panel failure is generally referred to
as the initial failure, whereas the fuselage or
tail failures arve veferred to as subsequent fail-
ures. In addition, when the aircraft or its
separated components strike the ground, sub-
stantial wmp«m damage usually results. The
investigator’s task, then, is fizst o separate
the inflight damage from the ground impact

Mext, he must search out amcag the
[rs..ﬂure the ioiiial failure.  Finally,

he wmust isolate the cxacy eause for this initial
failure. :

In the preceding Jcctﬂonk;, lbacikg‘rmmd ma-
terial has been presented for the ulwesuga,mrs
guidance in de‘ve}opmg all pertinent facts re-
lating to structural failure accidents, As the
various points are developed, the investigator
should conswnhy mneguu. the new evidence.
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If the investigation has been preceeding sys-

tematically amd if the detail eramination has
been performed with thoroughness, definite
modes of failure will becorne evident. It will
be found that certain failures. must have pre-

ceded others for the oJl‘J%o*f‘/NJ damage to have
been made. As the work progresses further, &

definite sequence of failure wili be established,

4.2.3.]. Primery and Secondary Failures
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Thus, a primary failure of one of the wing
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spar web, and/or the temsion failure of the
other spar chord. A secondary-iype of failure

is one which occurs when the integrity of
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acjacent paris has been destroyed by previous
iaflures. In general, the loading producing
failures differ from the design loading in type.
Thus, if both spar chords of a wing spar are
found failed by twisting or bending forces, the
fatlures would be secondary. Some knowledge
of the design functions of the various aircraft
structural paris is necessary to make deter-
minations of this type. In general, primary-
> fallures ave wsually associated with the
2l and subsequent inflight failures, while
the secondary-type failures are more frequently
associated with ground impact failures or
damage,

4.9.3.2, Relating to Aircraft Attitude Just
Before Accident

In the previous information on failures some
of the more important procedures and methods
for isolating the various types of failures have
becin presented.  Thus, if the investigator had
iollowed the procedures outlined he would be
able, for sxample, to deiermine that the left

panel had failed in flight, However, it
remains ror him to determine why the
wing panel failed and if the failure was con-
sisient with the flight attitude at the instant
of failure. This kind of determination is neces-
in grder to ruie out the possibility of a
aeficiency or to establish the imposition
ive loads. If the accident has been
by ground or afr eye witnesses, no
greet amount of work may be necessary to
reconcile the sivuctural damage to the flight
When witnesses are not available,

attitode.
the invesiigator must compare the failure load-
ine with known loadings f ricus flight atti-
ing with known loadings for varicus t atti
tudes to arrive at some indication of the speed
of the aircraft and the maneuver being per-
formed at the time of breakup.

4.10. Laberstery Examination of Failed Parts

During the course of a
tion, the investigator may decide that addi-
tional study or testing of a specific part or
item may be necsssary or desirable. A wide
range of laboratory facilities s available
through the National Transportation Safety

a particular investiga-

164

Boara. At the present time, three government
agencies are available to perform test work
on failed aircraft parts for the Board. Wood
parts are tested by the Forest Products Lab-
oratory. Metallic parts are tested by the Na-
tional Bureau of Standards. Most of the chem-
ical analyses are performed by the Federal
Bureau of Investigation Laboratory, although
the N.B.S. also does some of this type of test-
ing. On certain occasions, tests are conducted
at the manufacturer’s plant under NTSB su-
pervision and control. All of the test work per-
formed by other government agencies is paid
for by a transfer of funds to the particular
agency by the NTSB, and, for this reason, the
investigator should evaluate the importance of
the information to be gained from te<ting and
the relationship of this information to the de-
termination of the probable cause of the failure.
The Safety Board’s Technical Division staff in
Washington coordinates all test work and eval-
uates the results as they are related to the
particular accident. With regard to test work
to be performed, it should be noted that only
the Washington office of the Technical Division
determines the agency to be utilized.

The various types of tests that can be con-
ducted are too numerous to be listed in detail.
Some of the more frequently conducted tests
are: (1) tests on metallic parts for evidence of
fatigue cracking, poor welding, substandard
material properties, poor heat treatment, stress
corrosion cracking, inadequate dimensional
properties, etc.; (2) tests on wooden parts for
evidence of inadequate glue bond, substandard
material properties, moisture content, improper
grain slope in splice connectors, etc.; (3). tests
on smears, scores, cuts, etc., to determine the
nature of the substance and direction of applied
forces, etc.; and (4) tests on fuel and oil to
detect presence of foreign substance or non-
conformity with standard specifications.

4.10.1. Information Forwarded with Parts

As indicated, laboratory testing is a valuable
taol which can be employed to good advantage
in many accident investigations. To take full
advantage of the technique, however, it is re-
quired that the investigator forward complete
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information relative to the circumstances sur-
rounding the failure. Unless this i done, &
positive determination of the cause raay wot be
possible. In this regard, the investigator should
include instructions relating to exactly what he
suspects and what he hopes to establish by test-
ing. The forwarding of parts with the innocu-
ous instraction “for testing” does not provide
the technician with the information necessary
for the arrangement of a test program, and is
to be discouraged, It is not expected that the
investigator will know exactly what tests should
be conducied in every instance, but he should
at least have some reasons for suspecting that
the forwarded part was involved in the initial
failure. These suspicions are what the tech-
nician needs to know in order to set up an
intelligent test programi.

In addition to adequate instructions, as com-
plete a history on the part as can be developed
should be forwarded with the failed part. This
history should include information such as
(1) when the part was installed in the air-
craft; (2) total number of hours on the part;
(3) time since overhaul or inspection; (4)
whether any previous difficulty had been re-
ported; and (5) other pertinent data which
might throw a light on how the part failed and
why the part failed, This type of information
is extremely important to the technician who
must arrange for and evaluate the results of
the test program. Without this type of infor-
mation, it is very often impossible to evaluate
the significance of failure due to fatigue, cor-
rosion, poor maintenance, etc. The investiga-
tor should strive to develop all pertinent facts
relating to the failure. In searching out the
cause of a particular failure, it is almost im-
possible to have too much information at hand
for study and evaluation. This is especially
true when the technician attempts to project
the specific failure to similar type aircraft and
to decide upon corrective action. In other
words, it is not sufficient to establish that a
part failed due to fatigue. The purpose of the
investigation must be extended to determine
why the part failed from fatigue, so that the
danger can be avoided on other aircraft. De-
tailed information is required for this work,

and the field investigator is often the only
person who is in a position to develop the
pertinent facts,

3. Wreckage Distribution

The wreckage distribution chart is one of the
most useful tools the investigator can use, and
often takes the place of or supplements a
detailed writeup of that portion of the acci-
dent report. This is especially true in the case
of accidents involving structural failures. Fre-
quently, failure patterns and failure sequences
suggest themselves when the completed distri-
bution chart is carefully studied, In those
instances where the wreckage is removed to
another site for study, the wreckage distribu-
tion serves as the only record of how the vari-
ous pieces were placed at the accident scene.
The significance of later findings often depends
upon reference to the original wreckage distri-
bution chart; and if one had not been prepared,
the investigation could be seriously hampered.

In determining the type and amount of in-
formation to be included on the chart in any
specific case, the investigator must be guided
by the conditions and circurnstances surround-
ing the particular accident. In every instance,
however, all major components, parts, and ac-
cessories should be listed, and suitable identi-
fiable symbols or titles for each noted, The
initial ground contact markings and other
ground markings (made by propellers, fuse-
lage, nose, wingtips, etc.) should also be indi-
cated on the chart. When terrain features
appear to have a bearing on the accident or
on the type or extent of structural damage,
they, too, should be noted on the distribution
chart. Pertinent dimensions, descriptive notes,
and locations from which the photographs were
taken are additional items which add to the
completeness of the chart.

In addition to the wreckage distribution
chart, other sketches are often desirable and
sometimes necessary. Main spar chord failures,
skin damage, conirol surface or system failures
are some of the details which often can be
handled with more clarity by means of sketches
which show station lines, dimensions of breaks,
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5, ete. In general, photographic coverage
be adeguate. However, when closeup pho-
bis of important failures cannot be made
of lack of equipment, poor lighting,
etches should be made for inclusion in

Mock-Ups

onstruction” technigue is one of the
[ procedures available to the investi-
gator for the isolation of the cause of 2 strue-
turzl failure. “Reconstruction” means the as-
sembling of the various pieces of wreckage in
their velative position before failure, Generally,
this technique is employed ounly for specific
componenis suck as a wing panel, tail surface,
or control system although in rare instances,
it has been found necessary to recomstruct al-
most all of the major components. The recon-
wction procedure is a twofold proposition.
the various pieces are identified and
nged in their relative positions. Second,
a ceteiled examination is made of the damage
piece and the relationship of this dam-
to the damage on other adjacent or asso-
i pieces, This latter work is the chief
- behind the reconstruction.
el aitficuity in reconstructing a com-
- such as a wing lies in the idsntification
various wreckage pieces. If the wing
» 2 relatively few large pisces,
h simplified. If it is broken into
mier of small pieces (as iz will be
tact spezd was high), the re-
b may be extvemely difficult.
t : fication is
part mumbers which are stamped on
£t parts. Parts numbere of structural
re frequently not listed in paris cata-
logs but can be found in the engineering draw-
ings for the aircraft. When part numbers are
unreadable or not found, indirect methods must
be resorted to for identification. The coloring
(either paint or primer), the type of material and
construction, external markings, rivet or screw
size and spacing, all can be used to assist in the
identification of different parts. For large sec-
tions, such as spayr chords, it is often possible to
match the twe halves of the fiacture. The
identification process is sometimes puzzling,
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since normally flat pieces are often found

~curved, and normally curved pieces are often
~found flat.

The investigator soon learns not
to be confused by the torn, twisted, buckled
condition of a piece of wreckage, and to search
out the identifiable features pointed out above.

As indicated previcusly, the chief purpose
of reconstructing the aircraft or one of the
major components is to permit a detailed exam-
ination of the various wreckage pieces. When
the various parts are placed in their correct
relative positions, it is possible to study the
continuity or lack of continuity of damage on
associated pieces. If wrinkles in one skin panel
section are continuous across a tear or break
into another panel, then it generally can be
stated that the forces causing wrinkling were
zpplied before the forces causing the fracture.
This kind of determination is most useful in
differentiating between inflight damage and
impact damage, or between primary and sec-
ondary failures, The continuity of smears and
scores across breaks is an additional point to
note during the detailed examination. Inflight
tire versus ground fire can be distinguished in
this same general manner. Overall failure pat-

terns, including directional indications of the

forces involved, can in almost all cases be de-
termined by relating the damage of individual
pieces. The manner and direction in which
rivets, screws and bolts are sheared is a useful
indication in this work. Good notes and
sketches should be made throughout this de-
tailed examination. When it will add to the
clarity of the accident report, photographs of
the reconstructior, including closeups of sig-
nificant details, should be made.

8.1, At Accident Scene

The reconstruction technique is most fre-
quently employed at the accident scene. This
is especially true if the accident has occurred
in a relatively open area and the weather is
not unusually inclement. Before the recon-
struction work is begun, a specific procedure
should be followed; ie., overall photographs
made, wreckage distribution chart completed,
a walk-around inspection made, and adequate
notes made on the manner in which the various
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pieces were first found. Parte fyom the sus-
pected area are collected, identified, and
arranged on the ground in their relative posi-
tions, Major components such as the wing,
tail, and fuselage are generally laid out sep-
arate from one another for ease of later exam-
ation. If the suspected area is at the juncrion
of the major components, these areas are
sometimes reconsiructed separvately, Individual

cable runs with their associated bell cranks,

idlers, and quadrants are usually laid out sep-
arately, again for ease of examination, If sig-
nificant markings are found on any of these
latter items, corresponding markings can be
sought out in the relative position in the wing,
fuselage, etc. Reconstruction work at the acci-
dent site is fairly straightforward and no great
difficulty presents itself unless the accident has
been very severe and there are a large number
of small pieces of wreckage. In this case,
identification is difficult and time consuming,
but the results of employing the reconsiruction
technique are, in most cases, extremely worth-
while,

6.2. Away from Accident Scene

Very often the location of the accident or
the prevailing weather conditions preclude the
reconstruction of suspected components at the
accident scene. In this case, the investigator
must decide whether or not it is warranted or
necessary to transport the wreckage or portions
thereof to another location for further examina-
tion. This decision should be based on a con-
sideration of the type of accident, the facts
developed as of that time, and the type of
information that could be developed from the
reconstruction procedure.

Since additional damage will undoubtedly
be done to the various wreckage pieces during
the transportation process, the investigator
should make doubly sure that he has a com-
plete set of notes on all significant smears,
scores, tears, etc. All major pieces should be
suitably tagged, identified, and keyed to the
wreckage distribution chart. Minimum dis-
assembling should be done. If it is found nec-
essary to disconnect bolted assemblies, a record
should be made of the sequence of the various

washers, spacers, nuts, etc. In many cases
control cables will have to be cut to separate
portions of the wreckage. When this is done,
care should be taken to identify and tag all
cuts. Unless these simple precautions are fol-
lowed, valuable evidence may be lost or the
investigator's task may be considerably magni-
fied. As in other stages of the investigation,
shortcuts should be suspected until they are
established as really being shortcuts.

When the veconstruction is done away from
the accident site, in a hangar, for example, it
is usually possible to do a more complete job
of reconstruction, Parts can be hung on wooden
mock-ups or frameworks, or suspended from
above to achieve a three-dimensional arrange-
ment which resembles more closely the un-
failed aircraft. If the parts are arranged on
frameworks off the floor, it is possible to
examine the upper and lower sides without
additional rearranging. Aside from the possible
use of mock-ups, framework, etc., reconstruc-
tion away from the accident scene is the same
as the reconstruction at the accident site. In
all of this work, the goal is to permit a more
detailed examination and analysis of the various
pieces of wreckage.

7. Inflight Breakup

The aircraft accident investigator will be-
come involved many times during his career in
the study of inflight structural separations.
These separations are normally the result of
metal fatigue, improper design, or aerodynamic
loading,

Metal fatigue in a separated part is quite
easy to recognize at the accident scene, how-
ever, the investigator must ask himself the
question, “Was it primary or secondary?” Gen-
erally speaking, an inflight breakup can be
classified as to a primary break, and all other
breaks then become secondary breaks or sepa-
rations.

In determining the sequence of eveuts of the
breakup, the breaks or separations must be
specified as to which is primary, secondary,
tertiary, etc. For example, consider a single
rotor helicopter in which a pitch link broke on
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ore blade - the grimary separation. The e
rotor blade then cut the tail boom off — 5
inry separation. The tail rotor then fell
pround, and a blade broke in an area
fatigued surface was present — the
- break in the ssquence. Although the
oi the fatigne zone must be thoroughly
siigated, it must be placed in its proper
perspective relative o the entire breakup pat-

tery,

he area of improper design, it has been

ad thet the amateur-built aircraft, to the
light general aviation aiveraft, through the air
cavtier transport, redesign and modification
have often been necessary as the result of find-
ings in aireraft accident investigation. The
investigaicr moust not hesitate to question de-
sign deficiency when the facts lead to this area.

Althongh an aireraft certificated under the
standard  airworthiness requirements under-

d

use) during the routine day-to-day operaticn of
its life.

In the area of aerodynamic loading, an air-
will be subjected to two basic types of
i these
oy maneuvering. it is ob-
: these two types of loading can oconr

. that is, high pilet or antopilst
- at a time when the aircraft is
1o severs gust loading,
or damags can occur
This is an aeroslastic
astic properties of the
saynamic loading so that
bez placse.  Such items as re-

! controls installed without re-

irapped in the area of the

.

a vibration
painted balan
balancing:; w
trailing edge;
of the metal;
are examy
change, resy
surface flutter.

It is not ¢ olem of the investigator to
determine the specific cause of the flutter, but
to recognize the evidence of flutter and those
things which could have caused it. Most air-

vic and tape separations,
C.C, change or aerodynamic
tvely, which could caise eontrol
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craft manufacturers have a flutter specialist on
their engineering staff, and if a flutter problem
exists, experts in this field should be utilized.

An aircraft inflight breakup is an eventual
incompatability between the applied aerody-
namic load and the load sustaining capabilities
of the structure. To analyze properly inflight
structural separations, it is apparent that a
working knowledge of aerodynamics and struc-
tural engineering is a must for the aircraft ac-
cident investigator.

In the subject of aercdynamics there should
be familiarity with the gust and maneuvering
load equations, stability and control, airfoil
pitching moments, and center of pressure ver-
sus engle of attack. There must be 2 knowl-
edge of flight control design, autopilot inputs,
control surface balance, boundary fences, vor-
tex generators, leading and trailing edge slots
and Haps, and servo and antiservo tabs. ’

In the subject of structures there should be
an intimate familiarity with construction tech-
niques as well as an understanding from a prac-
tical aspect the meaning of moment of inertia,
section modulus, and elastic axis. There should
be a familiarity with the equations of stress
dealing with tension, compression, bending,
shear, and torsion. :

To be able to analyze an inflight breakup,
it first must be clearly understood how an air-
craft is aerodynamically loaded in its normal
configuration. Reference is made to Fig. C III-
29. It must be remembered that an aircraft ro-
tates around the center of gravity, and the cen-

ter of gravity is located in close proximity to-

the quarter chord point of the mean aerody-
namic chord. The center of gravity in this il-
lustration may be assumed to be in the center
of the aircraft and in the area of the spar out-
line. The arrow under the engine represents
the weight of all items ahead of the C.G., and
the arrow under the aft fuselage represents the
weight of all items aft of the C.G. The sum of
the moments of these two forces around the
C.G, in addition to the wing pitching moment,
if it is a cambared airfoil, will result in a nose-
down pitch. This resultant nosedown pitch is
prevented by a download on the tail. This
download then brings the pitching mament to
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zero, and may be considered as that balancing
force which places the aircraft in a state of
equilibrium as far as pitching moments are con-
cerned. The summation of vertical forces, as
well as horizontal forces, must equal zero if a
state of equilibrium is to exist. In considering
the vertical loads, the two large arrows under
the aircraft represent the total weight of the
aircraft multiplied by the existing load factor.
These downward forces, plus the download on
the horizontal tail, represent the total down
force, and this in turn rust be brought to zero
by an equal up force, which is the lift of the
wing. ‘

It must be remembered at this time that if
the total weight exceeds the lift, or the total
lift exceeds the weight, there will be an ac-
celeration in the direction of the greater force.
This is an important factor when considering
the summation of horizontal forces, particularly
thrust and drag, in this illustration. These
would be the fore and aft forces. The lateral
or left and right forces can be of major import-
ance in inflight breakup if a yaw condition
exists. Severe yaw is present after the loss of a
wing, due to the differential in wing drag.

Assuming that there is no yaw in this case,
the vertical forces, lift and weight, and the
horizontal forces, thrust and drag, must be
analyzed. .

If a pilot loses conivol of an aircraft in
weather, and the aircraft enters a spiral, the
thrust will exceed the drag. This will be true
whether the powerplant is at full throttle or at
idle, for the weight of the aircraft, depending
upon the nosedown attitude, can far cutweigh
the thrust of the powerplant. This will be true
until the aircraft attains a velocity such that
the drag equals the thrust. This will be ter-
minal velocity for that particular nosedown
pitch attitude. The specific term, ferminal ve-
locity of an aircraft, means the maximum ve-
locity attained in a nosedown attitude such that
the flight path is toward the center of the earth.

The modern civil aireraft is so clean aerody-
namically that to test it for a terminal velocity
would result in destructive airspeeds. This ve-
locity has no practical value and is not a de-
sign requirement. Unfortunately, however, the
air safety investigator will become involved in
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aircrafi accidents where the aircraft has been
subjected to airspeeds far in excess of those for
which it was designed. This high speed flight
regime is encountered normally in the loss of
control under instrument flight conditions.

In studying Fig. C II1-29, under a high ve-
locity flight regime, if back elevator pressure is
applied, the “g” forces increase as well as the
horizontal tail download.

If the aircraft has a cambered airfoil (not
symmetrical ), the nosedown pitching moment
increases as the square of the velocity. This
fact aiso requires a larger download on the tail.
This download capability of the tail is easily
acquired, since it also reacts to the square of
the velocity. It is designed this way to cause
the nose to start to pitch up for stability reason.
If the aircraft is in a spiral, this pitchup ability
of the horizontal tail then merely tends to
tighten the spiral. This maneuver, called the
graveyard spiral is common in general aviation
weather accidents.

The siresses must now be studied.” The top
skin of the horizontal tail (stabilizer or stabila-
tor) is under a tensile stress with the corre-
sponding compressive stress on the bottom.
The wing in supporting the high “g” loads as
well as the large horizontal tail download is
deflected upward, and there is tensile sivess
on the bottom skin surfaces and compressive
stresses on the top skin surfaces.

Since the fuselage is supported in the area of
the C.G., there is a maximum bending moment
at the C.G. This places the top of the fuselage
(above the neutral axis) in a tensile stress, and
therefore the bottom of the fuselage is under a
compressive stress.

The question now is, “What can break? The
fuselage could break anywhere along its length,
for it must be visualized as a bending beam
supported only at the wing. Fuselage breaking
is rather uncommon in the medium-to-small
size general aviation aircraft. However, it has
occurred, and can again occur, in large trans-
port and bomber type aircraft.

There are two other areas where the struc-
ture will normally separate or break. These are
the wing and the horizontal tail.

The first consideration is that of the wing
separating first, as shown in Fig. C II1.30. As
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aiveraft is instantaneously
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ibriumm, particulacly as far as moments of
The right wing with its
will viclently roll the aircraft
, while the left wing, which also pos-
. this large positive lift, will roll to the
¢ over the fuselage.
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amaged or completely severed the
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4 study of the wing vrimary structural
breals, and an elementary mockup at the site,
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will confirma this type of breakup. Bear in mind

o

the remainder of the aircraft may be de-
motished or burned beyond usefulness for in-
vestigative purposes,

There are two important facts that the in-
vestigator must realize for this type of brealkup.
First, the horizontal tail must have been on the
aircraft in order to generate the high “g” loads

: o canse a positive wing separation,
end second, high speed flight was invelved.

‘ airspeed well over V., or maneuvering
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the slevaior hinge line (excessive control back
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the siabilizer. The torsional deflection is
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the stabilizer sitaches to the fuselage.
Regardiess of how the horizontal tail is sepa-
rated, the siveraft will respond as shown in
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as shown by the ewved arrows, the wing will
encounter 2 high negative angle of atiack as
shown by the loading arvows vnder the wing,
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and the inertia of the aircraft will be in the di-
rection as shown by the largest arrow.

The resultant separation is shown in Fig. C
ITE-33, in which the wing incurs a negative sep-
aration. The investigator need not be surprised
to find permanent set in the wings from posi-
tive loading, or contrary to the direction in
which the wing separated. It must be remem-
bered that before the horizontal tail separated
it was subjecting the wing to high positive “g’s”
in an effort to break the wing upward. When
the tail separated, the wing was instantly
loaded in the reverse direction, and this loading
does not remove all of the positive loading
permanent set,

The investigator must visualize the wing,
tail and fuselage combination as a wouid clock
spring. The faster the aircraft is flown, the
tighter, the spring is wound, and when some
structural meraber of this combination breaks
it is equivalent to suddenly releasing the spring.
It is also analogous to a bomb exploding, for
the structure possesses a high degree of po-
tential energy, and when it separates there is
a great deal of noise generated as the result of
energy release. This is the reason a witness to
an inflight separation will report that the air-
craft exploded. He hears the noise as an ex-
plosion, and his imagination will then add fire
and smoke, although the wreckage is free from
soot and burning evidence at the accident site.

If there is evidence of inflight fire at the crash
site, as well as of an inflight breakup, the scat-
ter pattern must be carefully documented.

It must be borne in mind that an inflight sepa-
ration of the primary structure is always a
short-time-interval event, a matter of seconds,
or fractions of seconds.

There must be no guessing or assumning in
the study of an inflight breakup. Keep in mind
that the aircraft obeys the laws of physics just
as precisely during breakup as it does during
aormal flight. There should be no mystery
about it, vot on the other hand, determination
of the breakup sequence is not accompiished in
two minutes at the accident site. It may re-
juive hours and hours of cogitation. Certain
general aviation weather-type accidents are so
common that a few guestions by the investiga-
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tor by telephone can reveal how the aireraft
broke up. This also makes for complacency,
and complacency has no place in the investi-
gator's line of skills. All of the evidence and
factual information is at the crash site, there-
fore, premature disturbance or removal of the
wreckage to another area can desiroy valuable
evidence,

8. Midair Collision Analysis

When two aireraft collide, significant marks
are usually left on each aircraft. An examina-
tion of these marks will reveal many facts to

TSI

the investigator, and an interpretation of these

facts will enable

aunalysis,

a more comprehensive

Certain facts are normally learned by an
investigator about the actions of at least one,
and quite often both, aircraft prior to collision.
Such information includes positions, times over
known fixes, flight plan, true airspeeds, and
ground speeds, witness observations, ete, It
is important to obtain these facts since their
use in evaluating the scratch marks assures
more accuracy; accuracy in the evaluation is
a function of the number and accuracy of the
known facts.

In many collision accidents, certain facts
may be available on one aircraft but not on
the other, The evaluation of the scratch marks
iz the only way to determine these unknown
facts. For example, if the speed of one air-
craft is known, the speed of the other can be
determined. Examination of the direction of
the scratch marks aids in determining whether
the aircraft were level, climbing, descending,
head-on, etc,

The following pages treat one facet of the
midair collision problem mathematically and
graphically in order to provide the investigator
with yet another tcol in the never-ending
search for the oftentimes elusjve probable
cause, thereby further promoting aviaticn safety
through accident prevention.

8.1. Possible Paths of Colliding Aircraft

a. Both aircraft in level flight.

b. Both aircraft climbing,

c¢. Both aircraft letting down.

d. One aircraft level, one aircraft climbing.

e. One aircraft level, one aircraft letting
down.

f. One aircraft climbing, one aircraft lettin
down. '

g In all of the foregoing cases, the aircraft
may or may not be at the same speed.

h. In all of the above cases, the flight paths

of the aircraft may be directly head-on,
at an obtuse angle, a right angle, an acute
angle, or directly overtaking. (Note: In
a directly overtaking angle, obviously the
aircraft couald not be at the same speed if
both are level, neither could a slower
aircrait overtake a faster one.)

It is readily apparent that the possible paths
of collision are limitless. In fact, in all prob-
ability, the aircraft will approach each other
from different directions and different alii-
tudes simultaneously. Significant scratch marks
will in many cases be found on both the hori-
zontal and vertical surfaces. of each aircraft.
Since direction and speed are involved, proper
freatment of the scratch marks will -enable the
investigator to resolve his findings into force
vectors and to solve the problems trigonometri-
cally.

(24>
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Rules of Thumb

a. Although the mles which apply to scratch
marks are the same whether they are found on
the horizontal or vertical surfaces, or a com-
bination thereof, they have been placed in a
one-plane surface for clarity.
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Rule 1. There are only three possible planes
in which two or more aircraft may operate.
(1) The same plane as the horizontal sur-
faces wherein no relative horizontal move-
ment takes place. (2) The same plane as the
vertical surfaces wherein nc relative hori-
zontal movement takes place. (3) A third
resultant plane wherein both relative hori-
zontal and relative vertical movement take
place simultaneously.

Rule 2. 1If the scratch marks on each air-
craft slope in opposite directions with respect
to their longitudinal axis, then the smaller
angle between the longitudinal axis and
the scratch mark is the one to be measured
on each aircraft (Fig. C [1I4).

Rule 6. 1f the sum of the scratch angles is
equal to 90°, then the collision angle is 90°.
(Fig. C TIL7)

Rule 7. 1If the sum of the scratch angles

is greater than 90°, the collision angle is
acute (less than 90°). (Fig. C III-8)

Rule 8. 1If the scratch angle on one aircraft
is the same as the scratch angle on the other,
then the speeds of the two aircraft are the
same. (Fig. CIH 9) |

Rule 9. The larger scratch angle will always
appear on the slower aircraft.

c. The following rules deal with scratch

marks found on the vertical surfaces of each
b. Note that rules 2 through 4 are based on  ajrcraft:

the fact that when two lines intersect, two
angles are formed. In these bases, the two
lines involved are the scratch mark and the
longitudinal axis. Rules % through 4 will show
which angles to measure and how to recognize
various types of collisions.

Rule 3. If the scratch marks on each aircraft
slope in opposite directions, as in Fig. C 114,
then each scratch mark was made in a direc-
tion proceeding from front to rear.

Rule 4. If the scratch marks are sloped in
the same direction, then one aircraft over-
took the other, and the larger angle between
the longitudinal axis and the scratch mark
is measured on the slower aircraft. The
smaller angle is measured on the faster air-
craft. (See Fig. C II-3.)

If the scratch marks are sloped in the same
direction, one of the scratch marks had to
be made in a direction proceeding from
rear to front. The aircraft on which
this mark appears is the slower aircraft.
(See Fig. C TII-5.)

Rule 5. If the sum of the scraich angles is
less than 90°, the collision angle is obtuse
(greater than 90°). (Fig. C II-6)
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Rule 10. 1f the scratch marks on each air-
craft slope in opposite directions with re-
spect to their longitudinal axis, then the smal-
ler angle between the longitudinal axis and
the scratch marks is the one measured on
each aircraft. (See Figs. C III-10 and 11.)

Rule 11. The scratch marks in rule 10 will
always proceed in a front-to-rear direction
on each aircraft,

Rule 12. If the scratch marks in rule 10 also
proceed in a generally bottom-to-top direc-
tion, the aircraft collided in a relatively
noseup attitude with respect to each other.
(See Fig., C III-10). Conversely, if the
scratch marks in rule 10 also proceed in a
generally top-to-bottom direction, the air-
craft collided in a relatively nosedown atti-
tude with respect to each other. (See
Fig. C HI-11.)

Rule 13. If the scratch marks slope in the
same direction, then one aircraft overtook
the other, and the larger angle between the
longitudinal axis and the scratch mark is
measured on the slower aircraft. The smaller
angle is measured on the faster aircraft. (See
Figs, C IE-12 and 13.)
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I[E ANGLE 1 PLUS ANGLE 2
GREATER THAN 90° , THEN
ANGLE 3 IS LESS THAN 90°

Figure C -8

IF ANGLE 1= ANGLE 2, THEN AC = BC

Figure C III1-9.
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Rule 14. 1In all cases under Rule 13, the
slower aircraft is the one having the scratch
mark which was made in a rear-to-front
direction. Conversely, the faster aircraft will
have the scratch mark made in a front-to-

rear direction. (See Figs. C I[I-12 and 13.)

Rule 15. If the scratch marks on the slower
aircraft also proceed from bottom to top,
then that aircraft was above the other, Con-
versely, if the scratch marks on the slower
aircraft proceed from top to bottom, then
that aircraft was beneath the other. (See
Figs. C I11-12 and 13.)

Rule 16. If the sum of the scratch angles is
less than 90°, the collision angle is obtuse.
(See Fig. C I1I-14.)

Rule 17. If the sum of the scratch angles is
equal to 90°, then the collision angle is 90°.
(See Fig. C I1¥-15.)

Rule 18. If the sum of the scratch angles is

greater than 90°, the collision angle is acute.
(See Fig. C I11-16.)

Rule 19. If the scatch angle on one aircraft

~ is the same as the scratch angle on the other,
then the speeds of the two aircraft are the
same. (See Fig. C I1I-17.)

8.3. Triangle Relationships

ey D

Figure C III-18.

(1) In any given triangle such as ABC above,
certain formulas have been taken from trigo-
nometry in order to solve the mathematical
portions of scratch mark investigations. The
first of these formulas is the law of sines:

AB AC BC
in of angle 3 Sin of angle 2 " Sin of angle 1

(2) The second formula is the law of cosines:

(a)
(AB)? = (BC)? 4 (ACT)? — 2(BC)(AC) cos angle 3

(b)
{BC)® = (AB)? + (AC)* — (AB)(AQC) cos angle 1

(c)
(AC)* = (AB)* 4 (BC)* — 2(AB){BC) cos angle 2

(3) Another rule from trigonometry is used
in the problems involving scratch marks in the
situation where an overtaking aircraft ap-
proaches at an angle from the rear, This causes
a scratch mark on the slower aircraft in such
a direction that the obtuse angle must be meas-
ured. (See rule 4.) Since trigonometric tables
do not show a sin for angle greater than 90°,
a relationship must be shown in order to obtain
the sin. The rule is as follows:

Sin X = Sin(180° — X)

In other words, the sin of 125° is the same
as the sin of 55° (180—125).

84. Sample Problems

(1) Consider a situation wherein the scratch
marks on each aircraft are parallel to their
respective longitudinal axis. This is the sim-
plest to compute. -If nothing is known about
the flight plan or witness statements as to
whether the aircraft were approaching headon
or overtaking, it is necessary to carefully exam-
ine the scratch marks to see if the direction in
which the scratch marks were made can be
determined from the wreckage. Quite often,
pieces from one will be found in the other,
which will tell the direction. Also, the direc-
tion in which the metal is torn is indicative.
If the aircraft collided headon, the closure
speed is simply the sum of their airspeeds. If
one aircraft overtook the other, the closure
speed is the difference between their airspeeds.
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IF ANGLE 1 PLUS ANGLE 2 IS LESS
THAN 90° , THEN ANGLE 3 IS
GREATER THAN 90°

Figure C Il-14,

IF ANGLE 1 PLUS ANGLE 2= 90° ,
THEN ANGLE 3 = 90°

Al — £ B
\:’ Figure C III-15.
C
iF ANGLE 1 PLUS ANGLE 2 s IS
GREATER THAN 90° , THEN ANGLE
3 IS LESS THAN 90°
Figure C III-16.
A
\
\ 2
B
N

Figure C III-17.
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(2) Consider the following situation:
(a) We know the following:

Aircraft A was traveling at 100 knots.

The scratch mark on A was in a front-to-rear
direction and measured 45° from the longi-
tudinal axis.

The scratch mark on aircraft B was in a
front-to-rear direction and measured 32°.

The direction of the scratch marks tells us
that the smaller angles are those measured

(rule 2).

Both aircraft were at the same altitude,

(b) By examination we can deduce the fol-
lowing:

Since the sum of the scratch marks add up
to less than 90°, the aircraft collided at an ob-
tuse angle (rule 5).

Since aircraft A had the larger scratch angle
of the two aircraft, it was slower (rule 9).

(¢) Solution to find:
(1) The airspeed of aircraft B.
(2) The collision angle 3.
(3) The closure speed of the two air-
craft,

Step 1. Using the law of sines, find the speed
of aircraft B:

AC _ BC
Sin Angle 2 = Sin angle 1
AC _ BC
Sin32°  Sin45°

Since the speed of aircraft A is 100 knots, then:

100 _ BC
530 707
100 (.707)
C =
B 530

BC — 133 knots (Airspeed of aircraft B)

Step 2. Angle 1 plus angle 2 plus angle 3
equals 180°.

Therefore:
Angle 3= 180 — (angle 1 + angle 2)
Angle 3= 180 — (45 + 32)
Angle 3 = 103° (Collision angle)

Step 3. Using the law of sines, find closure
speed:

AC _ AB
Sinangle2  Sin angle 3

Since from step 2, angle 3 = 103° then:

AC  AB
Sin32°  Sin 103°

Since the trigonometric tables do not go
higher than 90°, we cannot use the figure 103°.
However, we know that sin = sin (180—X),
therefore:

AC _ AB
Sin32°  Sin77°
AB 100
974 5330
100 (.
AB = 00 (.974)
530

AB = 183.77 knots ( closure speed )

(3) Consider a situation such as that in rule
4. .
(a) The following is known:

The scratch mark on aircraft A was made in
a forward direction and proceeding towards the
left side of aircraft A.

The speed of aircraft A was 100 knots.
The speed of aircraft B was 150 knots.
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The smaller scratch angle on aircraft A was
30°.

The larger scratch angle on aircraft A was
150°.

Because aircraft B was entirely consumed by
fire, no scratch marks could be found on it.

Both aircraft were at the same altitude.

(b) By examination, the following can be
deduced:

Since the scratch marks proceed forward and
to the left side of aircraft A, then aircraft B
approached from the rear and the right side.
(WHY? We know that aircraft B was faster.
Since the marks on A were made in a forward
direction, then B approached from the rear.
Since the marks on A also proceeded toward
the left side of A, then B approached from the
right side of A.)

"The larger of the two angles between the
scratch line and longitudinal axis on aircraft A
is measured since it is the slower aircraft and
was being overtaken; therefore, the angle used
is 150°. In addition, since the sum of angles 1
and 2 are obviously greater than 80°, then the
collision angle must be acute (rule 7).
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(¢) Solution to find:

What the scratch angles probably were
on aircraft B.

The collision angle,

The closure rate.

Step 1. Using the law of sines we solve for
the scratch angle 2:

AC  BC
Sinangle2  Sin angle 1

1600 150
Sinangle2 ~ Sin 105°

Since Sin 150° = Sin (180~150) then:

10 150
Sinangle2  Sin 30°

' : 100( Sin 30°
Sin angle 2 = 100(Sin 30°)
150
) 100(.5)
Sin angle 2 = —— "~
in angle 150

Sin angle 2 = .3333

Angle 2 = 19° 28’ ( Probable scratch
angle on aircraft B)



Figure C III-19.

SAMPLE PROBLEM

Given: Scratch angle on aircraft A equals 45°.
Scratch angle on aircraft B equals 32°.
Airspeed of aircraft A equals 100 kis.

Find: 1. Collision angle.
2. Speed of aircraft B.
3. Closure speed.

3

&

(1) Collision angle equals 180 — (45 + 32)
(2) Speed of aircraft B.

(Solid Line)
Enter the graph at 100 knots and proceed along the speed

ving to 45°. Proceed horizontally to 32°, then along the
speed ring to speed scale and read off 133 knots.

(3) Closure Speed (Dotted Lines)
Enter graph at 100 kaots and proceed to 103° (Collision
angle), then proceed horizontally to 3%2° (scratch angle on
B), then follow the speed ring to the speed scale and read

off 184 knots.
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Step 2.
- Angle 3 =180 ~ (Angle 1 *+ angle 2)
Angle 3 = 180° — (150° + 19° 28")
Angle 3 = 10° 28’ (Collision angle)

Step 3. Using law of sines to find closure
speed:

BC  AB
Sin 150°  Sin 19° 28’
150  AB.
15~ .333
_ 150(.333)
AB=

AB = 99.9 knots (closure speed)

(4) It can be seen that if the two aircraft
were in the same vertical plane but in different
horizontal planes (initially different altitudes,
but converging), the problems may be solved
in the same manner as illustrated.

The ouly difference would be that the scratch
marks indicating the relative positions would
be on vertical surfaces such as the sides of
the fuselage, cowling, vertical fin, eic. Any
scratches found on horizontal surfaces would
probably be parallel to the longitudinal axis of
each aircraft,

8.5. Graph

Worldng the problems out trigonometricaily
will obviously give more nearly accurate results
than other methods. It is academic whether
or not such extreme accuracy is needed in
all situations. Therefore the following graph
will provide a quicker method to arrive at the
solution, in addition to eliminating the need
for trigonometric tables (Fig. C III-19).

Using the same problem as the second prob-
lem under section 8.4 Sample Problems, we
know that aircraft A was traveling 100 knots,
the scratch mark on A was from front to rear

and measured 45°, the scratch mark on B was
front to rear and measured 32°.

8.6. Collision of Two Aircraft Operating in
Different Horizontal and Different
Vertical Planes

a. This condition, probably the most com-
mon, would at once appear to be a combina-
tion of the vertical and horizontal situations
previously discussed. This is true with some
modification, particularly in the speed cate-
gory. If one or both aircraft are climbing or .
descending, then an adjustment must be made
in order to arrive at a correct speed for the
computation of the horizontal triangle. Once

- the horizontal triangle is solved, it is a simple

matter to comstruct the vertical triangle and
solve it. The effect of rate of climb or sink
on horizontal speed is shown in the graph at
the end of this section.

b. Consider that the horizontal aspects of
the collision have been solved and the follow-
ing triangle ABC has been constructed:

Figure C 111-20.

The line CG is then constructed by bisecting
the collision angle C. This divides the line of
relative motion AB into two segments: AD
and DB. From geometry it is known that these
two segments are proportional to the sides of
the triangle or AC/AD = BC/BD. In other
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words, as aircraft A progresses to the collision
point C, it also moves towards aircraft B along
the line AB to the point D. Likewise, aircraft
B moves along AB to the point D.

The projection of the line CB (path of air-
craft B) on line CG is represented by the line
CF. The projection of the line AC (path of
aircraft A) is represented by the line CE. The

A

/I\%'
G ; =

B Figure C III-21.

c. We have now determined, through scratch
mark analysis, both the horizontal and vertical
aspects of the flight. The actual movement of
the aircraft obviously took place in a plane
which is the resultant of the horizontal and
vertical planes. If the problem is constructed
in three dimensions by placing a drawing of
the horizontal movement perpendicular to a
drawing of the vertical movement, the result-
ant plane is easily seen. The following draw-
ing illustrates this:

The red triangle ABX is the resultant plane.
The visibility that each aircraft would have of
the other is now readily determinable.

lengths of the lines CF and CE will be used
in the following drawing to construct the verti-
cal aspects of the collision. Two drawings are

used, since it is possible that aircraft A was

above B or vice versa.

The triangle which represents the vertical
cross section of the flight is now solved in the
same manner as the horizontal triangle.

d. The following graph, Fig. C III-23 con-
cerns the effect of vertical speed on horizontal
speed. To use the graph, enter at the rate of
climb (or sink), proceed horizontally to the
curve of the airspeed of the aircraft (indicated
or true), then proceed vertically, and read the
horizontal airspeed component. In the sample
illustrated, the aircraft is climbing at 4000 feet
per minute, and the indicated airspeed is 150
knots. The horizontal component is found to
be about 146 knots. It is obvious that if the
horizontal speed is known and the indicated
or true airspeed is known, then the rate of
climb may be found, In other words, if any
two of the three factors are known the third
may be found by the use of the graph.

Figure C II1-22.
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8.7, Sample Probiem Involving Simultaneous
Horizontal and Vertical Movement

a. Known Facts about Aircraft A.

(1) From the ground speed computed from
the times over two known radio fixes, the true
airspeed along a horizontal path was found to
be 100 knots.

(2) The reported altitude between the same
two fixes established a rate of climb of 600
feet per minute.

(3) A scratch mark was found on the upper

right wing of the aircraft which proceeded in

a forward and inboard direction, making an
angle of 60° with the longitudinal axis. Small
pieces of metal were missing in a few places
along the scratch mark, leaving holes in the
skin,

(4) Scratch marks were found on the right
side of the fuselage which proceeded in a for-
ward-and-down direction, making an angle of
20° with the longitudinal axis.

(

ot

) The aircraft was a Cessna 172,

60°
i \ yd

1<)

AIRCRAFT "A"

TSI

b. Known Facts About Aircraft B.

(1) Scratch marks were found on the under-
side of the left wing and proceeded in an aft
and inboard direction making an angle of 45°
with the horizontal. Pieces of metal which
matched the holes on the right wing of aircraft
A were found still attached to the rivet heads
along the scratch marks.

(2) Scratch marks were found on the left
side of the fuselage and proceeded in an aft-
and-upward direction making an angle of 9°
with the longitudinal axis.

(3) The aircraft was a Beechcraft Bonanza.

c. Solution:

By using the knowledge from the facts and
applying the principles of scratch mark inter-
pretation, we hope to learn the manner in
which the two aircraft came together. 'We will
determine the unknown speed of aircraft B,
and whether it was climbing, descending, or
level. It will be possible to determine which
pilot had the best opportunity to see the other
aircraft.

(1) Let us first examine the scratch marks,
and construct a drawing of their relationships.

(a) Horizontal scratch marks.

AIRCRAFT "B"

Figure C III-24,
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From rule 4 it may be determined that air-
craft A was the slower aircraft; it was over-
taken by aircraft B, and aircraft B approached
aircraft A from the right wing. The angle of

20° 160°
/

=~ S
o~

A

45° is the scratch angle to be used on aircraft
B whereas the large angle of 120° is the scratch
angle to be used on aircraft A.

(b) Vertical Scratch Marks

7—_1 %
==
90

B

Figure C II1-25.

From rules 13, 14, and 15 it may be deter-
mined that aircraft A was the slower aircraft,
and that relatively, aircraft B was above air-
craft A. The larger angle of 160° on aircraft A
should be used and the small angle of 9° on
aircraft B should be used. It is not yet known
whether or not aircraft B was descending or
level. We do know from the facts that aircraft
A was climbing, and by consulting the graph
we can determine that its true airspeed was
100.2 knots.

(2) Let us first construct a horizontal draw-
ing of the probable collision path.

Label the triangle ABC with A being the
slower aircraft, B the faster, and C the point
of collision. Label the known facts such as the

known speeds and scratch angles, We may
now solve the triangle to determine the hori-
zontal collision angle, the horizontal speed of
aircraft B, and the closure speed of the two
aircraft (line AB).

(a) Collision Angle

Angle C equals 180 — (120 + 45) which
equals 15°.

(b) Speed of aircraft B.

Using the graph, Fig. C III-19, the speed of
aircraft B is found to be 122 knots.

(¢) Closure rate.

Using the same graph, the closure rate is
found to be 36 knots.

| 100 KNOTS

Figure C III-26.
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(3) Using the same triangle, bisect angle C
and construct as in Fig. C 1I1-20. This is for
the purpose of determining the vertical aspects.
Label with the facts known and computed so
far, ie., Speed of A: 100 knots, Speed of B:
122 knots, Collision angle C: 15°, etc.

A 100 —>—C
A\120° '%
/ 15°

12

Figure C III-27.

If the drawing is made to scale, then the
lengths of the lines CE and CF may be meas-
ured and converted to speeds. Otherwise they
may be solved trigonometrically or by the use
of the graph, Fig. C II1-23.

(a) Line CE

Since Angle C is bisected, half the angle of
15° is 7%°.

, CE

Cos Th* = ——
100
CE

991 = ——
100

CE = 99.1 knots

(b) Line CF

In a similar rﬁanner, Line CF may be found
to be equal to 120.9 knots,

(4) Now the vertical triangle may be drawn
and solved.

Figure C III-28.
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About the above triangle we know the fol-
lowing:

(a) EC equals 99 knots.
(b) CF equals 121 knots.
(c) Angle 1 (scratch angle on B) equals 9°.

(d) Angle 2 (scratch angle on A) equals.
160°.

(e) Rate of climb on aircraft A is 600 feet
per minute. On the drawing this would be
represented by the line AE. The rate of climb
of aircraft B is unknown, but would be repre-
sented by line BF,

(f) Collision angle C equals 180 — (160
+9) or 11:

(g) From the graph, Fig. C III-23, which
deals with the effect of rate of climb on hori-
zontal speed, the speed of line AC may be
determined. This is found to be 99.5.

(h) From the scratch angle graph, Fig.
C II-19, we can now determine the speed
line BC. This was found to be 122 knots.

(i) The rate of closure (Line AB) is found
in a similar manner to be 68 knots.

(*j) From the graph, Fig. C IiI-23, or
mathematically, the rate of sink of aircraft B
may now be determined since we know the
horizontal speed CF and the descending speed
BC. This was found to be 1800 feet per minute.

(k) From the same graph, the true airspeed
of aircraft B may now be determined by com-
paring the rate of climb (1800 feet per minute)
with 122 knots horizontal speed. The airspeed
is found to be 123.3 knots. '

#It is apparent from the calculations in this section that
the difference between the indicated or true airspeed and
the horizontal component is insignificant at the lower
rates of climb or sink. In fact it is practically impossible
to determine the differences on a graph unless the scale
is so large as to be wnwieldy. Therefore at the lower
rates of climb, a higher degree of accuracy is possible
by solving the triangles mathematically rather than by
use of the graph.
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(5) We can now summarize what we have
learned:

Aircraft A Aircraft B
True airspeed 100.2 knots 123.3 knots
Rate of climb 600 f.p.m. 1800 f.p.m.
© or sink down

Position of aircraft B as viewed from aircraft A:
120° to the right and 160° above the nose.
Above and to the right rear.

Position of aircraft A as viewed from aircraft B:
45° to the left and 9° below the nose.

Collision angles: 15° horizontally and 11° ver-
tically.

Rates of closure: Horizontally: 36 knots, ver-
tically: 68 kriots.

Resultant closure rate: 43 knots (This is
found by comparing the horizontal closure rate
with the combined rates of climb.)

(6) Conclusions

Since aircraft A was a Cessna 172 which is
a high wing monoplane type, the thought im-
mediately occurs that the pilot or other occu-
pants could not have seen the approaching air-
craft B. An examination of the scale draw-
ings of the Cessna 172 reveals that the pilot
could not have seen aircraft B. However, the
occupant of the right rear seat could have seen
aircraft B if he had the occasion to look to
the rear and upwards.

The pilot of the Bonanza, (aircraft B) by
looking to the left and slightly down should
have easily seen aircraft A, provided that
weather conditions were such that visibility
was good. Since the resultant closure rate was
found to be 43 knots, the aircraft would have
been .7 nautical miles apart, one minute before
the collision or 1.4 nautical miles apart, two
minutes prior to collision.

8.8. Summary

It is obvious that two aircratt will not neces-
sarily follow unswevving straight lines for an
indefinite period and ultimately collide. The
seratch marks will reveal the relative positions
at and just prior to impact. Therefore, the en-
tire story can be determined only by consider-
ing the scratch marks with the other facts
learned during the investigation.

The accuracy of the results is a function of
the accuracy and quantity of factual informa-
tion found. It iy possible that scratch mark
evidence will prove or disprove evasive action.
Who was at fault may in most cases be defi-
nitely proved. It is incumbent on the investi-
gator to accumulate all the facts possible.

In the treatment of the problems, certain
other factors were omitted. For example, it
is recognized that all aircraft do not clirab
nor descend along a path parallel to the longi-
tudinal axis, This may be a function of flaps,
climb speed, etc. Therefore, to be more accu-
rate, the relationship of the longitudinal axis
to the flight path must be considered, and a
correction applied to the scratch angle. Simi-
larly, yaw was not considered. This situation
is quite possible with the V-tailed Beechcraft
used in the sample problem or in the case
of a muiti - engine aircraft with one engine
feathered.

In every case of midair collision, it is im-
portant that each step in the process of investi-
gation be performed carefully. It is suggested
that sketches be made to clarify each step of
the solution as it is performed.

A suggested step-by-step procedure follows:

1. Determine whether or not one aircraft
overtook the other or whether the col-
lision was the head-on type.

a. Either place a scraiched piece from
one aircraft beside the scratched piece
from the other aircraft or simulate by
a drawing.

b. Place the pieces in such a position
that the longitudinal axis of one air-
craft is parallel to the longitudinal
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axzis of the other. Now view both
pieces as though you were locking
from the rear toward the nose of both
aircraft.

c. If one scratch mark slants to the left
and the other to the right, then the
aircraft approached in a head-on man-
ner and the collision angle was obtuse.
Therefore, measure the smaller angle
between the longitudinal axis and the
scratch mark on each aircraft. (Rules

2 and 5)

d. If both scratch marks slant to the left,
one aircraft overtook the other with
the faster aircraft being to the right
of the slower. (Rule 4, top illusira-
tion of Fig. C ITI-5)

e. If both scratch marks slant to the
right, one aircraft overtook the other
with the faster aircraft being to the
left of the slower. (Rule 4, lower il-
lustration of Fig, C-III-5)

f. In both d and e, measure the larger
angle between the longitudinal axis
and the sgratch mark on the slower
aircraft, and the small angle on the
faster aircraft. (Rule 4) The slower
aircrvatt is the one on which the scratch
mark was made in a forward direc-
tion. (Rule 4)

Follow the same procedure for the
vertical scratch marks, if any,

o

2. Draw the wiangles as described in the
sample problems, preferably to scale.

3. Solve either mathematically or by the use
of the graphs.

9. Fire Analysis — General

Fire is a universally recognized causal factor
of aircraft accidents. Consequently, the in-
vestigation for fire becomes a logical part of
every accident investigation. In general, a
complete fire investigation consists of the fol-
lowing:

a. Determine that a fire did or did not exist.
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Determine the crash/fire sequence.

¢. Determine the inflight fire damage and
its effect on equipment and flight.

d. Determine the source of combustibles
and ignition.

e. Determine effectiveness of fire detection .
and firefighting equipment procedures.

f. Recommend preventive measures.

Fire can be the cause or it can be the result
of aircraft . accidents. Consequently, investi-
gators of accidents involving fire are faced
with the problem — which came first, the fire
or the crash? This problem is compounded
by the fact that inflight fires are usually fol-
lowed by post-crash fires which can obscure
or destroy the telltale evidence of the inflight
fire. The crash/fire sequence problem can
usually be solved through intelligent, perse-
vering investigation. The techniques to be
used are not unique, but require observation
and common sense, combined with a knowl-
edge of the characteristics of fire and of fire’s
effect on materials.

9.1. Approach —

From a theoretical standpoint, all of the
physical evidence remaining is there in the
wreckage, and an investigator should be able
to extract the evidence without prior knowl-
edge of the accident. Practically, the time
required is not available. Also, man is not
ali-observing and some evidence is bound to
be missed — possibly even destroyed — with-
out recognition. Therefore, it is best if some
specific possibilities, ideas, theories, items to
check, ete., are outlined prior to examination
of the wreckage. :

Occasionally an accident occurs about which
very little direct information is known. There
may be no survivors, witnesses, or pilot state-
ments. However, information may stil] be
obtained from the airplane’s maintenance his-
tory, pilot’s record or habits, weather, or acci-
dent history of the aircraft type. The danger
in these ideas or theories is that they may cause
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the investigator subconsciously to look only for
evidence that will fit the theories and com-
pletely overlook evidence which he would
otherwise recognize as significant. Human
nature being what it is, some theories and
ideas are bound to be formed. It is obviously
better if these are based on all of the informa-
tion available.

9.2. Pi'eserving the Evidence

Eventually, all of the witness” statements,
together with all possibilities and theories, must
be proved or disproved to the extent possible,
through examination of the wreckage. It is
therefore of utmost importance that the evi-
dence in the wreckage be preserved and that
false evidence not be introduced. The type
of evidence which is significant to the fire in-
vestigator may be extremely minute, unrecog-
nized by unirained personnel, and easily de-
stroyed. The location of a part by a foot or
even inches, the attitude or exact position of
parts, scratch marks through soot, etc., may be
significant. Rescue of personnel involved is,
of course, the first consideration. The degree
to which further loss or damage occurs will
depend largely upon the individual circum-
stances involved and the proper training and
indoctrination of authorized personnel in at-
tendance at the scene. A well-trained crash
crew will be aware of the importance of mini-
mizing aircraft damage, and will mentally log
the damage which they must inflict to perform
their duties. Preservation by photographic
means should begin as soon as possible with
immediate effort being concentrated on those
objects or areas most likely to be affected by
the fire or rescue operation. Subsequently, all
physical evidence having a direct bearing on
the accident should be photographed as found
in the wreckage before being removed.

Restraint of curiosity seekers, scavengers,
and others who might interfere with wreckage
or the investigation procedure is a matter for
the cognizance of those in authority at the
scene.

Two problem areas in preserving the evi-
dence are not always recognized. One is the
cleanup of the firefighting chemicals or agents.

It is quite apparent that the presence of these
agents considerably hinders an investigation,
and that after a preliminary examination it is
desirable to remove them. It is fortunate that
there is no rapid chemical action between the
commonly used agents (CO,, mechanical foam,
dry powder) and the aircraft structure or fire
residue, The removal problem is therefore a
mechanical one of removing the agent without
removing or displacing soot patterns, fire resi-
due, fluid films, etc. No method of agent re-
moval is completely satisfactory. Consequently,
as much inspection as possible should be done
before removal is attempted. In some cases,
a light air blast will remove much of the dried
materials with a minimum disturbaiice of the
evidence. Light water sprays will also remove
these agents, but some of the loose, socty de-
posits will be washed away, and may be de-
posited on other parts and edges. High pres-
sure solid water streams must be avoided, since
they will remove more of the deposits and are
capable of scattering the wreckage,

A second problem is the structural disassem-
bly of the wreckage so that all of it can be
inspected. Frequently the structure will be
deformed and compressed so that it and en-
trapped equipment cannot be inspected. The
complete engine may be so entrapped. This
problem of structural disassembly is becoming
increasingly more difficult as more and heavier
gauge stainless steel is used, The parts are
heavy and awkward tc handle. During at-
tempts to stretch them apart, they seem to have
the characteristics of spring steel. Saws are
extremely slow, and when the wreckage is
compacted deeply, impossible to use. Usually
oxyacetylene or electric arc cutting is resorted
to. The result of the handling and cutting is
the introduction of a great deal of false evi-
dence, if not actual destruction of significant
evidence. Oxyacetylene and electric arc cut-
ting are burning processes which produce soot,
metal discoloration, and material damage sim-
ilar to an intense fire.

Such structural disassembly requires a high
degree of patience and ingenuity, plus the
use of special equipment to handle highly in-
dividualized projects involving various com-
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binations of cutting, stretching, and nut and
bolt disassembly. Because of the unavoidable
damage, it is imperative that the disassembly
be controlled by an investigator, Step-by-step
photographs should be taken, and all areas and
edges affected by cutting should be marked
with a colored grease pencil so that there will
be no doubt during reinspection of the wreck-

Locate
Fire

a. ‘aris Not Subjected to the Ground

£

The solution of the crash/fire sequence prob-
lem iz mainly one of observation and applica-
tion of average common sense. The most
logical place to start is to locate parts which
were nof subjected to the post-crash ground
fire and to examine them for evidence of fire.
Any evidence of fire would be positive proof
of inflight fire. The evidence to lock for is
scot, heat discoleration, charred sealant, metal
spray, efc. In this regard, it is imperative that
the investigator have a lmowledge of normal
conditions of the airplane parts, for they may
noimzlly have the appearance of being sub-
jected to fire.

Hrroneous conclusions can also be reached

from observing normal heat discolorations. The

discolovation of materials is a function of
time at temperature. The same discoloration

can be achieved by exposure to 2 low tempera-
ture for a long period of time as will resuit
{iom a high temperature exposure for a shori
period of time. The discoloration of titanium
exposed to G00°F for 280 hours will be the
same as that resulting from exposure to 1000°F
for 15 minutes. The increased use of stainless
steel and titaninm results in higher normal
operating temperatures. At these higher oper-
ating temperatures, the steel and titanium
structures gradually acquire a blue discolora-
tion,

One of the primary methods of determining
whether a part has been subjected to ground
fire is to note the location of the part in rela-
tion to the apparent ground fire area. Parts or
molten droplets may be shed in flight and

-
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found along the flight path. Other parts may.
be thrown completely clear of the fire area by
the force of the impact. Even parts found
within the ground fire area may be free of
ground fire damage. Frequently parts are
buried under a protective covering of dirt, both
at the initial point of impact and at the point
of rest. QOccasionally, the crash scene will be
just a hole in the ground and the wreckage
must be dug out from the sides of the initial
explosion, with the parts protected from fire by
the dirt covering. If the crash site is swampy
or in water, the water may shroud the parts.
In cases of prompt ground-fire fighting, the
fire-fighting chemicals may shroud the parts,
or parts may be below the liquid level of un-
burned fuel. In some cases, parts may be
trapped or enclosed in other parts which shroud
them from the ground fire.

The location of a part may not be com-
pletely decisive in determining whether or
not it was subjected to ground fire, or what the
crash/tire sequence was. Close scrutiny of
the part may provide additional information.
The evidence to look for is the relation of the
effects of fire to the results of the mechanical
disintegration, The existence of bright scratch
marks, scuffs, and smears in the soot and dis-
coloration would indicate that the disintegra-
tion took place after the soot and discoloration
had formed from an inflight fire, Soot in torn
edges indicates that the part was subjected to
fire after mechanical disintegration. Usually,
heat discolovation of torn edges and scratches
also indicates that the part was subjected to
fire after mechanical disintegration. This is
not always true, for the residual heat remaining
in the part after being thrown clear of any
ground fire may be sufficient to discolor the
exposed surfaces. This is more apt to occur
with parts of large mass.

b. Soot, Heat, and Fire Patterns

Inflight fires other than electrical are usually
the result of some failure or condition which
releases a combustible fluid or vapors, The
combustible may drift or flow a considerable
distance and be widespread before reaching
an iginition point, but once ignited, it will
flash back to the source of the combustible
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the general outline of the object deoing the
shrouding,  If a part is found with such
outline, but the part which did the 5hr0udmg
is not there, the pattern must have occurred
betore disintegration. Conversely, if both the
outline and the shrouding part are found in
relation, but the shrouding part is not normally
in this position in the airplane, the pattern was
formed after disintegration. 'An example of the
latter would be the finding of clean surfaces
upcn unfolding a sooted part.

¢. Heat Intensity

Heat intensity is another possible means by
which the crash/fire sequence can be deter-
mined. It ic becoming more prevalent as more
of the higher heat-resistant materials are used.
The flame temperatures of post-crash fires in
which combustibles like gasoline, P-4, lubri-
cating oil, and hydraulic fluids are being con-
sumed in still air, is normally in the range of
1800° to 2000°F. The flame temp rerature of
inflight {ires may be in excess of é@ﬂ & due to

the forced draft of the slipstream com-
pariment cooling air. The effect of the
torced draft is to cause the fuel/air ratio

wearty stoichomeiric.  Therefore,
rtc which have a2 meliing point in
Déf ZQ&'}@"F , like stainless steel and titan-
nd showing evidence of melting, it
a strong indication, but not conclusive, that

cccurred in flight,

CD

The indication is stronger
part is found in an area in which it
appeared that the ground fire was not intense.
It is not conclusive, because it is possible for
the gro ,Ll fire to exceed 2000°F. Strong
ground winds may provide a forced draft, or
peculiar piling of the wreckage may cause
chimney effect whereby the fire causes its own
draft, In addition, materials like magnesium,
which burn with an intense flame, may be
present. Usually, the areas in which a flame
temperature hot enough to melt stainless steel
or titanium exisis are very small, and are the
result of some localized jet effect similar to a
welder’s torch.
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d. Determine that Fire Conducive Conditions
Existed.

Frequently, a failure or condition which
would logically produce fire is found before
any evidence of inflight fire is found. This
circumstantial evidence should be proved or
disproved by locating inflight fire evidence in
the wreckage. Fire will not always occur when
logic says it should. This is not due to trickery
of fire, Lut because man cannot always accu-
rately predict or determine the conditions on
which logic is based. The odds, however, are
in favor of logic and the discovery of such
evidence will indicate a specific, relatively
small, area for intensive investigation.

Such circumstantial evidence is ahvost in-
tinite in variety. It could be almost any fail-
ure. It may be a burn-through of the engine,
disintegration of high-speed rotating equip-
ment, electrical shorting, etc. Incidentally,
electrical arcing damage can usually be dif-
ferentiated fmm tire damage. The damage
from electrical arcing is very localized as to
both metal removal and heating. The damage
will have an eroded appearance and there may
be metal splatter similar to that produced in
arc welding. The strands of the copper wiring
will be fused together, and usually little beads
ave formed on the ends. Such fusing does not
occur from fire. The difference is probably
due to the heating rate and intensity. When
heated externally, the heating rate is relatively
slow. This permits a scale to form on the sur-
faces of the strands and the scale prevents
fusing. In addition, the intensity of most fires,
particularly those on the ground, is not suf-
ficient to melt copper.

A word of caution in regard to evidence
which indicates that an inflight failure or fire
condition existed: a ground fire or the impact
may preduce such evidence. An example is
“B” nut line connections. It is not uncommon
to find numerous “B” nuts, both steel and
aluminum, only finger tight in the wreckage,
thus indicating that an inflight leak existed.
Loose “B” nuts may be caused either by me-
chanical damage or by fire. Loosening by
mechanical damage js usually evident by the
mechanical condition of the connector and its
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attaching lines. The loosening by fire is prob-
ably dve to annealing and relief of the stresses
which constituted the torque. If a “B” nut is
more than a quarter of a turn loose, it is not
the result of fire.

9.4, Conclusion

Quite frequently the crash scene will initially
appear as though the ground fire had con-
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sumed all of the evidence and that any investi-
gation will be futile; but through patient, in-
genious application of all the known techniques
it would be rare indeed if some information
could not be obtained. Granted, it may not be
easy technically or comfortable physically.
Consequently, every effort should be made to
improve existing, and to develop new, accident
investigative techniques.
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1.Ei. Fuel System
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cockpit settings, valve positions, and compo-
nents of the fuel system.

1.1.2. @il Systems

Oil systems can furnish the investigator with
some very valuable information concerning the
engine condition and operating capability.
1.1.2.1. Nethods of Obtaining Saraples and
Why They May Be Necessary

As in the fuel system, the oil samples should
be obtained in a clean container. Care should
be exercised in obtaining the samples to assure
the collection of the first oil to leave the en-
gine or tank. This is important, because if the
amount of contaminants is small it may be
flushed out with the initial surge of oil as the
plug is removed. Samples should be taken from
the engine sump, the main screen, or the tank.
In some cases it may be advisable to take sam-
ples from all the sources.
1.1.2.2. Types of Possible Contamination and
Their Significance

Some of the contaminants that may be
found in the il system are metallic or carben
particles, foreign fluids, and sludge. The me-
tallic particles may be either ferrous or non-
fesrons.  Ferrous particles indicate some fail-
ure of steel paris within the engine and the
size and shape can give a clue to what failed.
The most probable sources of steel shavings or
particles are cylinder walls, piston rings, and
gears.

Non-ferrous particles usually indicate failure
of sleeve bearings, bushings, pistons, or some
other aluminum, magnesium, or bronze part of
the engine.

Excessive sludge or carbon may cause oil
starvation and engine failure. Foreign fluids
such as water or fuel are not too prevalent in
the oil system, but their presence, if excessive,
will change the lubricating gualities of the oil
and cause trouble in the engine. Another pos-
sibility of engine failure is the wrong type of
oil. This can cause serious overheating and
engine malfunction to the point of complete
stoppage.
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1.1.2.3. Inspection of il System Components

Such as Pumps, Tanks and Plumbing

Engines with wet sump oil systems have in-
ternal plumbing, and therefore, the sump and
screens arve the best sources for contaminants.
Some engines have a magnetic plug to trap
steel particles. This plug is of great assistance
in determining the type of metal particles
found in the system; without the plug, a very

close inspection would be required to differen-

tiate between some of the non-ferrous materials
and steel particles.

Oil tanks, plumbing, and valve position and
condition are checked on dry sump installa-
tions as well as the sumps and screens. The
same type of inspection applies to the oil sys-
tem as described for the fuel system. Figure
C-IV-1 shows an oil screen removed from an
engine that failed in flight.

1.1.3. Igniticn Systems

In many cases, the inspection at the acci-
dent site can eliminate the possibility of an
ignition system failure. On the other hand, if
there was a malfunction, it may be possible to
determine the degree and the cause. This ap-
plies mainly to accidents in which the engine
is not too seriously damaged and there are suf-
ficient parts to make a determination.
1.1.3.1. Magnetos and Ignition Timing —
Methods of Checking Condition of
Magnetos — Checking the Timing
of Various Magnetos to the Engine

Magnetos and ignition timing can be checked
by various methods, depending upon the engine
and the engine installation. Most of the light
engines have timing marks etched on the crank-
shaft flange. However, some engines have
other means to check the timing to the engine.
There are also patented timing devices. The
investigator must determine the means of ac-
complishing this check for the particular en-
gine under investigation.

There are several different types of magne-
tos, the most common types found on light
aircraft are FEissmann and Scintilla. The
method of checking the points and general



1Y — PowsspLants

Screen from Franklin engine filled with helicopter
clutch material.

Crankcase cover removed from Franklin engine at the
scene.

Ficure C IV-1

condition of the magneto varies, and this in-
formation is available in the manufacturers
manuals. The best method for checking the
opening position of the points is the use of a
timing light. However, a 0.0015 feeler gauge
or a piece of cellophane, the type used on ciga-
rette packages, can also be used. The points
should open when the number one piston is
in the firing position.

1.1.3.2. Checking the Harness — How to
Use the Various Testers and What

to Expect During the Test
The ignition harness should be visually

checked for obvious signs of deterioration. It
there is doubt, or circumstances dictate, a more
thorough check can be made with a harness
tester or a megohm tester. When using a tester
on the hamess, be sure to follow the operating
instructions for the type of tester being used.
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1.1.3.3. Spark Plugs — Methods of Removing
Spark Plugs and TPrecautions to Ob-
serve — Checking Engine Compres-
sion and Significance — Spark Plug
Indications and What They Have to
Tell the Investigator

Spark plugs can sometimes tell an investi-
gator a great deal about the engine and how
it was operating prior to the accident. There-
fore, when removing the plugs, take precau-
tions to protect them from further damage. As
the spark plugs are removed, check them for
any indication of plug or engine trouble. Be
sure to label them so that it can be determined
later from which cylinder they were removed.
If the engine can be rotated, it is best to re-
move one plug from each cyitinder until a com-
pression check is made.

CAUTION: Before rotating the engine,
make sure ALL ignition leads are disconnected
from the spark plugs. It is emphasized that all
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C IV — PowerpLAWTS

plugs should be inspected and labeled as they
are removed. Some of the things an investi-
gator should look for when removing plugs
are: spark plug loose in the cylinder or over-
torqued; deterioration of the lead; arcing be-
tween cable and contact spring; mechanically
damaged electrodes; sprayed metal deposits
on the nose of the spark plug; copper runout
of the center electrode; badly eroded center
electrodes; fuel fouling; lead fouling; oil foul-
ing; and other-than-normal-colored deposits.
Each of the above indications has a story to tell,
and the more experienced the investigator, the
better he will interpret the story spark plugs
have to tell. Figure C IV-2 shows some typical
spark plug failures.

1.1.3.4. Compression Check

The compression check can be made by
holding a thumb or finger on the spark plug
hole while rotating the engine. This is not
- positive proof of the cylinder condition, but it
can furnish the investigator with an idea of the
condition of the cylinder.

1.1.4. Carburetion

When engine stoppage may be a factor in
the investigation, the carburetion system should
be checked out as completely as possible. The
principal factor here is whether or not the en-
gine was getting the proper amount of un-
contaminated fuel.

1.14.1. Float Type Carburetors

The float type carburetor can be checked
quite easily if it is intact. All float type carbu-
retors have an inlet screen that can be re-
moved and checked for deposits of foreign
material. The float chamber can be drained to
check for water or other foreign material.
Another check can be made simply by opening
the carburetor to visually inspect the floats for
leaking or sticking. The investigator should
keep in mind that the floats may stick when
the carburetor is assembled, but they may be
perfectly free when disassembled.

1A% Pressue Type Garburetors

Presstie tyue carhuretors are more difficult
to check at ihe scene than float type carbure-
tors. The ouly checks that can be made con-
veniently are of the screen, availability of fuel

to the carburetor, whether or not the poppet

valve is free and clean (PS-5C), and for evi-
dence of intemal leaks. Figure C IV-3 shows
an unusual type failure in a pressure type car-
buretor. A cleaning rag was left in the air in-
take duct and during takeoff it blocked the
carburetor inlet which led to a fatal accident.

Rag in PS-5C cerburetor which caused a fatal accident.

Figure C IV-3.

1.1.4.3.

Direct Injection

The unit used on the R-3350 engine is a
master control that meters fuel to the injection
pumps. These pumps furnish timed high pres-
sure fuel to the injection nozzles. It is possible
to check these units for proper operation at
the scene.
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I.1.4.4. Injection or Continuous Flow Types

Another type of carburetion used primarily
on light horizontal opposed engines without in-
ternal superchargers is used by the Continental
fuel injection system, the Simmonds continuous
flow system, and others using the same basic
principle. These can be checked for fuel at
the fuel conirol and inlet screens; for leaks in
the plumbing; integrity of the diaphragm in
the fuel manifold; and nozzle condition.

1.1.4.5. Carburetor Ice Probability

Carburetor ice is always more or less of a
problem for the investigator. The accompany-
ing “Icing Probability Curves” (Fig. C IV-4
and §) prepared by the NTSB, Bureau of Avi-
ation Safety, shows the parameters to consider
in. determining the probability of carburetor
ice. These curves should be helpful to the in-
vestigator if icing is suspected.

1.1.4.6.

The induction systems should be inspected
for breaks, loose packing, or any leaks that
would affect the engine operation.

Induction Systems

LL3. Gear Train Continuity

Gear train continuity can be checked by
turning the engine over, noting whether or not
the accessory drives are rotating and whether
there is a binding tendency in the engine.

LEZ., Bocker Arms and Valves

The rocker arm and valve action can be
checked quite eesily if the engine can be ro-
tated. The rocker box covers are removed to
allow access to the rocker arms for observation
of the action of the valve while the engine is
rotated.

1.1.7. Cylinders and Pistons

If the compression check indicated malfunc-
tion in the cylinder, further checks should be
made. A number of things could cause a loss
of compression. A valve could be broken or
stuck open, piston rings may be stuck or
broken, the piston may be broken or burned

through, the cylinder may be grooved, or a
hole may be burned through the cylinder wall
or the cylinder head. There are different ways
to inspect the interior of the cylinder. Direct
a light through one spark plug hole while look-
ing through the other. If an inspection light
is available, it can be inserted into the cylinder
through the spark plug hole to give a great deal
more light. This method should be used with
care, however, because too much light causing
a glare inside the cylinder may create difficulty
during the inspection. A better method of
inspecting: the inside of the cylinder is the use
of a borescope. Several models are on the
market, some are better for particular types of
inspection than others. It may be necessary
to remove a suspected cylinder for a compilete
inspection. This can be done at the scene if
necessary, if the engine is not going to a shop
for a complete teardown and inspection.

1.1.8. Exhaust Systems

Exhaust systems should be checked for se-
curity, for any leaks that may have created a
fire hazard, that may have introduced carbon
moncxide into the cabin or exhaust gases into
the induction system.

L19.  Possibility of Operating Engine

After the powerplant has been thoroughly
checked and no indication of a malfunction has
been found, it may be feasible and practical to
run the engine. Before running the. engine,
insure that everything is in order, that nothing
will be damaged, and that all precautions
against fire are taken. All components of the
engine should be as they were at the time of
the accident. Cleaning or replacement of any
component may invalidate the results of the
runup.

1.2, Complete Inspection of the Engine

Sometime during the course of the investiga-
tion the investigator must decide whether or
net circumstances require a complete teardown
inspection of the engine and/or component
parts, aecessories, etc.
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Parts of a “swallowed” valve. Failed valve.

Valve failure found during an investigation. Magnification of the valve failure shown in figure to the left.

Figure C IV-6,
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1.2.1. Facilities Available for the Inspection

If a complete teardown is necessary, the
investigator will arrange for adequate facilities
and the means to transport the powerplant to
these facilities.

- 1.2.2. Requirement for Manuals and Other
Technical Information

It is necessary for the investigator to procure
the required manuals and other technical in-
formation and aids for the inspection. These
vary with the circumstances and complexity
of the investigation.

1.2.3. Inspection Procedures

Inspection procedures vary somewhat for
different powerplants, therefore, the manufac-
turer’s manuals should be used for the specific
engine under investigation. The following are
general procedures and items that will apply
to most situations.

1.2.3.1. Cylinder Assemblies (Including
Valves), Springs, Rocker Arms, Push
Rods, Valve Lifters, Valve Seats, Cyl-

inder Walls, Cooling Fins, etc.

Cylinder assemblies, including valves, valve
seats, valve springs, rocker arms, push rods,
valve lifters, cylinder walls, cooling fins, and
flanges should be checked carefully if there is
a suspected malfunction. The valves can be
checked for carbon buildup on the stem that
would cause sticking. Check valve faces for
warping or burning, and the valve guides for
excessive oversize or out-of-round. A groove
pounded into the end of the guide by the valve
spring retaining device is an indication of en-
gine overspeed. If the valve has failed (swal-
lowed valve), every effort should be made to
determine the cause of the failure. See Fig-
ure C-IV-6 for some types of valve failures.
The valve seats should be checked for security,
buming, and any evidence of a foreign object
lodged between the valve face and seat. Fig-
ure C-IV-7 shows the screw lodged between
the exhaust valve and the seat, which resulted
in a fatal accident.

Screw lodged between exhaust valve and seat.

Figure C IV-7.

The valve springs are in multiples of two or
three, and if they are weak or one is broken,
the resulting valve chatter could be a factor in
an accident. Broken rocker arms will probably
be found at the accident scene, but if the en-
gine is moved intact to a teardown facility,
determine the cause of any broken arms.

Push rods may cause a malfunction if bent
or of improper length. One type engine has
mixed-length push rods and upon occasion the
wrong push rod has been installed.

Broken or “flat” valve lifters can cause an
engine malfunction.

Check cylinder walls, heads, and cooling fins
for signs of overheating; also check the walls
for scoring, gouging, or out of limits. It may
be necessary, because of a cylinder failure, to
check the flange for warpage. In some cases,
it may be advisable to investigate the history
of the cylinder for previous abnormal operation
possibly bearing on the failure.
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1.2.3.2. Piston Head, Rings, Lands and
Grooves, Pins, and Pin Boss

The piston may show signs of preignition
and/or detonation. Burned pistons are indi-
cations of sustained high temperatures and
overheating by preignition. The spark plugs
from a cylinder which has experienced pre-
ignition may have copper runout from the
center electrode. Detonation creates extremely
high pressures and temperatures of short du-
ration which show up as impact-type damage.
The piston usually has a pockmarked appear-
ance when the cylinder has been detonating,
Prolonged detonation can destroy the engine.

The most common difficulty found in piston
rings is sticking rings, where carbon building
up between the ring and the groove prevents
the ring from conforming to the contour of
cylinder walls. This allows “blow-by” and ex-
cessive oil consumption. Another quite com-

mon occurrence is a broken ring (Fig. C IV-8),
If the engine continues
ring  will

usually the top ring.
to operate, the

break

broken

the top land, allowing the portion of ring and
piston to damage the cylinder head, spark
plug, and top of the piston. This is also one
cause of scored cylinder walls.

Occasionally, a piston pin will work loose
and score the cylinder walls. This can happen
when the aluminum plug wears out or a re-
tainer clip works loose.

1.2.3.3. Connecting Rods and Bushings

The connecting rod and link rods are
checked for damaged or excessively worn bush-
ings and bearings. If a cylinder or piston fail-
ure occurs, the rod may be bent. Fatigue fail-
ures have occurred in rod caps and bolts. The
investigator should ascertain whether the bolt
broke or the cap and bolt were installed prop-
erly.

1.2.3.4. Crankshaft Alignment, Fillets,
Tolerances, and Dampers

A bent crankshaft can cause engine failure.
The investigator needs to determine whether

Pistons damaged by broken rings.
Figure C 1V-8.
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a bent crankshaft was the cause of the engine
failure or was the result of the accident. Crank-
shaft journal and pin tolerances may furnish a
clue to excessive wear in the bearings. Broken
crankshafts usually result in extensive internal
damage to the engine. Crankshaft fatigue fail-
ure usually starts in a fillet and may be due to a
concentration of stresses caused by any number
of reasons. Some failures have been attributed
to improperly ground shafts or failure to nitride
shafts requiring this process after grinding.
The condition of the dynamic dampers is
another clue to what was happening to the
engine. The proper operation of the dampers
is critical, and any change in their operation
may set up critical torsional vibrations in the
engine. Worn or damaged bushings or pins
are the most common cause of this type of
malfunction.

1.2.3.5. Camshaft or Camdrum Lobes and
Cam Followers

A number of engine malfunctions have oc-
curred because of cam lobe wear. In some
instances, the engine was operated until the
lobe was worn off completely. This situation
caused the affected cylinder(s) to function er-
ratically and eventually cease.

The cam followers sometimes wear severely,
or at times become sluggish in their operation,
and cause engine malfunction.

1.2.3.6. Accessory Drives and Bushings

Accessory drives have failed and caused en-
gine stoppage. A number of different arrange-
ments for accessory drives exist, from the sim-
ple direct drives in the small engines to the
spring-loaded drives and clutches on large en-
gines. The investigator is responsible for de-
termining the type and arrangement of the
accessory drives and bushings for the engine

under investigation.
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1.2.3.7. Crankcase General Condition,
Bearings, and Bosses

The crankcase verv seldom is the cause, how-
ever, the condition of the case may provide a
clue to the source of an engine failure. If con-
ditions warrant, the bearing installation and

oil passuages should be checked.

1.2.3.8. Supercharger, Seals, Impact Marks,

efte.

The supercharger section can reveal much
information at times, ie., during impact the
impeller may be forced against the cuse, leav-
ing marks that will aid in determining whether
or not the impeller was rotating at the time of
impact. An indication of no rotation is shown
in Fig. C IV-9,
have failed, allowing oil to enter the blower
section and cause engine malfunction or failure.

Supercharger section seals

1.2.3.9. Turbosuperchargers

Cases of loss of power due to erosion of the
occurred.

backplates by exhaust gas have

Section of supercharger case showing impeller marks.

Figure C IV-9.
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1.2.3.10. Engine Indications of Power at
lapact

Circumstances surrounding the accident will
sometimes dictate the extent of the investiga-
tion. The above points are general and not
mandatory for every investigation. It is much
better to be too thorough than to overlock an
item that may be a causal factor.

The engine teardown many times can fur-
nish evidence of power at the time of impact.

A number of things can furnish clues to the

chservant investigator. Among these are marks
left by rotating parts,
The actual condiﬁon of the engine can also
furnish clues, ie., the engine seized due to
lack of lubrication and/or overheating; broken
crankshaft, connecting rod, piston or other
components, accompanied by peening, ham-
mering, or general mutilation of other parts of
the engine. The investigator must determine
whether engine damage was caused by impact
forces or by engine failure in flight.

2. Tuwrbine Engines

In order o be able to evaluate the gas turbine
oi turbojet engine in an accident the investi-
gator must understand the theory of operation
of the engine and its systems. He rmust know
the operating procedures and limitations for
the particular type of engine invelved. This
is an introduction to these areas and to investi-
gative techniques which have been helpful in
determaining if an engine failure occurred.
Exawnination of the engine and its systems may
reveal not cnl’ the damage but the sequence
of events, or more important, the cause of the
damage.

2.1.

The turbojet engine comsists of four main
sections: a compressor, a burner section, a
turbine, and a jet nozzle. These four seciions
combine to accelerate the mass of air passing
through the engine. This acceleration resulis
in a propulsive force which cheys Newton's
third law, which states that for every aciion
there is an equal and opposite reaction.

Theory of Operation

TS
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Newton’s second law states that a change
in motion is proportional to the force applied.
Expressed as an equation, force equals mass
times acceleration (F =Ma). In terms of the
turbojet engines, consider force as the net
thrust and acceleration as the rate of change
of velocity, then substitute velocity change in
the equation in place of acceleration, net thrust
is equal to the mass of the gases times its
change of velocity through the engine.

The equivalent thrust horsepower of a jet
engine can be approximated by determining
the amount of work the engine is doing. Horse-
power is defined as a force applied over a dis-
tance in a given time. Equivalent thrust horse-
power depends on the thrust developed times
the distance the engine moves in a g.: n time.

One horsepower is defined as 33,000 ft.ib./
min, When ft./min. is converted tc miles/hour,
one horsepower becomes 375 mile Ib./hour.
From this is derived that equivalent thrust
horsepower is equal to the net thrust times the
aircraft velocity (in mph) divided by 375.

The change in velocity of the air passing
through the turbojet engine is accomplished by
taking in air, compressing and heating it, then
exhausting it to the atmosphere through a tur-
bine which drives the compressor. Compres-
sion ratios as high as possible are desirable as
this will result in the highest velocity when the
air is exhausted to the atmosphere. The effi-
ciency of the compressor limits the pressure
available. It is also desirable to heat the air
as much as possible to allow for the maximum
expansion and pressure rise which will be con-
verted to velocity as the air passes out the
exhaust duct and jet nozzle. Temperature, pres-
sure, and velocity changes through a turbojet
engine would look something like those shown
in Fig, C 1V-10.

The gas generator is the basm section of the
gas turbine engine. This excludes the inlet
duct and jet nozzle of the turbojet engine.

2.2,

The most common compressors used in the
turbojet engine are the centrifugal, the axial
flow, or a combination of these two. The axial
flow compressor has the capability of deliver-

Compressors
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ing a higher pressuve than the
is used in most large turbojet en;
as in many of the smaller engines.

2.2.1. Centrifugal Compressor

The centrifugal compressor consists of these
main parts, the xmpgﬂeﬂ, the diffuser, and the
compressor manifold. The compressor takes in
air near the hub of the .amp@lj.en which is rotat-
ing at high speed. The aiv is gujxd@éﬂ ‘t@‘wa*r('d
the outer edge of the impeller, The ro
the impeller imparte a high ve ﬂoﬁm s

which then flows nhmugh gEE
converts the high velocity
low velocity high pwess
suitable for wse in the combustion ol mmbﬁm.
The design of the difiuser uu such that it
straightens the airtlow and delivers it into Lh@’
manifold with the least amount of energy loss.
The manifold acts as the collector ring and
delivers the air to the burners.

The compressor may be a single-face or
single-entry or a double-face double-entry de-
sign. The double-face impeller can handle the
same airflow with a smaller diameter than HM,
single-face. The double-face impeller requires
a plenum chamber where the air is collected
and fed to the rear face of the impeller.

<
@
=
o
s
=

W Gie

Multiple stage cenirifugal compressors are
sometimes used where the air from the first
stage is fed to the subsequent stages o increase
the final output pressure of the cormpressor.

The efficiency of the centrifugal compressor
may run as high as 75% o 60% up to a compres-
sion ratio of 4 to 1. Above this vatio the effi-
ciency drops off. For this reason the centxif-
ugal compressor is limited in wse fo a compres-
sion ratioc of 5 or 6 o 1.

2.2.2. Axial Compressors

The axial flow comypressor s one in which
the flow of air and compression takes piaee

‘parallel to the rotational axis of the compressor.

The axial flow compressor hss Capabmues of

producing higher pressures than the centrif-
ugal compressor and does not have the problem
of changing airflow direction.
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The wxial flow COMPEESHOX is made up of a
)««"ies ofr' otating “rotor” blades and stationary
“stator” vanes which are concentric with the

axis of votation. As the flow proceeds through
the cornpressor, the cross section area for the
mags decreases in proportion to the decreased
volume as compression takes place from stage
to stage. This may be accomplished by de-
creasing the cross section of the compressor and
case ov by aintaining the cross section of the

compressor case and enlarging the compressor

Attev entering the air inlet duct the air
pagses through the inlet guide vanes and is
divected onto the first stage of the compressor.
The air iy flowing in an axial direction as it
enters the votating compressor blades. It is
deflected in the direction of rotation by these
blades. When the air leaves the compressor
blades it is slowed by the stator vanes and a
pressure rise takes place. The succeeding
stages ot the compressor each result in an in-
crease in the air pressure. The increases in
air velocity through the compressor stages are
virtually eliminated by passage through the
stator stages. This results in the velocity of
the air being approximately the same as’ it
leaves the compressor as when it entered.

The axial flow compressor is capable of com-
pression ratios of 16 to 1 or higher, therefore,
it is used in most high performance jet engines.

Compressor blades are designed as airfoil
sections and have a range of rpm where their
efficiency is the greatest. Since jet engines are
not operated at comstant rpm settings, the
shape of the airfoil is a compromise to allow
operation under varying conditions. At some
rpms the front stages of the compressor are
capable of pumping more airflow than the rear
stages ave able to handle. There are two prin-
cipal ways of taking care of these conditions.
One is to have vanable inlet guide vanes and
stators in the first several stages of the com-
pressor. This arrangement changes the angle
at which the air is introduced to the front
tages of the compressor and limits the mass
of air which these stages can process.

Another method for handling the conditions
which are encountered at part throttle opera-




tion and during starting is to split the compres-
sor into two independent rotors. Each part of
the compressor has its own turbine and operates
at its own best speed. The front or low pres-
sure compressor is normally not governed, but
is allowed to operate at the speed necessary to
furnish the required airflow to the rear or high
pressure compressor. The size of the high
compressor rotor and the increased air tempera-
tove of the mass it processes allow this com-
pressor to operate at higher rpm without the
problem of the blade tips reaching sonic speed.

Split compressors also have some advantages
during starting, It is necessary to have a
starter only large enough to turn the high pres-
sure compressor and accessories.

2.2.3. Compressor Stalls

Compressor stalls are a characteristic of axial
flow gas turbine compressors. Compressor stalls
may result from compressor blade damage,
however, it is more common for the stall to
occur when the pressure ratic through the rear
stages is insufficient and these stages become
choked. As the airflow slows without a corre-
sponding reduction in rotor rpm the blades
stall. Compressor stalls are undesirable as they
resuit in a loss of thrust.

In order to reduce the stall potential of the
compressor, zir is bled off the center of the
compressor to unload it under those conditions
where the likelihood of a stall is the greatest.
Air bleed ports are located between the com-
pressor sections of dual compressor engines.
These bleeds are automatic, usually conirolled
by engine rpm to open at start and during low
thrust operation. When the bleeds are open
they allow for greater airflow through the
front stages of the compressor and reduce the
pressure on the rear stages.

2.3. Diffuser

After leaving the compressor, the air passes
through a diffuser which reduces the velocity
of the air in preparation for entry into the
burner at a low velocity so that proper bum-
ing will take place without blowout of the
flame. Diffusion takes place through the com-
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pressor exit guide vanes which are located aft
of the rearmost compressor stage in the dif-
fuser section of the engine where the air pas-
sages are increased to convert the kinetic energy
into static energy.

2.4. Burner Section

The burner section provides for the addition

of heat to accelerate the mass flow through the

engine to provide the required thrust and the
power to drive the turbine. The temperature
of the gases leaving the burner section and
entering the turbine must not exceed the allow-
able turbine inlet temperature. For this reason,
the burners are designed to contain all of the
burning within the burners. The combustion
chamber which is contained in the burner sec-
tion may consist of individual cans, annular or
can annular chambers. No matter which de-
sign is used, only 25% to 30% of the total volume
of air entering the chamber is used for the
combustion process. The remainder of the air
is used for cooling the burner surfaces and to
mix with the burned gases to cool them be-
fore they enter the turbine section. Anything
which causes a reduction in mass flow without
a fuel reduction, ie., a compressor stall, will
result in an overtemperature condition as the
cooling air is lost.

2.5. Turbine Section

The turbine extracts kinetic energy from the
mass flow out of the burner section. This en-
ergy is converted into shaft horsepower to
drive the engine compressor and accessories.
Approximately -70% of the emergy available is
used to drive the compressor with the remain-
ing available for thrust.

As the gases leave the burner section they
pass through the turbine nozzle. This is a sec-
tion of stationary vanes which discharge the
flow of gases onto the turbine wheel at the
proper angle and velocity. There is a turbine
nozzle for each turbine wheel. The turbine
nozzle area is a critical area of turbine design.
An increase in area will cause the turbine to
lose efficiency, while a decrease in area results
in increased back pressure and higher tempera-
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tures from the burner section. There may be
an exit nozzle aft of the rear turbine wheel to
straighten the gas flow as it enters the exhaust
duct and jet nozzle,

2.6. Exhaust Duct and Jet Nozzle

The exhaust duct connects to the engine aft
of the turbine section, and is used to direct the
gases to the jet nozzle. The duct also is de-
signed to increase the welocity of the mass as
it moves toward the exhaust nozzle. The rear
opening of the exhaust duct is the exhaust
nozzle. The size of the orifice determines the
density and velocity of the gases as the exhaust
leaves the engine. The size of the orifice is de-
termined by engine design and is quite critical.
Anything which causes the area to be altered
will affect engine performance and exhaust gas
temperature.

Various mechanical devices such as noise sup-
pressors or thrust reverseis may be attached
to the exhaust nczzle as conditions require.

2.7. Post-Accident  Engine ifxamination

The purpose of the posi-accident enging
examinaiion is to determine if the engine was
capable of producing thrust, and if so, if it was
producing s sufficient thrusi to sustain flight at
the time of the accident.

The estimation of thrust production by the
jet engine is based upon the rotational speed
of the engine at the time of the accideni. The
thrust of the typical jet engine does not go up
directly with engine rpm, i.e., it {s not uncomw-
mon for a jet engine o produce approximately

0% thrust at 86% to 85% rpm. For this r=ason,

it will be necessary to differentiaite Detween
low, mid-range, and high rpm i an accurate
assessment of thrust is to be made.

When examining the jet ¢ ngme for evidence
of rotational damage, it is nec
such damage with the extent of impact damage

et dam-

ssary to view

in mind. An engine which has no impa
age or internal failure will not exzhibit ro-
tational &dmage even though the engine may
have been operating at full gower at the time
of the accident,
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The amount of energy which is stored in
the rotating parts of the engine is dependent
upon the mass of the rotating parts, the force
being exerted on the turbine, and the rotational
speed of the engine. This energy will have to
be absorbed to bring the rotating parts to a
halt. The amount of energy absorbed will be
evidenced by the rotational damage. It.is well
to remember that the energy necessary to stop
the rotating parts increases as the square of
the rotational velocity.

The components of the various engine sys-
tems may furnish evidence to support a thrust
estimation made from the rotational damage.
Some items to be checked are positions of the
fuel contrel, fuel flow transmitter vane, throttle,
fuel shutoff valves, variable inlet guide vanes
or stators, and bleed valves. For engines
equipped with afterburners the position of the
afterburner fuel control and the variable ex-
haust nozzle should be checked. Knowledge
of the particular engine systems is vital in
estabiishing the power at impact. Current en-
gine manuals are necessary for proper under-
standing and evaluation of the evidence found.

Some of the conditions which ‘have been
found to be of value in estimation of engine
speed are:

faned

For low speed/thrust conditions —

a. Rotor, stator, and turbine blades bent
in a random fashion. Blade corners
relatively square and undamaged.

Limited passage of debris through the
compressor section.

c. Localized and limited evidence of in-
terference between the rotating and
non-rotating parts. Where there has
been interference, the marks will be
vough with possible impressions of the
blades on the case.
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Gouge marks will usually be restricted
to small areas and may be quite deep.
e. The overall damage indications in the
engine will be non-uniform in nature.

b

For high speed/thrust conditions —

a. The general damage to the rotating




parts will be more severe and uniform
throughout the engine. There will be
extensive evidence of contact between
the votating and non-rotating parts.

b. Blades aund stators will exhibit physical
damage with corners rounded and the
blades fragmented if the engine case
does not rupture. The blades will be
bent opposite to the direction of rota-
tion and may be broken off or torn out
of the rotor. If the case fails, the blades
and stators will not usually have as ex-
tensive physical damage.

c. Debris will be found throughout the
engine. Metal from the compressor
rotor or case may be plated onto the
forward - surfaces of the hot section
parts of the engine.

d. Turbine buckets will be bent opposite
to the direction of rotation. Evidence
of rubbing on the turbine wheel, tur
bine nozzle, or exhausi cone will be
highly polished with bluing from fric-
tional heating.

e. The turbine shaft may be sheared. The
engine manufacturer will be able to
furnish the strength of the shaft to
resist shearing. Generally, a sheared
turbine shaft is an indication of rpm
in excess of 75% when the impact angle
is steep, 45° or greater.

The amount of engine breakup from impact
is not a direct indication of rpm at the time.
It should be remembered when the wreckage
is spread over 2 long path that the engine speed
may change between the time of initial impact
and final impact. This will be especially true
in the case of a mild first impact followed by
a subsequeni more violent impact. In such a
case, signs of both high and low rpm are com-
mon. The entire engine should be integrated
into the speed estimate without undue re-
liance on a single indication.

The turhojet can produce thrust only when
there is burning of fuel in the burner section,
therefore, the engine examination should in-
clude an assessment of the temperatures in the
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hot section of the engine. The hot parts of
the engine cool rapidly when the engine is
shut down. For this reason, the deposits found
in the hot section can be a very good indication
of operating conditions at the time they were
deposited. A smooth, even coating of metals
from the compressor section are indicative of
engine operation at or above the idle range.
Any metal striking the hot section 8 to 10 sec-
onds after the fuel flow has stopped, or the
engine flamed out, will be rough in apppear-
ance and will not adhere tightly to the hot
section components. Metal deposits located
on the exhaust gas temperature thermocouples
or in the exhaust duct are indicative that the
engine was operating in a temperat..c range
above the melting point of the material de-
posited. The pattern of deposits on a variable
nozzle is useful in determining the nozzle posi-
tion at the time of engine failure. Compressor
stalls will usually result in a reduced amount
of metal being fused to the hot section parts
even. though burner operation is continuing.
This is due to the reduction in mass flow to
transport the metallic debris.

Other materials such as grass, wood, or dirt
may also give an indication of the temperature
at -the time they were deposited in the hot
section. ' '

27.1. Engine Failure Versus Impact-Caused
- Failure

Engine failure may be the cause of the acci-
dent as well as the result of the accident. It
will be necessary to separate pre-impact failure
or damage from impact damage during engine
examination.

Some of the more common types of engine
failure are compressor failure, compressor stall
damage, turbine failure, turbine disc failure,
and bearing failure.

Compressor failures may involve the com-
pressor disc or the individual compressor blades.
These failures may be said to result from for-
eign cbject damage as any part becomes a
foreign object when it is displaced from its
proper place in the engine. Foreign objects
may be initroduced from outside as well, com-
ing in through the air inlet or even parts from
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the air inlet. It will be necessary to determine
if the compressor failure is cause or effect. A
bearing failure which allows the compressor
rotor to shift will result in compressor failure.
A compressor failure may start at any point
and progress forward, aft, or both. For this
reason, a thorough examination is necessary to
determine the initial failure point. In flight,
compressor failure will usually result in more
damage to the compressor blades and stators
than will result if the failure is preceded by
ground impact.

Foreign objects entering the engine through
the air inlet are frequently knocked or thrown
forward as they encounter the first stage of the
compressor. - An examination of the rear of the
inlet guide vanes may reveal an identifying
mark left by the foreign object. It should be
remembered that objects do not have to be
large or hard to cause compressor damage.
Engine failures have occurred when rags, paper
or plastic sheeting have been ingested.

Compressor stalls do not often result in com-
pressor damage. The damage will be found in
the hot section of the engine if a stall has
lasted for any length of time. The first air
loss during a stall is of the cooling air while
combustion air continues to be furnished. This
results in rapidly rising temperature throughout
the hot section. This type of overtemperature
results in holes being burned in the exhaust
nozzle guide vanes and burning of the tips of
the turbine buckets. If the stall persists, burn-
ing of flame cans and exhaust gas temperature
thermocouple loops will result.

Overtemperatures without compressor stall
are to be considered alsc. Omne of the main
inputs to the fuel control is rpm of the com-
pressor rotor. Any condition which slows the
rotor or reduces the mass flow through the
engine without a throtile lever reduction will
result in the fuel control adding more fuel in
an attempt to regain the lost mass flow.

The most common turbine failures involve
the turbine buckets. The buckets may fail from
overtemperature, excessive rpm, or from failure
of the serrations at the base of the bucket. The
turbine bucket failure resulting from a non-siail
overtemperature will occur at the midspan of
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the bucket after stretching or necking-down of
the bucket has taken place. Complete and im-
mediate engine failures do not usually occur
as the result of turbine bucket failures. The
loss of one or more turbine buckets will result
in an increase in temperature as the fuel con-
trol adds more fuel to compensate for the loss
of efficiency of the turbine.

Turbine disc failures result in a portion of
the disc breaking out as the result of thermal
shock or overtemperature of the turbine disc.
A turbine disc failure usually results in bearing
failure in a very short time, due to the massive
unbalance which is created. Catastrophic en-
gine failure results almost immediately. Many
times failure of the engine mount will occur
following a turbine disc faiture.

Bearing failures which occur in operation are
different in appearance from those which are
caused by impact. Impact-damaged bearings
will not show signs of overheating, and the
damage will be localized. Those which fail in
operation will be discolored from the heat;
they will be distorted with galling and scraping
of the balls or rollers. Most bearing failures
are the result of loss of oil which results in
severe overheating and ultimate failure. The
thrust bearings (ball) are the most susceptible
to failure as they are loaded fore and aft, as
well as radially.

The question may arise: Which failed first,
the bearing or the oil pump? This can usually
be resolved by an examination of the lubrica-
tion system. If there is contamination through-
out the system the oil was probably circulating,
therefore, the pump was operating and the
bearing failed first, causing the oil pump to fail
from metallic contamination. If the system
does not have extensive contamination, the
pump or purnp drive probably failed first.

Fuel and oil samples (as much as possible up
to two gallons) should be collected for analysis
to determine if the fuel and oil are of the
proper grade.
tected if present.

Contamination can also be de-
Spectrographic analysis of
the oil can identify the type of metal contamin-



ation, which is an aid in identifying the source
of the metal.

.- Propellers — Need of Or-Scene Investiga-
tion and General Discussion of Various
Props and Information That May Be Ob-
tained

Propeller examination is one of the most im-
portant phases of the powerplant investigation.
In many instances, careful examination of the
propeller can furnish valuable clues to the con-
dition of the engine at impact. The propellers
should be examined and documented as soon
as practicable because excess handling or mov-
ing of the propellers can cause movement of
dome positions or additional damage that may
destroy very important evidence.

There are a few general indications pertain-
ing to the documentation of all propellers. The
blade angle should be established if possible,
the nature and location of breaks, bends,
scratches, and other marks, and the general
condition of the propeller should be docu-
mented.

3

o

1. Hamilton Standard Propellers

The Hamilton Standard propeller can fur-
nish the investigator with much information in
most cases. The rpm can usually be estab-
lished on propellers having Woodward elec-
tric heads by measuring the distance from the
parting surface of the head to the rack position.
If the governor head is badly damaged, the
rack position may be duplicated on another
head from which measurement can be taken to
establish the rpm seiting. Figures C IV-11
through 13 show the governor and Fig, C IV-14
is a chart for determining rpm setting. Be-
cause of the gear train arrangement, movement
of the rack within the head is very unlikely,
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even if the head is completely separated from

the aircraft.

Cable controlled governor position is usually
meaningless unless the system is intact and not
moved by impact forces.

3.2. Dome Indications, Stop Rings, and Gear
Tecth

Domes should be removed at the scene of
the accident to obtain all the information pos-
sible before the propeller is moved or the cam
position changed. In non-reversing propellers,
the upper stop ring is the high pitch s*op and
the lower is the low pitch stop. Arrows on the
stop rings point to the high and low pitch set-
tings respectively. If the movable stops are
against either the high or low pitch stops, the
propeller is either feathered or at full low pitch.
If the movable stops are somewhere between
the fixed stops, the angle can be determined by
removing the high pitch stop and rotating it
clockwise until it is against the rotating cam
stop, replacing it on the serration, and reading
the angle indicated by the arrow. The stop
ting can be removed by prying gently around
the ring with a screw driver. (Fig. C 1V-15.)

On the reversing (without feather lock) pro-
peller the reverse ring is the lower ring and the
feather ring is the upper. On the propeller
with feather lock, the feather ring is in lower
and the reverse ring in upper position.

Regardless of which type dome is to be read,
the procedure is basically the same; remove
the upper ring and reposition it to its fixed
stop. Count the number of ring teeth that the
ring was moved. If the ring was moved to
the feather stop, subtract the number of ring
teeth from the feather angle; this will be the
position of the dome in relation to blade angle
in degrees. If the ring was positioned to the
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Stepmotor Governor Assembly. Stepmotor removed from governor.
Figure C IV-11. Figure C IV-12.

Location of measuring points. Parting surface to rack in stepmotor head.

Figure C IV-13.
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KPM Determination from Woodward 5U18 Series Governors.

Figure C 1V-14.
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Non-reversing propeller stop ring set to determine blade
angle. Arrow points to 50°

Figure C IV-15.

reverse stop, subtract the number of teeth from
the reverse angle which will result in the blade
angle in degrees. (Fig. CIV-16.)

3.2.1. Shim Plates — Methods of Obtaining
Blade Angle — Significance of Infor-
mation Obtained

Under some conditions blade angle, deter-
mined by impact marks on the shim plates, is
more significant than dome positions. This in-
dication can be obtained only on Hamilton
Standard propellers with aluminum blades. On
these propellers a shim plate which turns with
the blade when pitch changes occur is posi-
tioned between the blade butt face and spider
shelf. The spider surface on which this shim
plate bears is so shaped that a portion of the
shim plate is not supported. When the blade
is subjected to impact, straight line indenta-
tions and sometimes breaks occur on the shim
plate along the straight line edge of the non-
supported portion. By positioning the shim
plate correctly on the Dblade butt face, then
rotating the blade about its longitudinal axis
until the straight line indentations or breaks

Reversing propeller stop ring set to determine blade
angle. Index (25°) directly opposite tooth marked 35°

Figure C IV-16.

are aligned with the straight edges of the spider
shelf, the blade is in the same position as when
the marks were made. Locate the blade angle
markings which may be on the barre] lip or
segmental gear, and at the index mark read the
blade angle. If more than one indentation is
found on the shim plate, determine the blade
angle represented by each and note the relative
depth of each. This method, if carefully exe-
cuted, should be accurate within plus or minus
two degrees. However, markings of all blades
should be checked for angle and noted. Usu-
ally the most pronounced mark represents the
initial mark.

When removing the blade from the spider,
care should be exercised to recover the shim
plate and maintain its relative position with
the blade. The check must be made with the
same dowels engaged in the shim plate holes
and the same shim face against the blade that
existed in service; otherwise, completely er-
roneous readings will result. The blade angle
may also be obtained by the use of a blade
angle protractor. (Figs. C IV 17 through 20.)
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Shim plate location on Hamilton Stzadard propeller. Protractor pesitioned on shim plate.

Figure C IV-17. Figure C IV-19.

Shim plates from a damaged propeller.

Figure C IV-18.
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The sketch shows a plexiglass protractor (3/32” thick) drawn to “E” shank shim plate dimensions. It has proved
extremely useful for interpreting shim plate impact markings with regard to blade angle. Protractor graduations have
been scribed in relation to the centerline between dowel pin holes, taking advantage of the fact that the angle formed
between this centerline and a line parallel to the chord of blade section at reference station is 5 degrees on all “E”

shank blades.

The impact blade angle can be obtained by placing plexiglass protractor on the shim plate and aligning dowel
pin holes. The scribed line on the lever arm is then held perpendicular to the shim plate line of impact. Blade angle
is then read directly.

Protractor has been graduated a complete 360 degrees since it may also be used for interpolating number of de-
grees blade has rotated in bushing in the event of screw and dowel pin shearing. :

Dietzen Model 1931AP, 6 circular protractor or equivalent may be used.

Figure C IV-20.
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Approximate blade angles at impact of Ham-
ilton Standard steel blade propellers have been
determined by matching brinnel marks caused
by the blade retention balls on the barrel arm
and blade buit races. Like indications can be
determined in some instances by marks on the
rotating cam and blade segmental gears. Trans-
lation of such markings into blade angle usu-
ally requires that a propeller be set up in a
shop. The blades are rotated until the ap-
propriate gear teeth are in mesh, and then the
blade angle is measured.

The important thing is to obtain blade an-
gles from as many indications as possible. Ap-
preciable differences in indications can usually
be resolved in the analysis of the accident.

3.3. Curtiss Electric Propellers

It is relatively easy to determine the blade
angle on a Curtiss electric propelier, The meth-
ods for making the determination and the re-
liability of the findings are discussed in the
following paragraphs.

3.

3.3.1. Brake Mechanism

The brake mechanisim, when properly ad-
justed, retains the power unit in a fixed posi-
tion, and there is little possibility of its being
rotated by impact forces. However, in analyz-
ing electric propeller blade angles, it is import-
ant to remember that if current was applied
to the power unit subsequent to impact, the
blades would have been moved to a com-
pletely irrelevant position.

3.3.2. Limit Switches and Cams

Determination of blade angle at impact is
relatively simple. The limit switches and ac-
tuating cams are located in the hub end of the
speed reducer. It is difficult to remember the
identity of the various limit switches, there-
fore, manual material should be referenced

-]
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when establishing blade angle. The relative
position of the cam lobes with respect to the
limit switches establishes the blade angle. If
the cam has opened the low pitch limit switch,
the blade angle is the low pitch setting, and
if the feather limit switch is open, the propeller
is feathered. The intermediate angles are pro-
portionate to the distance between the cams
and limit switches. As in the case of the hy-
dromatic propeller, blade and power gear dam-
age, as well as barrel arm and blade markings,
can assist in establishing blade angle at impact.

3.3.3. Curtiss Synchronizer

Oun installations using the Curtiss synchro-
nizer, rpm can be determined from the master
motor Teleflex control rack position if it has
not been destroyed by impact. Master motor
rpm is related directly to engine rpm.

3.4. Aeroproduct Propellers

The Aeroproducts propeller presents some-
what more of a problem to the investigator
than the Hamilton Standard. There is a need
for manuals and a shop with the proper fa-
cilities to determine the blade angle. Every
effort should be made at the scene to secure
and document all the evidence available.

3
>4

4.1. Beta Light Switch and Cam and

Feedback Gear Position

One method of determining blade angle is
from the feedback gear position and beta light
cam and switch actuator. Figure CIV-21
shows blade angles for positions up to 24"
(60°) at a radius of 4.077 inches for the
AB44IN-606 propeller.

3.4.2. Spline Position at Impact

Many times the blade splines will be marked
at impact, and by carefully measuring the po-
sition of these marks and duplicating " this ‘po-
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Propeller Blade Angle from Feedback Gear Position.

igure C IV-2L.

I
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Splines from an Aeroproducts propeller showing blade position at impact.
Figure C IV-22,

sition on another propeller, the blade angle

can be determined within reasonable limits.
(Fig. CIV-22.)

3.5. Rotol Propellers

A method of determining blade angle of a
Rotol propeller in the field has been developed.
With the use of a Y-inch drill, chisel, and
hammer, cut a hole, or window, lengthwise in
the cylinder approximately % inch by 2 inches
through which to view the operating piston
and ground fine pitch stop. A measurement of
the distance the piston is off the stop can be
correlated to the blade angle (0.034 inches
equals 1 degree).

3.6. Light Aircraft Propellers

Light aircraft propellers give the investiga-
tor very little information relative to the blade
angle setting at the time of impact.

3.6.1. Beech Electric Propellers

The only light propeller that can furnish
blade angle setting is the Beech electric pro-
peller. The blade angle is changed by an elec-
tric motor through a gear train which allows
little possibility of movement at the time of
impact. If this mechanism is not destroyed,
the position of the drive gear with respect to
the high and low pitch stops can be duplicated
on another propeller and the blade angie
measured.

3.6.2. Other Light Propellers

Most of the light constant speed and feath-
ering propellers are operated by governor oil
pressure against a spring or compressed air.
When oil pressure is lost at impact, the blades
will be moved by the spring or air pressure,
making any plade position unmeaningful. The
investigator should be aware of the fact that
if the propeller is in the feathered position it
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does not necessarily mean that the engine was
shut down prior to impact. These propellers
can drift into the feathered position after im-
~ pact even though the engine was developing
~ power at the time of impact. To make a de-
termination in this case requires very careful
inspection of the propeller and engine.

3.7. Significance of Blade Condition — In-
cluding Bends, Scratches, Breaks, etc.

“The condition of the propeller should be
carefully documented as to bends, marks,
scratches, and breaks. No single item can fur-
nish definite proof as to what was taking place
at the time of impact, but many times all of
the evidence available can fall into a pattern
that will either indicate or eliminate a causal
factor. All parts of the propeller, and particu-
larly the blades, should be accounted for. A
determination should be made as to whether
or not a portion of the blade separated in flight.

3.8. Speed Determination from Slash Marks

In some cases the speed of the aircraft at
impact can be determined by propeller slash
marks. The distance between the first two
marks should be used, because, as the propeller
rotation slows down, the distance between sub-
sequent marks will increase, The formula for
determining speed is:

DXAXRBRXN
MPH= —"—————
' 88

DXAXRXN
Knots =

101

Where: D = Distance between first two slash

marks
A = Number of blades
R = Propeller to engine ratio
N = RPM
Example: Distances between slash marks as
measured at the accident site were 2.2, 2.3,

2.8, and 3.4’. Engine rpm established to be
2600.

‘Propeller reduction ratio 0.50:1

Number of propeller blades 3
The formula would be:

2.2 X 3 X 0.50 X 2600

=075 MPH -
88

MPH =

4. Controls and Accessories

It is impossible to cover all the circum-
stances and conditions that may be encoun-
tered in this phase of the investigation. How-
ever, some common things can be accom-
piished. Tt is the iavestigator’s responsibility
to establish the facts pertaining to each acci-
dent. Discussed below are a few of the items
important to the investigation of powerplant
controis and accessories.

4.1. Cockpit Controls Settings and Their
Significance

Engine cockpit controls positions should be
carefully documented. On a large-scale inves-
tigation this may be done by a Group other
than the Powerplants Group, therefore, close
coordination must exist. between the Group
taking the cockpit readings (usually the Op-
erations Greup) and the powerplants investi-
gator. Little credence should be given to the
settings because they may have moved during
the accident, however, they may help estab-
lish a pattern confirming other evidence found
during the investigation. ' '

4.2. ¥Engine Controls Positions and Their
Significance

The position of the controls on the engine
should be documented. The same considera-
tion should be given here as was noted for
the controls in the cockpit. If control linkages
have been broken, the types of breaks and con-
dition of these linkages should be noted.

4.3. TFuel Pump

Fuel pumps should be checked for operation
if there is any doubt about a malfunction. If
the pump is to be run, it should not be cleaned
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or disassembled prior to running. After bench
testing, disassembly may be in order if the
pump failed to operate properly. Figure C-IV-
23 shows one type of failure. The clip which
holds the sliding vane against the rotor failed,
allowing the vane to move away from the
rotor.

4.4. Vacuum Pump, Types and Problems

Vacuum pumps are of two types. The older,
wet pump type, should be checked for proper
lubrication and signs of overheating. Engine
fire has been attributed to improper vacuum
pump lubrication. Another type, the dry vac-
uum pump, will cause trouble if an oil seal is
leaking, allowing oil to enter the pump. If loss
of the vacuum system is suspected, the pumps
and entire system, which includes the plumb-
ing, regulators, check valves, fittings, and re-
lief valves, should be thoroughly investigated.

4.5. Generator

The generator is part of the electrical system,
however, since it is installed on the engine the
Powerplants Group may investigate its con-

Left photo shows vanes in position against the rotor.

rotor (arrow) resulting in pump failure.
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dition. Detailed investigation is discussed in
chapter V, section 3.

4.6. Magnetos

Magnetos and ignition systems are of two
types, high tension and low tension. The main
differences between the two systems are the
location of the transformer coils and the length
of high tension leads. Figures in CIV-24 are
schematics showing the basic differences in the
systems.

4.7. High Tension

The high tension magneto generates the low
voltage and transforms it into high voltage
inside the magneto, requiring high tension
leads from the magneto to the spark plug.
Some installations have a double magneto,
where a single rotating magnet generates a
primary circuit in two separate coils to obtain
dual ignition. This system utilizes separate
distributors.  The main disadvantage of the
double magneto is that if the rotor or “mag”
drive fails, the entire ignition system ceases
to function.

Right photo shows clip off the

Figure C IV-23.
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Schematics showing basic differences in the systems.

Figure C 1V-24.

There are several different makes of magne-
tos, high tension leads, and connectors. The
investigator needs to be aware of the possible
failures and how to determine the condition
of the various components.

47.1. Low Tension

The low tension magneto generates the pri-
mary current only. The primary current is
carried by low tension leads to or near the
cylinder heads where the secondary coil is lo-
cated. (Fig. C IV-25.) This allows a very
short high tension lead to the spark plugs, re-
ducing the problems encountered with the high
tension harness, particularly at high altitude.

Inspection of the ignition system includes
checking harness installations, coils, points, con-
densers, seals, and the general condition of all
components. The entire system can be bench
checked; however, the investigator should be
aware that no matter how "good the bench
check seems to be, the actual service operating
conditions cannot be duplicated.

4.8. Carburetion

There are several types of carburetion sys-

tems and each type has its peculiarities and

area of malfunctions. This section cannot
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cover all possible problems that may be en-
countered, but will deal with those areas of
the greatest probability of malfunction. One
of the best checks that can be made on any
carburetor is the flow test. Field investigation
of carburetors, especially pressure or injection
types, should normally be restricted to a visual
inspection. The investigator in some instances
may decide a teardown to be more advanta-
geous than a flow check. In either case, the
teardown or the flow check should be con-
ducted at a properly equipped facility by
highly qualified personnel, to preclude loss of
existing evidence. The carburetor should be
checked before it is cleaned or repaired, other-
wise the test will be ambiguous. If it is neces-
sary to make some minor repair, this should be
taken into consideration when evaluating the
findings.

4.8.1. Float Type Carburetors

The float type carburetor is rather simple to
disassemble and inspect. Care should be ex-
ercised during the disassembly to protect any
evidence that may be present. The float cham-
ber should be checked for contaminants of any
sort and for plugged jets. Metal floats may
show evidence of fuel in the chamber. If they
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High voltage for low tension ignition system.
“Cutaway of high voltage coil.

Figure C IV-25

are “hydraulicked,” or “caved in” (Fig. C-IV-
26), it is pretty reliable evidence that the
chamber contained fuel at the time of impact.
Normally, except in the case of extreme heat,
leaking floats will contain some fluid for a long
period of time after the accident.

4.8.2. Pressure Type Carburetors

The investigator should have the proper fa-
cilities and background knowledge of the par-
ticular carburetor to make a determination of
the findings, if, after flow test, it is necessary
to disassemble pressure type carburetors. If
the investigator is not qualified, he should have
the assistance of a qualified technical assistant.
In any event, the investigator should be aware
of what should result from the tests and checks.

4.8.3. Continuous Flow — Including Bendix,
Simmonds, and Continental

The Continental injection system and con-
tinuous flow systems have very few items to
malfunction. If the pump is supplying the fuel

“Hydraulicked” metal floats.
Figure C IV-26.
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to the fuel control valve at the proper pressure,  stoppage, and all fuel lines for breaks or stop-
then the control valve operut

tions should be  page,

checked.  The fuel manifold dinphragm should Figures C:IV-27 through 30 show examples
be checked for leuks, the injection nozzles for  of this type of carburetion.

Berdix Sexvo Unt RS-10. RS 5802 Fuel hnjection Systesa
Figwe C IV-27. Figure C IV-28.
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Simmonds Comtinuous Flow Continental Fuel Injection Units.
Figure T IV-29. Figure C IV-30.
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L. Systems - Cenaral

The aircreft systems jovestigator i any ac-
cident is faced with a difficult task in dealing
with the physical evidence. His responsibility
is to determine comditions and capabilities of
each system prior to the accident. His task is
further complicated because many of the sys-
tems compenents will be spread over the
wreckage path, or will be partially or cono-
pletely disrupted by fre. Difficulty arises from
the diversity and complexity of systems, par-
ticularly these installed in large, turbine-
powered aircraft, executive types, and some of
the more advanced aircraft in the light twin
field. Because all systems cem be related to
three basic areas, it is imperative that tae in-
vestigator have a good working Imowledge of
hydraulics, pneumatics, electricity, and elec-
tronics to adequately investigate and analyze
the available facts.

The inv«,si‘igati@n and analysis of the more
complex systems, their ﬂcz.pabuu,ie prﬁ,@r to an
accident, and their possible contribution to
causal faciors, wmust me«:@s&auly g detinitive
and exhaustive,

i1.1. Appreach

Because of the diversity in each system, de-
pending on . the particular afrcrait mvczwec))
discussions will be general in nature and will
cover the basic components in each sysiem. It
is very important to learn not only how to
investigate each system but 2lso to understand
why it should be done in 2 cevtain way aad
what the end result should be.

The systems investigation will be presented
in the light of the catastrophic or tsam-investi-
gated accident. This type of accident usually

involves large, tramsport-type aircraft. Al-
though thess aircraft contain complex systems,
discussion will be general. The techniques of
investigation and analysis as explained here will
be egually applicable to small aircraft. The
discussion of organization will be helpful to the
investigator who handles a small accident by
himself.

The systems to be covered are:
Hydraulics
Electrical /Electronics
Instrumentation
Radio Communications and Navigation
Pneumatics
Fire Detection and Protection
Oxygen

1.2, The Importance of Attitude

The importance of attitude cannot be over-
emphasized. This one factor is the difference
between a thorough investigation and one that
is mediocre or incomplete. It is also reflected
in the analysis of the facts developed.

Experience has shown that some investiga-
tors tend to predispose the areas of importance
based on preliminary evidence developed dur-
ing the first days of an investigation. This is a
pitfall which must be recognized and avoided
at all costs.

It does not suffice to catalog and document
the wreckage in a purely mechanical routine.
The investigator must think and plan, always
ke¢ping an analytical eye on the wreckage,
otherwise some vital point may be missed
which could provide valuable assistance in the
analysis of causal factors.
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Some investigators look at a system with the
thought in mind, why bother with this? It
couldn’t have caused the accident. This is
fuzzy thinking since there is no way of know-
ing whether or not it had a bearing on the
accident until that system is investigated thor-
oughly. Only then can the extraneous be sep-
arated from the pertinent evidence in deter-
mination of bearing on the accident, and
whether or net operation was normal prior to
the accident. Even more important, the in-
formation developed from one system may be
used to prove or disprove the integrity of
another sysiem or component.

Aside from the primary task of seeking causal
factors in the accident at hand, the investi-
gator has an equally important obligation to
discern conditions and circumstances which
point to an accident in the making. Many very
important recommendations for corrective ac-
tions vesult because the investigator locks be-
low the surface. Conditions are brought to
light when the investigator makes a thorough
examination of all areas, conditions which will
be unnoticed if the investigator does not take
a realistic approach to a systematic and thor-
ough investigation.

L3, On-the-Scene Investigation

The investigator must develop a firm plan of
action for the investigation. While each acci-
dent has unique circumstances and the wreck-
age layouts differ, 2 good plan of action will be
flexible to accommodate these variances.

Following the team organizational meeting,
the Systems Group should assemble for intro-
ductions and a short briefing prior to departure
for the scens, Suggested items to be covered
at this briefing are:

— Intreduce each Group member giving

name, title, business address and phone
number, and local contact.

— The hasic ground rules for the investiga-
tion will have been laid by the IIC at the
organizational meeting, however, it is well
to emphasize the high points of security,
teamwork, responsibilities of each person,
and the plan of action. Ahove all, siress
the importance of thoroughness and team-

238

work. Emphasize the need for staying to-
gether as a team and not diverting to ac-
tivities of other groups. All pertinent de-
velopments will be covered in the progress
meetings.

— Explain the method of documenting evi-
dence and how notes are to be kept. As-
sign one of the members the task of keep-
ing the official notes. The Group Chair-
man is responsible for the completeness
and accuracy of the official notes which he
controls at all times.

1.3.1. Conduct of the Investigation

The wreckage probably will be widespread
and many systems components will be scat-
tered, therefore, the Group should tour the
accident site to determine the location of the
systems components,

The Structures Group will plot a wreckage
distribution chart. In the interest of time and
to assist the Structures Group, the Systems
Group Chairman should detail his members to
identify and tag all loose systems components,
beginning at the point of initial impact and
working through to the end of the wreckage
path. _
~ Meanwhile, the chairmen of the Systems
Group and the Operations Group, together with
one other person knowledgeable on the par-
ticular aircraft, should begin cockpit documen-
tation. No onme is allowed in the cockpit area
until this documentation is complete. The Sys-
tems Group Chairman is responsible for keep-
ing the notes and they will be included in his
factual report. These notes are to be dupli-
cated as soon as possible for dissemination to
the other Group chairmen, the technical co-
ordinators, the IIC, and the interested party
coordinators.

Following cockpit documentation, the Sys-
temas Group Chairman checks progress of lo-
cating and tagging systems components; he
checks the areas covered to insure that nothing
has been overlooked. He surveys the wreckage
for any systems components in danger of being
covered up or damaged further by activities of
the Structures and Powerplants Groups, co-
ordinating with the other Group chairmen to
protect these components.
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During the wreckage survey, the Croup

- Chairman determines which systems or com-

ponents should be documented first. This will
be contingent upon the intentions of the other
Groups to disturb or remove wreckage which
may contain systems components. These items
of mutual interest should be covered first to
expedite the activities of the other Groups. It
is advisable to take as many photographs as
possible throughout the wreckage before it is
disturbed. This applies particularly to hy-
draulic and electrical actuators, ete., to show
positions in relation to other pieces of wreck-
age. Early photographs can be very important
since many items will not be the same after
removal from the wreckage.

1.3.2. Documentation of the Wreckage

When the location, identification, and tag-
ging are complete, gather the Group members
and brief them on the areas to be covered. Five
or more men cannot conveniently work in the
same area simultaneously, therefore, it is ad-
visable to separate inio groups of two and work
more or less independently. Each group should
be given a specific assignment. The Group
Chairman then periodically checks the prog-
ress of these groups.

An explanation of documentationm is neces-
sary. The Group Chairman will have assigned
to him at least one person who has never pai-
ticipated in an investigation. To most of these
novices documentation means merely catalog-
ing items, with a generval description. These
individuals should be instructed in the proper
methods prior to beginning this phase.

Documentation is in the form of written
notes of complete sentences. Short, cryptic
notes are completely unacceptabie. Some in-
dividuals lock at a unit which has been exposed
to fire and write “. . . destroyed by ground
fire.” This is absolutely meaningless! The ex-
terior may be intact, the internal mechanism
may be ruined by the heat, but the unit cer-
tainly is not destroyed. Anocther example of a
meaningless statement is to refer to damage of
a unit which has been crushed between heavy
structures as “destroyed by impact.”
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If the investigator is to have complete docu-
mentation on which to base his factual report
and analysis, he must describe the actual con-
dition of a component or system. This means
that dents, gouges, scuffing, scoring, smears,
cracks, and failures must be written into the
note; otherwise, the investigator cannot prop-
erly describe these conditions in his report.
One way to consider documentation is to write
the notes so that the investigator could add
only headings and titles and ask his secretary to
write up his report. This may be extreme, but
experience has shown that it is imperative.

Malke certain that the groups wvking inde-
pendently realize the importance of complete
documentation. It will-be necessary to check
their progress periodically to insure accuracy
and completeness. At the end of each day the
Group Chairman collects all notes. In most
cases, a duplicating machine will be available
in the command post or conference room. Each
day’s notes should be duplicated as soon as
possible, preferably each evening, for distribu-
tion to the Group members, the technical co-
ordinator, and the IIC. Some time should be
set aside daily or every other day, to discuss
the accumulated notes and Group progress.
Each member should be encouraged to make
suggestions and each should be in agreement
with the evidence and facts developed.

When the on-scene phase of the investiga-
tion is complete, the Group Chairman assem-
bles his Group to consider the rough notes and
to discuss the investigation. An agreement
must be reached between all members that
everything in the Systems area has been cov-
ered and properly documented. The technical
coordinator is to be included in this meeting
since he shares the Group Chairman’s responsi-
bility for a thorough and complete investiga-
tion. He should concur with the Group that
everything has been covered.

When it is definite that the Systems Group
has completed the on-scene phase, the rough
notes are consolidated and grouped in the
order of presentation in the Group Chairman’s
factual report. The notes should be completely
rewritten in final form with additional details
and comments deemed necessary. These will
constitute the final official notes for the Group,
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and the factual report will be based on these
notes. When the notes are completed they are
to be duplicated and distributed to the Group
members, the technical coordinator, and the
IIC prior to disbanding the Systems Group.
THE NOTES MUST BE IN THE HANDS
OF THE GROUP MEMBERS BEFORE DIS-
BANDING.

1.3.3.

Coverage of Aircraft Systems

Determine the components included in each
system by reference to the appropriate de-
tailed schematic diagrams, and make every ef-
fort to account for all components. Note typi-
cal jet transport hydraulic power system sche-
matic (Fig. C-V-1 and -2). Be sure to include
basic information from component data plates
for identification and location of components in
the system such as:

Nomenclature
Manufacturer
Specification Number
Part Number

Serial Number

Some components having the same part num-
ber are used in several places within some sys-
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tems. This is true especially of some hydraulic
pressure and control units and various valves in
the air conditioning system. It will be neces-
sary to obtain a current list of components from
the air carrier to show which units were in-
stalled in the aircraft and where. If the air-
craft is new, this information may be obtained
from the airframe manufacturer. See example
of hydraulic power system component location
list (Fig. C-V-3). |
Many of these components are electric-motor
operated; it is very important that the position
of associated valves or actuators be .docu-
mented. Once the component is identified by
its location in the system, the position of mov-
able parts can be related to a particular func-
tion of the system to enable the investigator to
determine its prior operating condition. This
wiil also be applicable to certain cockpit motor
and gear - driven instrumentation which will
hold position when electrical power is removed.

As an aid to covering all systems in a thor-
ough manner a checklist has been prepared for
the systems investigator. This list is only a
guide to be used at the investigator’s discre-
tion, depending on the circumstances involved.
Every effort should be made to cover each sys-
tem in a systematic manner.
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COMPONENT LOCATION LIST

HYDRAULIC POWER SystEM — 28
MAIN HYDRAULIC SYSTEM SELECTOR CONTROL

= LEVER oottt sens s ssbes s s e FLT ENCINEER CONTROL PEDESTAL
ENGINE DRIVEN PUMP SWITCHES LH & RH......... FLT ENGINEER INSTR PANEL — UPPER AFT
C/B “ENGC 2 & 3 HYD PUMP BYPASS” ... DC BUS 1

AUX PUMP SWITCH & IND LIGHT —~ CAPTAIN'S ... OVERHD SW PANEL, UPPER CNTR
- AUX PUMP SWITCH - FLT ENGINEER'S ..o FLT ENCINEER’S INTR PANEL, UPPER AFT
- C/B “AUXILIARY HYD PUMP CONTROL”.... -..CABIN BUS 4

AUX HYD PUMP FUSES (3)ioioreceeeerreeereeeeceeeeeeeene ELECT POWER CENTER, AFT END, IN GENERATOR
CONTROL PANEL BAY
AUX HYD PUMP POWER RELAY ..o EPC AFT EQUIP PANEL
AUX HYD PUMP CONTROL RELAY.... EPC AFT EQUIP PANEL
MAIN RESERVOIR HYD QTY INDICATOR........coeo..... FLT ENGINEER INSTR PANEL, UPPER AFT
MAIN RESERVOIR HYD TEMP INDICATOR &
WARN LITE ... -FLT ENGINEER INSTR PANEL, UPPER AFT
C/B “MAIN RESERVOIR HYD OIL TEMP & QNTY”.....DC BUS 1
MAIN RESERVOIR LO-PRESSURE WARN LITE...... FLT ENGINEER INSTR PANEL, UPPER AFT
MAIN SYSTEM HYD PRESSURE INDICATOR... ... FLT ENGINEER INSTR PANEL, UPPER AFT
C/B “MAIN & SPOILER HYD SYS PRESS IND”........... INSTRUMENT SECONDARY
ALTERNATE (EMERG) HYD RESERVOIR LOW
LEVEL WARNING LITE...... i, FLT ENGINEER INSTR PANEL, CENTR FWD
C/B “ALTERNATE (EMERG) HYD RES LO LEV INSTR SECONDARY (C/B CALLED: “MAIN & SPLR
WARN LITE” e HYD SYS PRESS IND”)
MAIN HYD SYSTEM PRESSURE XMTR NLG WELL, UPPER AFT RH END
LH HYDRAULIC MANIFOLD. ..., LH MLG WELL, UPPER FWD INB'D
S MAIN HYD SYSTEM SELECTOR VALVE.....oooo LH MLG WELL, ON TOP OF LH HYD MANIFOLD
N\ MAIN HYD SYSTEM PRIORITY VALVE. ..o LH MLG WELL, UNDER LH HYD MANIFOLD

EDP SYSTEM DUAL FILTER & RELIEF VALVE..... LH MLG WELL, FWD LOWER RH
MAIN HYD SYSTEM (OR “FLIGHT CONTROL”)

ACCUMULAT. oo LH MLG WELL, UPPER CNTR RH
AUX PUMP FILTER .. e LH MLG WELL, BELOW LH HYD MANIFOLD
MAIN RESERVOIR GRAVITY FILL PORT & AIR
CHAMBER ... - LH MLG WELL, FWD END, GUTB'D
MAIN RESERVOIR RELIEF VALVE, PRESS GAGE,
BLEED VALVE & AIR FILL VALVE ... LH MLG WELL, FWD END, INB'D
RH HYDBRAULIC MANIFOLD ... RH MLG WELL,UPPER FWD INB'D

MAIN RESERVOIR: WITH XMTR FOR KTY,
RESISTANCE BULB FOR TEMP, SWS FOR RES

LO PRESS, OVERTMP. ..o LH AFT WING ROOQOT, OUTB'D
MAIN RESERVOIR RETURN FILTER & ASPIRATOR
RETURN FILTER .o INSIDE OF RESERVOIR

MAIN RESERVOIR ASPIRATOR & NEGATIVE
RELIEF VALVE e TOP OF RESERVOIR

~.LH AFT WING ROOT, INB'D

AUX HYD PUMP SUPPLY SELECTOR VALVE.. ... LH AFT WING ROOT, FWD OF AUX PUMP

AUX HYD PUMP SURGE DAMPER ACCUMULATOR...LH AFT WING ROOT, AFT OF AUX PUMP

AUX HYD PUMP RELIEF VALVE....ooeeee, LH AFT WING ROOT, ADj TO MAIN RES

ALTERNATE (EMERG) RESERVOIR, WITH LOW

LEVEL SWITCH & SIGHT GLASS. .o LH AFT WING ROOT, INB'D

GROUND SERVICE CONNECTIONS....ooocoomeoveeeeiee LHE AFT WING ROOT, ADJ TO MAIN RES, BOT
OF WING

EDP CASE DRAIN LINE FILTERS LH & RH.................. AFT FACE OF REAR SPAR, FWD OF INB'D FLAP
SECTION. ACCESS BY LOWERING FLAPS

FIRE SHUTOFF VALVES LH & BH..oooooeeeee. WING LEADING EDGE AT#2 & #3 PYLONS —
ACCESS THRU INSPECTION PLATES

_______ ENGINE DRIVEN PUMPS, LH & RH...coooooveeree o #2 & #3 ENGINES — MOUNTED ON AFT RH SIDE

OF ACCESSORY DRIVE (BOT OF ENG)
Figure C-V-3.
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CHECKLIST FOR SYSTEMS
INVESTIGATORS

The following checklist is a guide to full
coverage of all systems and will be applicable
to all aircraft from light planes to jets. The
list covers primary systems, secondary systems,
and subsystems. The breakdown within each
system covers the functions in the order of
supply, pressure, and activity. This arrange-
ment is simpler than that contained in the ATA
Code for aircraft systems.

1. HYDRAULIC POWER SYSTEMS

A. Reservoirs

1. Check amount of fluid remaining and
obtain samples for contamination count.

2o

Check for proper fluid type by color.
If questionable, obtain sample for anal-
ysis.

3. Check pump fluid suction shutoff valves
for position:

4. Examine valve control (mechanical,
electrical) for integrity.
B. Hydraulic Pumps

1. Engine-driven pumps — Check mount-
ing, hoses, case drain flters, pump
drive, evidence of fluid, pump condi-
tion; test if possible.

2. Electrically-driven pumps — Same as
for engine-driven pumps.
C. Pressure Manifolds or Modules

L. Check condition, valve positions,
plumbing attachments and electrical
connections.

D. Pressure Regulators

1. Check condition and pressure setting
if necessary.

E. Accumulators

1. Determine air preload, fittings, condi-
tion of pistons or diaphragms.
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F. Selector Valves and Control Valves

L. Determine positions of landing gear,
wing flap, leading edge device and
spoiler selector valves. Examine valve
control linkage for integrity. Check
the same on control valves.

G. Hydraulic Actuators

L. Actuating cylinders — Check condition;
measure piston rod extension.

2. Flight control units — (boost packages
and power control units) — Examine
for condition and attachment to struc-
ture; measure piston rod extensions;
determine position of valves and ex-
ternal linkages, condition of plumbing
attachments, and electrical connections.

H. Fiiters

1. Examine for evidence of entrapped
contaminants such as metal, dirt, pieces
of seals, etc.

II. ELECTRICAL POWER SYSTEMS

A. Engine-Driven AC and DC Generators
1. Test if possible.

2. Examine for evidence of internal arc-
ing, overheating or burning

3. Examine for evidence of rotational
scoring on armatures, commutators and
pole pieces.

5. Examine brushes for abnormal wear or
breakage.

B. Constan: Speed Drives

Test with mated generator if possible.

2. Examine for condition and evidence of
internal lubrication.

3. Examine for evidence of being engaged
or disengaged.
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C. Inverters (Novmal and Emergency)

1
2.
3.

D.

1.
2.

Test if possible.

Examine same as generators.

Examine control box components such
as frequency aad voltage regulators,
capacitors, wiring, etc., for condition
and security.

Engine-Driven Alternaiors

Test if possible.

Examine same ay generators and in-
verters.

E. DC Electrical Distribution Circuits

L

Examine bus bars for loocse or damaged
studs and terminals. Look for evidence
of arcing or burning.

Examine current limiters and fuses at-
tached to bus bars for continuity or
or non-continuity.

Check voltage regulators, reverse cur-
rent relays and power contactors for
condition, and evidence of electrical
distress.

Examine relays for condition of arcing
or welded contacts, etc.

Examine all electrical wiring for evi-
dence of electrical overheat, burning
or arcing. Examine loose circuit break-
ers by identifying prior elecirical func-
tion and checking for condition.

F. AC Electrical Distribution Clrcuits

1.

2.

G.

1.

Examine and test voltage regulators,
transformer-rectifiers, etc., i possible
to determine their capabilities.

All other items same as in DO circuits.
AC and DC Eiectric Maotors

Examine for evidence of electrical mal-
function or operation st time of acci-
dent. Look for evidence of rotational
scoring the same as in the gemerators
and inverters.

III. ELECTRONIC EQUIPMENT

A. VHF Commumnication Transmitiers and

Recetvers
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1.

Examine these units for frequencies se-
lected prior to accident. Test if pos-
sible or necessary.

B. VHF Navigation Receivers

L.

Examination same as for VHF Com-
munications.

C. Distance Measuring Equipment

1.

Recover the unit and determine the

~distance reading from examination of

the distance mechanism module. Also
determine the channel to which the
unit is tuned. Determine the existence
of a VORTAC station in the area of
the accident to compare with the chan-
nel selected.

D. LF Navigation Receivers

1.

These units can only be tested to de-
termine the preselected frequencies
since there are no indicators on the
equipment.

E. Automatic Pilot Components

1.

Attempt to determine whether or not
the autopilot was in use at the time of
the accident.

2. Test each component if possible or nec-

essary to determine its condition.

IV. INSTRUMENTATION

A. Flight Instrumenis

L

Altimeters Check the barometric
scale settings to compare with the in-
formation last provided to the flight

crew. Log the position of the drum-

pointer combination or three needles
on the older altimeters. Note the con-
dition of the internal mechanisms.

Heading Indicating Instruments — Log
the magnetic headings indicated.

Log the positions of needles and other
indicators on all other flight instru-
ments for further reference.



B. Engine Instrumenis

1. Identify previous locations and posi-
tions for loose engine instruments and
log all indications.

C. Flight Engineer Insiruments

1. Log all indications, settings, etc.

D. Vertical and Directional Gyros

Identify functions (No. 1, No. 2, Aux-
iliary, etc.) and describe condition.
Remove gyro rotors and examine rotors
and cases for evidence of high speed
rotational scoring. Keep in mind that
gyro rundown can be as little as six or
seven wminutes or as much as 13 or
14 minutes.

1.

E. Compass Systems

I. Examine fluxgate transmitters if in-
installed. These units have gyros in
them. Flux valves provide little or no
information and are generally used in
conjunction with directional gyros.
Check gyro rotors and cases for rota-
tional scoring.

If necessary and possible, test the com-
pass amplifiers along with the other
heading sources.

F. Pitot and Static Pressure Systems

1. Account for the pitot heads and static
port panels. Examine and log their
conditions. Examine plumbing for loose
fittings and electrical connections and
elements for pitot and static heaters.

G. Vacuum System

L. Test vacuum pump(s), filters, plumb-
ing, and thermal relief seals if possible.
Record conditions.

H. Flight Data Recorder and Voice
Recorder

1. These items (if installed) should be
recovered as scon as possible and
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shipped to the Engineering Division,
NA-96, Bureau of Aviation Safety, Na-
tional Transportation Safety Board,
Washington, D.C., 20428.

V. PNEUMATIC SYSTEMS
A. Engine Bleed Air System

1. Bleed air shut-off valves — Check po-
sition (open or closed).

2. Flow modulating valves — Log posi-
tion.

B. Air Conditioning Packs
1. Pack shutoff valves — Log positions.

Air cycle machines — Check for evi-
dence of rotational damage.

3. Cabin air-mixing valves — Check for
position.

4. Freon system — Check compressor and
motor. '

5. Pack ram air doors — Check position
of doors and door actuator motors.

6. Check positions of all valves and con-

dition of ducting. Look for evidence
of exposure to fire, heat, or smoke.

C. Thermal Anti-Icing System

1. Check positions of wing isolation
valves,
2. Examine all valves and ducting for evi-

dence of exposure to fire, heat or
smoke.

VI. WINDSHIELD ICE AND RAIN-
PROTECTION '

A. Windshield Wipers

1. Note positions and condition of wiper
arms and blades.

2. Check condition of wiper motors, re-
sistors, drives, etc.
B. Rain Repellent System

1. Check repellent container for being dis-
charged.
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FIRE DETECTION AND
PROTECTION SYSTEMS

VIL

A. Fire Detection System

1. Determine the operational capabilities
of the detection system if possible.

2. Check light bulbs in fire warning lights
for burned out flaments at the time of
the accident.

B. Fire Protection System

1. Check the fire extinguisher bottles for
being charged or discharged.

2. Check the fire extinguisher selector
valves for the engines to determine if
they are open or closed.

3. Check plumbing for evidence of leak-
age or stoppage.

4. Account for all portable CO. and H.O
extinguishers and determine whether or
not they have been discharged.

5. Check the condition of the thermal and
system discharge discs for the main
extinguisher bottles, and log the find-
ings.

VIII. OXYCGEN SYSTEMS

A. Crew and Passengers Uxygen Systems

1. Account for and examine the oxygen
supply cylinders for the crew and pas-
sengers. Log whether or not they are
“empty.

2. Account for the portable or walk-
around oxygen cylinders in the same
manner.

IX. MISCELLANEQUS
A. Light Bulbs

1. Account for and examine as many of
the exterior lights as possible to see
what can be found regarding their use
just prior to the accident. These lighis
can be very helpful. Interior light
bulbs should also be examined.
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1.4. Tesiing Systems Components

During the on-the-scene investigation the
investigator will probably determine that cer-
tain items from the various systems should be
given special attention, and he will arrange
to conduct functional tests to determine the
true condition and capability of these compo-
nents.

1.4.1.

The investigator determines the need for
testing to evaluate the true condition of the
component. By consultation with representa-
tives of the airframe manufacturer and the air
carrier (at the scene), the Group members,
and the technical coordinator, the investigator
selects the facility which can best accomplish
the testing. Facilities suggested in the order of
desirability are: ‘

Choosing the Facility

a. The air carrier overhaul and maintenance
base.

The airframe manufacturer.
Component manufacturer.

A nearby FAA certificated repair station.

G = SR =

Facilities on a nearby airport.

Circumstances dictate the choice of the fa-
cility which can handle all testing contingen-
cies. Many manufacturers are willing to test
their products for confirmation of quality.

1.4.2.

Upon selection of the facility, arrangements
should be made for the management to sched-
ule the desired activities. If more than one
facility is invoived in multiple tests, arrange
an itinerary which provides for travel time be-
tween tests. The itinerary includes the name,
address and telephone number of the facility,
the person to be contacted, and the date and
time of the tests.

It will not always be convenient for the regu-
larly assigned Group members to witness all of
the tests. Each Interested Party coordinator
should be provided with an itinerary so that
representatives can be selected to witness the
tests if the regular Group member cannot at-
tend. Secure a listing of these representatives
as early as possible.

Conducting the Tests



4ssemble the witnessing group for briefing.
Explain the type of testing planned and pro-
vide a copy of the test procedures for each
member of the investigating group; these be-
come a party of the official Group notes. See
sample hydraulic gear pump test procedures

TSI

will be kept by the Group Chairman. Make
a list of all members, their job titles, and the
party represented. The test procedure should
be reviewed to insure that it will cover the
desired range of testing. Some items on stand-
ard test procedures will be unnecessary; the

(Fig. C-V-4)., The official notes for the tests group should agree on items to be eliminated.

i | HYDRAULIC GEAR PUMP

s | Model No. 011227-100-01

TESTING

A.  Preliminary Information. :
Unless otherwise specified, the following conditions shall apply to all pump tests.

(1) Rotation — Counterclockwise viewing pump drive end.
(2) Inlet pressure — 5 to 7 PSIG.

(3) Inlet temperature — 26.67°C to 48.89°C (80°F to 120°F).
(4) Hydraulic fluid — MIL-3606.
(5) Pressure and flow measurement accuracy — =2% at points designated.

(6) Horsepower required (max) — 25 HP
NOTE: Tests shall be conducted in the order given in the following paragraphs.

B. Break-In Run. Run-in the pump for a minimum of one hour as follows:

(1) With the pump running at 2280 RPM for %-hour minimum, gradually increase pressure
to 2000 PSI in increments of 500 PSI, allowing pump to run-in for several minutes at
each pressure. Reduce pressure to 500 PSI for at least one minute to allow for internal
cooling. .

(2) Gradually increase pressure from 2000 PSI to 3000 PSI in increments of 200 PSI, al-
lowing the pump to run-in at each pressure for several minutes. During this phase of
run-in, reduce pressure to 500 PSI several times to prevent overheating of internal parts.

(3) Gradually increase pressure from 3000 PSI to 3750 PSI in increments of 200 PSI, al-
lowing the pump to run-in at each pressure for several minutes. Reduce pressure to

300 PSI for cooling periods as required. Limit continuous running at 3750 PSI to 1 to
2 minutes maximum.

(4) Repeat steps (1), (2) and (3) at a speed of 3800 RPM. Include low pressure cool-
ing periods as required.

(5) If the torque at 3000 PSI exceeds 26 ft-lbs, continue run-in until this torque is met.
C. Rated Speed Run. To conduct the rated speed run tests, operate the pump at 2000 =90

PSI with the speed and inlet pressures as foilows:

(1) 20 minutes at 3800 RPM with 10 PSIG inlet pressure.

(2) 20 minutes at 3800 RPM with 8-in. Hg absolute inlet pressure,

(3) 20 minutes at 4200 RFM with 5 to 7 PSIG inlet pressure.

There shall be no leakage of air into the pump through the drive shaft seal as determined

by observing the condition of the pump delivery line fluid. Leakage past the drive shaft

seal shall not exceed 3 cc/hr (cubic centimeters per hour),

Figure C-V-4.
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HYDRAULIC GEAR PUMP
Model No. 011227-100-01

Proof-Pressure Kun. Proof-pressure run the pump as follows:

(1) Operate the pump for 1 minute at 3800 RPM with 3750-PSI outlet pressure.
(2) After 1 minute, sharply increase pressure to 4000 PSI. Do not maintain 4000 PSI for

more than =2 seconds.

NOTE: Reduce pressure to 500 PSI and allow to run at least 3 minutes before per-
forming the capacity and torque test.

tings shown in Table 1.

TasiE 1

Capacity and Torque Test. Perform the capacity and torque tests on the pump at the set-

CAPACITY AND TORQUE TEST TABLE

DISCHARGE
RPM PRESSURE
3800 400
2280 3000
2280 1000
Trouble

Air bubbles in pump delivery
line.

Excessive pump leakage dur-
ing proof pressure test.

. High torque and pump too
hot for normal run-in.

INLET MINIMUM CAPACITY MAXIMUM
PRESSURE (GPM) TORQUE
24-30 in. Hg. Abs 8.7 5 ft-lbs.
24-30 in. Hg. Abs 5.1 26 ft-lbs.
24-30 in. Hg. Abs 5.4 10 ft-1bs.
TABLE 2
Trouble Shooting
Probable Cause Remedy

Drive shaft seal wom or
scored.

Improperly installed or blown

packings.

Low torque valve on nuts.

Run-in not completed or suf-
ficient.

Clearances of internal parts
too close.

Figure C-V-4a.
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Repair seal or replace drive

shaft.
Replace packings.

Torque nuts to values speci-
fied in Table 3.

Complete run-in or run-in for
a longer period of time.

Replace parts worm beyond
the limits of Table 2.
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TEARDOWN — INSPECTION — HYDRAULIC PUMPS Page 1
Ser. NO. oo Mfg. Ser. No.....220399 R&R Stock........... 25039 ..
TSOooo..] 4252 ... Plane No. ... 7742 POSITION............#3

Eng. No..... Removal Date.. . 1176-67 Rec. Date......................

2850 PS1/ CC 305G PSI/ CC 2950 PSI/ cC

For Shop Use: Damaged, Failed or Worn Parts

........ Overheat <oeee-. Inlet Flange weuor.. Valve Plate oo Ft. Radial Brg,
........ Contaminated <oeerOutlet Flange e Block <eeeeee Thrust Brg,
........ Coupling Shaft «-oo. Rear Cover -....... Pistons or Rods <err.. Tail Rad. Brg.
........ Housing s <.cer.. Control Piston ... Drive Shaft <ceen. Pin Brg

........ Mtg. Flange <-ee. Control Cyl. --ee.. Compensator Spool ........ Pintle Brg.
........ Shaft Seal ....... Linkage ... Compensator Sleeve ....... Yoke

........ Edv. Valve Spool Rotating Group ........ Replaced

........ Edv. Valve Sleeve Rotating Group ........ Reconditioned
........ Edv. Valve Ball Rotating Group ....... Same

Service Bulletin and/or E.M.O.

Figure C-V-5,
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TEST RECORD Page 2
VARIABLE DELIVERY PUMPS
wrG. N RS 4bb51 L8 . Mg, S/N woooe 2:2:0.3.
R&R # xﬁaﬁy ....................................... O.H. or S.C. By .M % Date...........
Date et e v Test BY e
E.D.V. & Compensator Leakage During Unit Test
POTt “C” oo CC/Min.  Port “C”moooooooo I CC/Min.
Port “B” & “C7 e CC/Min. EDV Energized
REGULATION INCREASING PRESS
OUTLET | CASE ' BOSS T LIMITS
PSI PSI GPM RPM PRESS R&R 25039
Soo| 45| 23 1300 © 3600 RPM
2850 | A5 | 2213400 Press 3000 - 3050 Press 2950 - 3000
2900 45| 22 |sioa] | Bimasmomntmizo
30z0| 45| 0 13400 CPM CEM
YOKE MOVES @ ... W@ ................ PSI  Blocking Valve Leakage Five (5) cc/Min.
Yoke Centers ............... I ... PSI  Shaft Seal Leakage one drop in 10 minutes
INTERNAL LEAKAGE
(a) B EC  PS1 A FODN . cc/min Solenoid De-energized ... C%
(b) 3020 pst . 155 0({2650)c/min 18 & 27 V Test oo Gt .
(¢) 23?7@0 PSI ... /?’7 ...................... cc/min
EDV ENERGIZED BLOCKING CLOSES. ... 400 PSI Min Opens ............ 1200 PSIT MAX
Blocking Valve Leakage........ Qo (5)(](3/ Min.
Foot Valve Relieves ... g,f;’ ....................... ( 0=/00 Jpsi
Shaft Seal Leakage i@@rmé/ ......................................... DPM
Pump Rejected
Internal Leakage ... cc/Min. EDV Removed ... cc/Min.
Shaft Seal Leakage ..o Blocking Valve Leakage ..o
Foot Valve Setting ...
External Leakage ... Location ..o

Unit Preserved with Skydrol 500 and Capped............._ .

Figure C-V-5a.
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All test resulis should be recorded on stand-
ard forms used by the facility. See sample of
one facility’s test form (Fig. C-V-5). The orig-
inals are to be retained by the Group Chair-
men, Any discrepancies noted during the tests
are to be written into the official notes with an
explanation of their bearing on proper opera-
tion of the unit. If the nature of the discrep-
ancy warrants, the unit should be disassembled
following completion of the tests to ascertain
the cause, and this information is included in
the official notes. When the tests are com-
pleted, assemble the group to discuss the of-
ficial notes and test results. When there is
agreement that the notes and test results repre-
sent a true, factual picture of the unit condi-
tion, the Group Chairman requests that the
facility duplicate the notes and test results so
that each member of the investigating group
and the facility will have a copy prior to dis-
banding. When tests are completed, the in-
vestigator will arrange to return the parts to
the owner.

L.3. Writing the Factual Report

The factual report is extremely important
because it is a direct indication of the thorough-
ness of the investigation. This document be-
comes a matter of public record; it must be
completely factual. All facts must be de-
scribed in a manner which will give the reader
a clear picture of the physical condition of each
system and component.

The report should be narrative in style, with
similar items described in the same paragraph
where possible. Where damage to like com-
ponents differs, describe separately to provide
a more readable report.

The order of reporting each system should
follow the suggested checklist. For instance,
all items pertaining to the hydraulic system
should be grouped under the heading “Hy-
draulic Power Systems.” This will preclude

PRI

the reader’s searching through the report for
items relating to a particular system.

When describing tests performed on various
systems and components, show the title and
number of the test procedure used. The test
procedure itself and the test result forms need
not be made an exhibit unless necessary to
show proof in a causal area. The results should
be covered generally in the text of the report.
Only substantial discrepancies need be covered
in the report, with some form of factual ex-
planation.

The report includes strictly factual informa-
tion. Some facts concerning the physical evi-
dence will be derived from “analysis” * sed on
experience. These irrefutable facts may be in-
cluded in the factual report but care must be
exercised to insure that statements based on
pure analysis or conjecture are reserved for the
analysis report. The factual report must con-
tain sufficient factual evidence to support the
findings and conclusions set forth in the analy-
sis. If the factual report is properly presented,
the reader will have a clear picture and under-
standing of the condition of the systems and
components, and an inkling of what the analy-
sis will reveal.

Occasions will arise following completion of
the on-the-scene and testing phases of the in-
vestigation when certain items will present a
need for further exploration. When this oc-
curs after the factual report has been com-
pleted and mailed to the Group members for
comments, a supplemental factual report is
necessary. Unless the additional exploration
yields controversial evidence, this report need
be sent to the Group members only for infor-
mation.

The factval report is not a Group activity.
This is the Systems Group Chairman’s report
of the investigation. The report is sent to
Group members for comments on technical ac-
curacy of the notes taken at the scene and dur-
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ing tests. These should be reviewed for valid-
ity. The Group Chairman decides whether the
comments should be reflected in the report.
Those that clarify the report may be included
by means of an errata sheet.

1.6. Analysis and the Analysis Report

The analysis is the result of your investiga-
tive effort. If the investigation has been ac-
complished properly, the znalysis will be de-
finitive. ~ If not, time is wasted and there is
little concrete evidence on which to base the
analysis.

Approach the investigation with the ques-
tion: What can I get out of the physical evi-
dence? The task is to prove or disprove the
integrity of each system prior to the accident,
to relate the facts to the accident cause. List
all of the facts, conditions, and circumstances
relating tc the problem and eliminate them
systematically. The sole remaining item is the
answer. ‘

If it can be proved by analysis of all the facts
and conditions that a system was operating
properly at the time of the accident, then one
area of the problem is eliminated. This process
must be carried through sach system until in-
tegrity is definitely proved or disproved. Show
proof with supporting facts developed by pains-
taking investigation.

1.6.1. The Analysis Report

The clear and convincing analysis report is
the instrument which proves the depth of in-
vestigation. 1t is the most effective tool in the
determination of the probable cause of an acci-
dent.

The order of presentation in the analysis
follows the factual presentation system by sys-
tem. An opinion or conclusion should be in-
cluded as to the prior operational capabilities

of each system. Certain factual information
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will necessarily be borrowed from the factual
report, however, it is not necessary to repeat
the factual report.

The method of presentation is in the order
of a short factual discussion, followed by a
truly anmalytical study resulting in a valid con-
clusion. The analytical process leading to an
opinion or conclusion must be shown in the
discussion. Each short factual discussion and
the attending analysis should flow smoothly in
logical sequence, in narrative form, leading the
reader to a conviction that the only logical con-
clusion has been reached. '

1.7. Summary of Factors in Investigative
Planning '
Consider the following items as the investi-
gation proceeds. They will aid in planning a
systematic investigation.

a. Develop a definite but flexible plan of ac-
tion, with a checklist to insure that each
system will be thoroughly covered.

b. Learn all the known facts about the ac-
cident without theorizing.

c. Do not presuppose the importance or un-
importance of any system. Cover all of
them.

d. Coordinate Group members as a team to
preclude independent investigating.

e. Insure complete and accurate documenta-
tion by notes and photographs.

f. Coordinate activities with the other Group
chairmen.

g Investigate the systems and components
as they are, to get best results. Do not
hurry to move wreckage.

h. Protect small parts such as instruments or

other small components which may be
needed for further examination. Plastic
bags can be very useful for this purpose.
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A small card or tag bedmmg the identifica-
tion and description of the itemn as found
can be enclosed for future reference.

i.” Fluid samples may be collected in clean
glass jars. '

j. Keep an open mind, be recepiive to new
ideas and different approaches to collect-
ing evidence. Look for evidence of “an
accident in the making”‘ as well as for
causal factors for the accideat at hand.

k. Arrange for component testing as far in
advance as possible to allow the testing fa-
cility to schedule personnel and equip-
ment.

1. Above all, think and plan abead.
an efficient plan of action.

Develop

2. Hydraulic Systemns — General

There are two basic hydraulic system de-
signs, the open and closed center types. Some
designs incorporate a combination of the iwo.

In the open center system the
output is directed back to the reservoir when

entire pump
in the neuiral position.
In this way the pumps are not lcaded and the
entire system is more or less velaxed. This con-
o of bydraulic serv-
ice is required, such &3 operation of the land-

A

all selector valves are

dition exists uniil some fo

ing gear or wing flaps. When sume selecto
valve is activated, the return line is blocked

and pressure begins to build up rapidly to the
value for which the pressure
A surge chamber is provided ip this system to

absorb rapid pressure buildup. This unit is
similar to an accumulator but i does not store
fluid under pressure. As scou as the required
hydraulic service is satisfied and the selector
valve returns to the neutrsl position, the re-
turn line opens and once agsin the total pump
output is directed back to the reservoir, with a
resultant drop in pressure. This

reguiator is set

system design
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allows the pumps to be unloaded at all times
when no hydraulic service is required. For this
reason no system bypass valve is needed in
See Fig. C-V-6 for a simplified
schematic of an open center hydraulic system.

this system.

In general, the closed center system main-
tains constant system pressure. It incorporates
an accumulator to store fluid under pressure
and requires @ systera bypass valve to unload
the pumps when no hydraulic service is re-
quired. This usually occurs in the cruise flight
regime. Al modemn turbine-powered aircraft
incorporate the closed center system. The
urbine-powered aircraft do not have a system
by-pass valve, therefore the pumps are always
loaded. This is necessary because constant
hydraulic service is required to operate the
This is
also found in piston-engined aircraft using
hydraulically - boosted  flight
Fig. C-V.7,

hydraulic flight control components.
controls.  See
a simplified schematic of a closed
center hydraulic system.

The hydraulic pressures involved range from
1000 psi on the small piston engine transports
to 3000 psi for the large transport aircraft. The
55T will uiilize a 4000 psi hydraulic system.

Plumbing consists of fexible hoses and alumi-

num wbing for the lower pressures, while the
higher pressure systems utilize special high
pressure hoses and stainless steel tubing for
the pressure side, aluminum tubing for the re-
turn side. Stainless steel tubing with brazed
fittings wili be used throughout the SST hy-
draulic sysiem.

All types of hydraulic system designs will be
encountered. Before examination or ‘testing of
any hydraulic component it is important that
descriptive information and diagrams of the
particular system and its units be studied. A
bleck disgram and pertial system description
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Closed Center Hydraulic System.

Figure C-V-7.
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Figure C-V-8.
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HYDRAULIC POWER

The hydraulic power system is a 3000 psi closed-center (always pressurized) system using
Skydrol 500A. This fluid was selected because of its wide range of operating temperatures and
its resistance to fire. The seals, packings and hoses are of Skydrol resistant material. The
plumbing consists of stainless steel for all pressure lines, stainless steel for return lines % inch
diameter and under, and aluminum alloy for remaining return, vent and suction lines. Ex-
ceptions occur in exposed areas where all lines are stainless steel. MS flareless fittings are used
with both high and low-pressure lines having a diameter of % inch or less. For all lines over '
% inch in diameter, AN and Rubber-Tek fittings are used. In addition, AN flared fittings are
used where components are difficult of access and frequenily uncoupled at hoses.

Four hydraulic power systems are installed on the aircraft:

General (Normal) — two engine-driven pumps, mounted one each on the inboard en-
gines, which supply power to the general systems.

Auxiliary: — one elecirically driven pump which supplies power to the general systems or,
under alternate operation, to the flap system and main gear down lock cylinders only.

Spoilers — one electrically driven pump which supplies pressure to the ground and flight
spoiler systems only. '

Rudder Standby — one electrically driven pump which suppiies pressure, on a standby basis,
to the rudder only.

In addition to these power sources, the ground spoiler system can be operated with
pressure available from the general or auxiliary systems. Also, the main cargo door system
may be pressurized by a hand pump.

For the General, Auxiliary and Alternate systems, engine-driven and auxiliary pump pres-
sure is routed from the pumps to a system selector valve. The system selector valve is con-
trolled by the hydraulic system selector lever in the flight compartment. From the system se-
lector valve, fluid is distributed to the using systems and power manifolds.

Partial System Description — Jet Transport

Figoure C-V-8.
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for a jet tramsport are shown in Figs. C-V-3
and C-V9. It is not necessary lo study the
system’s operation in great detail, but a gen-
eral knowledge of its operation is essential for
a thorough investigation.

2.1

Examine the hydraulic system from five an-
gles: supply, pressure, control, protection, and
application.

Visual Inspection and Documentation

2.1.1.

Fluids can be discussed at length, but the
main concern is the type of fuid required in
the aircraft invoived. The investigator should
be familiar with the favorite hydraulic fluids
in use and recognize themn by color. These
are the “5606” (red mineral oil), and the newer
synthetics, Skydrol 7000 (greenish or yellow-
ish-green), and Skydrol 5C0A (purple). FFig-
ure C-V-10 presents & partial list of hydraulic
fluids and seals with some rule-of-thumb notes.

Reservoir and Fluid

Fluid samples should be obteined for at
least a visual examination. Be sure to use clean
glass containers for samples which can be taken
from various points in the sysiem, primarily
from the reservoir or filter bowls. These sam-
ples should not be taken from actuators or
other components since draining fuid irom
these sources may introduce contamination or
destroy some evidemce if malfunciion of the
unit is suspected.

Clean the exterior of the point of sampling
to preclude contamination. Visual examination
to detect the presence of gross comtaminants
approximately 40 micronms in size, pieces of
seals, metal, etc., might indicate the need for
a contamination count anc fluid analysis. Fig-
ure C-V-11 shows a typical contamination re-
port for a sample of Skydrol 500 hydraulic
fluid. Notes should include the color and ap-
pearance of the fluid and whether or not any
gross contaminants are present.

The manufacturers of hydraulic components

can perform a hydraulic fluid contamination
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count and basic fluid analysis, but if Skydrol
hydraulic fluid is to be completely chemically
analyzed, it is recommended that it be sent to
the Monsanto Company.

A check of the hydraulic schematic will re-
veal the mumber of reservoirs in the aircraft;
some have as many as three. Locate the reser-
voir, check for fluid remaining, and document
the amount. Fxamine the drain valve for the
proper safety. Document external/internal
damage of the reservoir, external fittings and
plumbing, and internal filters. Fig. C-V-12
shows a typical jet transport hydraulic reservoir
and reservoir filter.

2.1.2. Pump Suction or Shutoff Valves

These valves are normally located on the
bottom of the reservoir or just below. There
may be one, or two, depending on the number
of pumps being served by the reservoir, and
they may be electrically or manually operated.
Document the physical condition and position
of the valve, for if found in the closed position,
the reason must be determined.

If an electrically - operated valve is found
open, it may be concluded that no problem
which would require it to be closed existed
prior to the accident. If, on the other hand,
the valve is found closed, it was activated prior
to the loss of electrical power at some time
before the accident. Such a finding indicates
a problem with the hydraulic system and points
to the need for more detailed investigation in
this arca.

A manually-operated valve presents a little
more difficult proposition. This valve may or
may not be safetied in the open position. It
may be cable-operated or activated by me-
chanical linkage. If the valve is found open
and safetied, then probably no problem existed.
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TYPES OF HYDRAULIC FLUID AND SEALS
IN GENERAL USE

NON-FIRE RESISTANT TYPES

MAX.
FLUID COLOR BASE TYPE OF SEAL USED WITH TEMP, REMARKS
A.C. 3586 BLUE VEGETABLE NATURAL RUBBER 275°F OLDER AIRCRAFT
A.C. 3586D ~ BLUE VEGETABLE NATURAL RUBBER 275°F OLDER AIRCRAFT
(D = VIS. CHG) (CORROSIVE)
A.C. 3580 RED MINERAL NEOPRENE OR BUNA-N 275°F FORMERLY MIL-H-
(PETROLEUM) 3580 OR AN-0-366
(VIS. CHG))
MIL. H 5806 RED MINERAL NEOPRENE OR BUNA-N 275°F
MIL. H 5508B RED MINERAL NEOPRENE OR BUNA-N 275°F SUPER CLEAN
(TYPE IiI) FLUID
FIRE-RESISTANT TYPES
(WILL BURN WHEN DECOMPOSED)
°SKYDROL 7000 GREEN ESTER EPR (ETHYLENE PROPYLENE 225°F PRIMARILY IN
RUBBER) OR BUTYL, TEFLON, PISTON TYPE A/C
NYLOM, MYLAR
SKYDROL 500A PURPLE ESTER EPR {ETHYLENE PROPYLENE 295°F PRIMARILY IN
RUBBER) OR BUTYL, TEFLON, JET A/C
NYLON, MYLAR (Lower viscosity
for high alt.)
MIL. F 7083 YELLOW WATER AND NECPRENE OR BUNA-N 275°F U.S. NAVY FLUID
(HYDRO-LUB) ETHYLENE (Almost dis-
GLYCOL 60/40 continued)
(P2ZV-ONLY)
SPECIAL FLUIDS
SHELL #1 AC. YELLOW AIR CONDITIONING & 275°F MIL. H 5606
PRESSURIZATION UNITS Sometimes
- substituted
UNIVS 54 AIR CONDITIONING & 275°F
PRESSURIZATION UNITS
SKYDROL 7000 GREEN AIR CONDITIONING & 225°F

PRESSURIZATION UNITS
SPACE AGE FLUIDS — §5T7 — COOLANOL 45 — ORONITE 8200 ELASTOMETRIC 350°- SST PROGRAM
METAL SEALS  400°F
CENERAL RIULE OF THUMB
VEGETABLE BASED OILS WITH NATURAL RUBBER SHALS

MINERAL BASED OILS WITH SYNTHETIC RUBBER SEALS (NEOPRENE OR BUNA-N OR AN.-NUMBERED
SEALS). SKYDROL OR ESTER BASED FLUIDS US ITHETIC SEALS, (ETHYLENE PROPYLENE OR
BUTYL) THESE HAVE NO AN-NUMBER: THEY DO E AN. SIZE DESIGNATIONS.

SOURCE: MONSANTO ® CURRENTLY IN FRODUCTION

Figure C--10,
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S CONTAMINATION CONTROL DEPARTMENT
LABORATORY REPORT _
. _ //-30 - 65
Sample No. ....... -7 Date Rec'd .4/ 7= 65 Date Tested //"24“45 .......
S Sample ofoM System W%tand No. X M#/
- Part No. ........ 48000’5’0@3 ............................... é ..................... Serial NO. .03 oo
Sample taken by algea fb. Gonltidornd.............. Visiblo 2iphe
Particle count per ... L0 m} sample. Method ..... ; .. / 2 ... PV e W A% bOxXHE0X
................................ cu. ft
Micron_size range .Lﬂ Particle count | Max. allowabls . Type
L ’ Iptalbel, V2ore-
510 515 cipmehsd’ Detallic, Hugneted
1
o Loss 1595 ! ’
2550 3L 04
/
50-100 L ogo /
S ”"
Over 100 ' ,Z&é g
3 Tnetallic’ Zilrert! "
Fibers / 7
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If the valve is closed and the safety is broken,
investigate further. Examine the valve exterior
for signs of foreign object damage affecting the
safety and the closed position of the wvalve
lever.

As in the case of ali cable-operated or me-
chanical linkage-operated devices, it is possible
that breakup of the aireraft could pall or jerk
the cable or activate the linkages, thereby
breaking the safety and driving the valve to
the closed position. These areas must be thor-
oughly checked to determine whether or not
the valve was intentionally closed prior to the
accident. Document this further investigation
thoroughly so that it can be readily proved in
the factual or analysis reports.

2.1.3. Hydraulic Pumps

The hydraulic pump most common in air-
craft today is the positive displacement piston-
type. These pumps have a constant or variable
output, depending on the system design re-
quirements. See typical piston-type pump cross
section (Fig. C-V-13).

The primary or utility system pumps are
usually driven by the engines, but may be
driven by electric motors as in the case of the
L-188. The auxiliary system pumps are drivea
by electric motors. The hydraulic system sche-
matic shows the number of pumps insialled
and the application of each.

If the pumps are still mounted on the en-
gine or gear box, begin documentation with
complete identification. List the information
on the data plates. Describe the external con-
dition of the pumps, hoses, fittings, and the
condition of the mounting. A suitably labeled
photograph of the pump as found is recom-
mended. See Fig. C-V-14 for example of &
piston-type pump, from a jet transport, which
failed in flight. Examine the pumps for evi-
dence of overheat or exposure to externally
applied heat, smoke, or fire. If such evidence
is found, examine the area surrounding the

- pump mountings for. similar evidence which
will aid in determining the source of the con-
dition. ‘

After external examination and documenta-
tion the pumps should be removed for exami-
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nation of the drive mechanism. The condition
of the spline drive and the engine or gear box
drive gear should be documented and photo-
graphed. _

When documentation is complete and a
functional test is anticipated, wrap and label
the pumps for protective storage until the tests
are arranged. If no tests ave planned, remove
the end plate from the pumps so that the pis-
tons are visible. Rotate the spline drive cou-
pling by hand in the normal direction of ro-
tation and check the action of the pistons. If
all rotate without evidence of internal distress,
the pump is intact. Document the results, and
note the condition of the pistons. If internal
demage is evident or the pumps are binding,
they should be completely disassembled. Note
the presence of fluid, its color, appearance,
and evidence of gross contaminants. Figure
C-V-15 shows failed #2 engine-driven piston
hydraulic pump partiaily disassembled, show-
ing internal faiiure from four hours of operation
without hydraulic fluid.

If the pumps are separated from their nor-
mal mounting, describe the degree of damage
at the separation point. Compare the pump
serial numbers with the maintenance records to
identify the original position of the pumps, and
document the conditions in the area of normal
location. If the pump shows evidence of fire
or heat, but there was no evidence of this con-
dition in the normal location, the heat or fire
occurred after the pump separated. Heat dam-
age would be secondary to the crash, a fact
which should be kept in mind when any loose
systems components ave examined.

Investigate the pumps operated by electric
motors in the same manner as the engine-driven
pumps. Fully document the condition of each
unit.  When feasible, these motor-pump as-
sembtlies should be tested to verify operation
of the motors. If the motor and pump are
separated, functional testing will be impossible
because the pump will not be mountable in
the test bench. However, it should be pos-
sible to test the motor. The pump should be
partially dissssembled to check operation of
the piston while rotating the pump drive by

hand.
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i View of accessory section, lower inboard side #2 engine showing hole in #2 hydraulic pump.

Figure C-V-14.
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. No. 2 engine-driven piston hydraulic pump (partially disassembled). showing internal
failure. Néte hole in purap case, and failed spline drive wired to top of pump.

Figure C-V.15.
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that an zir charge was present prior to the ac-
cident. If the piston is trapped at the air end
of the eyl linder, conclude one of two things,
either that the air preload was absent and the
piston was being held in this position by hy-
draulic pressure normally, or that the air pre-
load was lost due to aircraft breakup before
hydraulic pressure was lost. Make a final de-
termination when the rest of the system has

been examined.

2.1.6, Hydraulic Manifolds and Pressure
Modules

The bymauha, system manifold, such as used
on :
pressure regula

tor, system pressure relief valve,

systemn pressure bypass valve, and one or more
hydreulic component selector vaives. This unit
is the distribution center for hydraulic service.
It may also contain filters.

The hydraulic pressure medules serve some-
what the same purpose in the turbine-powered
aircraft and comtain some of the same compo-
nents, with the exception of hydraulic selectors
which are located separately but are supplied
by ihe modules. Some of these modules have a
manuel stmtoff valve while others will have an
electric motor-operated shutoff valve.

Every eifort should be made to recover and
identify these components. Document and
photogrsph their condition, noting especially
ithe positions of any valves. The filters should
be inspected visually for amy contamination
aind. this inspection should be documented.

,_

A [

Component Selector Valves

Azcownt for all selector valves (landing gear,

ing faps, spoilers, ete.) and document their

and condition. This can be related

: ‘véom of their respective units later
tigation progresses.

2.1.8, Actuwators

The positions of various hydraulic actuators
cap be very important. The majority of actua-
tors comsist of simple cylinder and piston as-
sernblies, others coasist of hydraulic motor-

operated jackscrews.
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portions of seals and paclings, which brings
the condition of the fluid uader cugpmson Fil-
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ssmples for eramination. Minute bronze par-
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2 unit but
gensrally result from the normal wear-in of the
hydraulic pumps.
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nations eun vesult in reeoms
rective action, theveby ale
the operators to a poor if not dang
dition. Examination of the plumshiog ﬂv*«-wm;,
even more imgorcant if i is ,
craft had previous beedvanlic problem: :
for conditions of bumhrw iluiu;uw \Wmm v'umu
indicate high presswie

is found, d@t@n i
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Examination includes
proper Hghtness of fitlng
nected to a component. Any e o
ual condition of the fittinge or fublag
be documented by phetoprapbs as well
notes. When fittings have been expos ed 1
heat or fire, they may be loose or :mliy ﬁng@r
tight. This evidence chould be documented
with appropriate notes, but do not arbitrariiy
conclude that the ﬁttm-ﬂf was improperly tight-
ened. Heat will ioosen fit hngs therefore, re-
serve judgment until all of the facts concern-
ing the system are accumulate@

During examination os look for cracis
or other cveriorquing indications. - With the
fittings in use today most leakage is the result
of improper installation, malformed or damaged
seats or seals, etc.

2.2. Functienal Che
or System:

ck or Test of Component

Through consultation at the scene
deﬁm’teﬂy the need for testing of each £OMpo-
nent to determine ifs OU@[QUOM»I capabiiitics.
A fullblown op@ra.h(m 1l test uf a unit may be
indicated, or a plain functional test may sufﬁce.

If the unit to be tested is still attached to
the airframe, great care should be erercised
during its removal because:

— Hydraulic fluid can be very toxic. Take
every precaution to protect the skin, and
the eyes in p&rﬁcular; because the fuid
causes extreme irritation. This cennot be
overemphasized.

— It is advisable to cap, plug, or otherwise
seal off each port as soon as each ftting

jixe]

)

void eontamination of

— Gare muat he exercised to prevent further
daumgb wm h might render the unit unfit

g

&’h@ unit is to be shipped to the chosen
to a local NTSE or FAA office for
i-zgg each large unit should be packaged
ar t@y gond gecurely in a wooden box.
5 can be packaged together if
/ identifled end properly separated.
% should be given an Identifying mark
] her referenice and account-

_ cant that the first fluid from the
return port be caught because this is part of
the operating fluid and it will contain any con-
taminants. If the wnit was not operating prop-
erly prior to the accident because of foreign
matter lodged in a valve or passage, this ma-
terial may be flushed out by the new fluid and
lost in the process. Be certain that each sample
is properly identified by source. Notes should
reflect the manner in which the sample is ob-
tained and its appearance.

As the testing progresses, stop the proceed-
ings at any time a question arises about the
test methods or results. Be sure that every-
thing about the fest is understood and that the

desired information is secured. One question-
able action can render the test results invalid
and necessitate another test.

Take time for a consultation when a discrep-
ancy appears, to determine its effect on the unit
operation and the operation of the aircraft.
Cover the mccrepamcy in the notes with an
em}ana& ion of its effect. Plan for disassembly
of the unit for further examination following
the tests if a significant discrepancy is fouqd
The cause of such (hSCI@pE\XlCleS must be de-
termined, thoroughly documented, and photo-
graphed.

A nearby airport or Air Force Base hydraulic
shop can accomplish tests of items which do
not require a fulltblown test, but on which a
determination of operability is desired. Find
one that uses compatible fluids and pressures,
sc that settings on pressure regulators and pres-

a
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Unused tubing shown after subjection to hydraulic bursting test at room temperature X 1.

Figure C-V-20a.

View of longitudinal break in the tubing shown in Fig. C-V-20. X 1.

Figure C-V-20b.
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sure relief valves can be determined.
-check valves can be examined visually.

When tests are completed, assemble the
CGroup for consultation. Discuss the notes and
the general test results.  Everyone should con-
cur in the assessment of the actual condition
and capabiiities of the unit tested. Give every-
one concerned, including the facility represen-
tatives, a copy of the notes and the test re-
sults, then arrange for disposition of the unit.
It is advisable to arrange for disposition of the
unit prior to departure from the accident scene.
Learn where the unit is to be stored if it is
separated from the other wreckage.

Simple

2.3. Disassembly and Minute Inspection of
Componentis

Disassembly and minute inspection of com-
ponents in the field will be considered, since
disassembly at a testing or overhaul facility is
performed by trained personnel using the
proper tools.. Booby traps which may be en-
countered will be discussed.

Exercise caution when actuating a loose hy-
draulic actuator or other movable uwnit because
sufficient fluid may remain in the unit to spurt
from an open port. This fluid is toxic and
should be kept away from clothing, skin, and
eyes.

Some hydraulic units contain powerful
springs, particularly those incorporating pres-
sure relief valves. If these units are opened
for any reason, be sure to take restraining pre-
cautions to prevent injury to nearby personnel.

Items which require disassembly in the field
are accumulators, selector valves, and other
units which may be unfit for testing or on
which testing may not be desired. Adequately
explain the reason and the steps taken for dis-
assembly when writing up the notes. Photo-
graphs are desirable to record the internal con-
dition of the units and to supplement notes.
Disassembly may be partial or complete, de-
pending on information desired.

Spherical accumulators are simple to dis-
assemble if they are the diaphragm type be-
cause the hemispheres are bolied together. Be
sure that no air preload remains before you
start. The bladder type will be difficult to han-
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dle because the bladder is secured by a large
screw-type plug which requires the use of a
special tool. This is also true of the cylindrical
type which has large end caps screwed on.

If there is no other way to open one of these
units, it may have to be cut into with a saw
in order to view the interior. A visual exami-
nation will reveal any free fluid on the air side
of the diaphragm or bladder, and will aiso show
the position of the floating piston. No free
fluid should appear on the air side of the piston.

Selector valve positions are not often re-
liabie indications of the positions of their re-
lated components at the time of an accident,
particularly when impact forces and disinte-
gration of the wreckage are severe. Many of
the selector valves and bypass valves are re-
motely controlled from the cockpit by cable
and bellcrank systems or are elecirically actu-
ated. Settings of mechanically controlled valves
are apt to be changed should the mechanical
operating linkages be torn from the valves.
Solenoid operated valves, if in the energized
position at the time of impact, will be found
in the spring-return position after impact
forces have destroyed the electrical system un-
less physical damage prevents return action.
Valves which are operated by electric motors
will rernain in their final settings when the elec-
trical power is lost.

Some selector valves will have to be opened
completely in order to determine the position
of slide valves inside. On others, the slide may
be viewed directly through open ports to see
which one is closed off. Prior to disassembly,
mark the positions of any movable linkage or
slide valve extensions for reference after the
valve is operied. These marks allow relation of
the valve position to the pressure and return
ports. Notes and photographs should cover the
external condition of the valve' before dis-
assembiy. Figure C-V-21 shows the emergency
hydraulic pump selector valve from an airline
jet transport with the selector slide valve in
the “normal” “brake-only” position, giving evi-
dence of no hydraulic distress.

After the valve position is documented, use a
magnifying glass (8-10x) to examine the edges
the slide valve lands and the edges. of the
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Emergency hydraulic pump selector valve.

Figure C-V-21I.

pressure ports for evidence of cavitation. Mon-
santo research has discovered that the damage
in this area will appear as a localized area of
erosion on the sharp edges of the slide valve
lands and a corresponding area of the fluid
ports, which leads to internal leakage and slug-
gish operation.

If selector or control valves are damaged to
the extent that they cannot be disassembled,
and determination of their internal condition
and position is considered important to the
investigation, they should be X-rayed. This
should be done by a competent aviation or in-
dustrial X-ray technician. Many airframe and
component manufacturers, airline shops, gen-
eral aviation repair stations, and military fa-
cilities have the necessary equipment and per-
‘sonnel to accomplish this work. Interpretation
of position of slide valve lands and ports will
require use of technical data or the services of
an expert on the particular system. Figure C-V-
22 is an X-ray view of the rudder power con-

trol slide valves and actuator from an airline
jet transport aircraft.

Rubber or teflon seals should be examined
for conditions of swelling, cutting or rolling,
and for deterioration or breaking. The condi-
tion of the internal mechanism should be docu-
mented, and any unusual conditions photo-
graphed.

All of the above applies to internal examina-
tion of the hydraulic pumps, pressure modules,
etc. Disassembly, partial or coinplete, may be
necessary in order to determine positions and
conditions. This can be done at times in the
field using simple tools, or it may be necessary
to use some nearby shop facilities. Any hy-
draulic pump or motor should also be checked
for bearing wear, looseness or damage. Wher-
ever, or however it is accomplished, remember
to take every precaution to prevent injury to
personnel.  Document and photograph first,
then open the unit and document again. If an
opened unit yields evidence of importance,
make sure that it is put into protective storage.
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X-ray view — Rudder power control slide valves and actuator from jet transport.

Figure C-V-22.
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3. AC and DC Flectrical Systems -- General

Uniil the advent of the turbine-powered air-
craft the basic electrical power system was DC,
with inverters to supply the necessary AC
power for certaia mmpamﬁnu,& The majority
of turbine-powered aircrafi now incorporate
engine-driven, constant-speed aliernators re-
ferred to as AC generators; the necessary DC
current is supplied through transformer recti-
fiers, an arrangement which provides systems
designers with several advantages, to wil:

AC can be increased or decreased very ef-
ficiently through fransformers

AC systems use simpler umits which are
less prone to trouble than DC devices.

AC componenis, including the miles of
wire required for operaiion, are lighter.

AC components
high altitude.

operate more eficiently at

For review, a few basic AC electrical princi-
ples of aircraft gen@mi;ﬁng systems ave outlined
in Fig, C V.43, 53¢

Discussicns will mc‘iuow supply and pressure
provided by the genmerators, inverters and alter-
nators; control, provided by fransicrmers, rec-
tifiers, and the mwxht@m for voltage and fre-
quency; profection, provided by fuses, circuit
breakers, and cther protective devicss; and the
electrically-operated components. Use of voii-
ohm-milliammesters (VOM ) at the scene will
be briefly considerad.

As in all systems investigation, reguest a
detailed copy of the appropriate schematics, in
this case, the schematics for AC and DT power
distribution, ‘hm will provide the basic com-
ponents of sach system, and show how they avs
tied together. Also reguest from the owner/
operator a wiring diegram manual for the air-
craft which wi il indicate the wire numbers and
gauges as well as electrical connector identiii-
cations. These will be necsssary {or proper cir-
cuit tracing. Figures C V.24, 242 shovr a sim-

plified AC and DC clecirical power system
schematic for 2 typical jet wensport, sm ex-

planation of

components.

abbreviations, and a list of basic

1

The tevm electrical connectors should be used
instead of Cannon-plug because the latter is a
trade name, and this type of connector is now
produced by many manufacturers.

Generally, electrical distxibution is central-
jzed near the cockpit or beneath the ficor, and
except for engine-driven units, search for elec-
trical system control components can be nar-
rowed by di gin@' into this part of the wreck-
age. Almost all the electronic components are
located in racks in the cockpit or beneath the
floor. mgw@ C V.25 diagrams the location of

electrical and electronic equipment in a typical

turboprop transport. Search for systems com-
poneais along the wreckage path may yield a
few of these, and many of the electrically-
operatad units such as fans, motors, etc. Ex-
amine them internally for evidence of electrical
overheat or buming, and externally for other
conditions such as exposure to heat or fire.
Examine the area where these components were
(:ommmaﬂy located to determine the extent of
the damage.

‘wagh@uﬁ this portion of the investigation,
thoroughly document the jint ernal and external
condition of all the paris associated with the
electrical and electromic systems. Make notes
regarding the fitness of these units for later
testing, and take wvsual precautions for protec-

(24

tive storage.

3.1, Visual Inspection and Documentation —
Generators, Inverters, Alternators

DC generators are driven dirvectly by the
accessory seciion of the engine or by an engine-
driven geer box. If the relatively undamaged
generm@rs are still attached to the drive mech-
anism, plans should be made to test them for
proper ouipnt. If nearby facilities are unavail-
able, and the Powerplanis Group intends to
take the engines to an overhaul facility for
teardown, it may be expedient to coordinate
with the Powerplants Group to have the gen-
srators tested, and provide the Systems Group
with the notes on these tests.

Request from the owner/operator appropri-
ate overhaul specifications to be used as guides

for the tests if the festing is the investigator’s

¢}
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Alternating Current Freguency

In an a-c circuit, the voltage and current build up
from zero to a maximum of one polarity, then decay
to zero, build up to a maximum value of the opposite
polarity, and again decay to zero. This sequence of

build up and reversal is called a “cycle,” and the num-

ber of times it occurs in one second is called the “fre-

quency.” It is illustrated by a typical sine wave (see -

figure 24).
MAX +
- 4 R Nl TR £ T —
IEROC
TIME
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Figure 24 — Typicai Sine Wave
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In a conventional generator, the frequency is de-
pendent upon the speed of rotation and the number

of poles in the generator. Two poles must pass a givgn .

point on the stator every cycle. Consequently,

RPM x Pairs of Poles
Frequency (cps) = )

For example, with a 6-pole generator operating at
8000 rpm,

8000 x 3

Frequency = @

= 400 cpe

For aircraft constant frequency systems, 400 cps has
been adopted as a standard.

Phase

The term “phase” indicates the number of alter-
nating currents being carried simultaneously by the
same circuit. “Degrees of phase” is used to designate
the cyclic difference between the multi-currents in one
circuit, as discussed below under “Phase Sequence.”

A single alternating cusrent is termed “single-phase”
current; whereas several currents differing in phase
are “poly-phase” currents. In a 3-phase system, the
three currents differ in phase from each other by 120
electrical degrees, as shown in figure 25. A 3-phase
generator may be considered as three single-phase
generators combined in one machine.

TIME
0° 120° 180° \

MAX-

Combined Sine Waves of g 3-Phase System

Figure C V-23
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It takes a minimum of thres wires to deliver 3-phase
service, but the number of wires in a service should
not be confused with the number of phases. For ex-
ample, a home may have 3.wire service but in all
probability it is single-phass, 115/230 volts.

Phase Sequence

In figure 25, phase 1 starts at zero and builds up
from there. Phase 2 starts to build up 120 degrees
later, followed by phase 3 which starts 240 degrees
from time zero. Thus, the sequence is 1-2-3. At 360
degrees from time zero, phase 1 completes its cycle
and the procedure is repeated.

The ouipu: terminals of generators are marked to
show the phase sequence, and these terminals are con-
nected to load busses which are marsked accordingly.
Usually they are labeled A - B - C w0 indicate a sequence
of1-2-3.

Yoli-Amperes

In an a-c circuit, the product of voltage x amperage
is volt-amperes (va), frequencly referred to as “appar-
ent power.” In a d-¢ circuie, this produce is “power”
expressed in watts, Kilovoli-ampsres (kva) is vole-
amperes expressed in thousands, that is, 20,000 va =
20 kilovolt-amperes or 20 kva.

Winding Conneelions

The windings of 3-phase electeical apparatus such as
generators, motors and transformers cap be connected
in various configurations, including the “wye” iilus-
trated in figure 26. The phase-to-phase voliage of the
wye-connected unit is the vector sum of the voltage
of two windings, which is the square root of 3 multi-
plied by the phase-to-neutral voltage. For example,
if the phase-to-neutral voleage is 115 volis, the phase-
to-phase voltage equals 115 = / 3, or 199+ volts. This
is usually indicated as 115/200 volts.

Most aircraft generators are wye-connected, with the
neutral attached to structure. Then they are referred
to as 3-phase, 4-wire generators, the aircraft structure
serving a2s the fourth wire.

When making power feed connections to frequency-
sensitive apparatus such as a 3-phase motor, the phase

sequence must be a specific way in order to obtain the
desired operarion. That is, a 3-phase motor will rotate
in a certain direction when properly connected, but
will rotate in the opposite direction if any two of the
three power feed wires are reversed, or if the phase
sequence of the power source is reversed.

The neutral point of a wye-connected 3-phase motor
may or may not be grounded. If one of the phase wires
of an umgrounded-neutral motor is disconnected, with
the two remaining wires connected, it operates as a
single-phase motor. It will not start, but if already
running it will continue to run provided the load is
not too great. With any appreciable load, it will soon
overheat, and obviously it will overheat if a single-
phase start is attempted.

On the other hand, if one of the phase wires of a
grounded-neutral -motor is disconnected, leaving the
two remaining phase wires and the ground wire con-
nected, it will operate as a variation of a 2-phase
motor. It will start, run and carry load, although its
load-carrying capabilities will be somewhat reduced
from that as a 3-phase motor. For this reason, certain
of the important load motors, (such as fuel pumps)
have 2 grounded neutral and are so designed as to -
perform reasonably well when operating 2-phase.

Single-phase service can be obtained from a wye-
conniected J-phase system by connecting between two
of the phase wires or connecting from one phase wire
to neutral (or to ground), but 3-phase service cannot
be obtained directly from a single-phase system.

WINDING ——

NEUTRAL

Wye-Type Winding

Figure C V-23a.
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Summary of System Components the table of terminology on page 3 indicates the origi-
nation and significance of abbreviations used in the
schematic. By means of the numerical cross reference

For quick reference purposes, a summary of the provided between this table and the basic component
elecerical power system components is presented on list on the same Page, it is possible to tell at a glance the
pages 2 and 3. The operational simplicity of the characteristics of any given component in the sche-
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system is apparent in the schematic (see figure /), and matic, EXT PWR
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TABLE OQF TERMINOLOGY

item Number
I : . in Basic
Abbreviation ltem Function of ltem
Component
List
B Bus A primary conductor to which other circuits are —_
connected.

R Relay Conerols (i.e., opens and closes) an electrical cir- —

. : cuit,
GEN Generator Converts mechanical energy into electrical energy. 1
GR Generator Relay Connects the generator 1o its bus. 3

| SR
BTR Bus Tie Relay* lnterconnecis the generator busses, through the 3
a-c tie bus.®

EPR External Power Relay Connects external power to the airplane system. 4,5
LMR Load Monitor Provides a means of disconnecting the load bus 6,8

(Shedding) Relay from the system.
T-R Transformer- A static device for converting alternating current 15

Rectifier j  to direct current and lowering the voltage.

§
*Note:

Confusion from use of the words “tie bus” and “bus de” can be avoided by considering the origin of terminology: The
a-c tie bus is a bus that ties the four generating systems together; a bus tie relay is a relay that ties its {generator) bus

to the a-c tie bus.

Basic Components:

1. Four 3 phase, 120/208 voli, 400 cps, wye-con-
nected generators, 20 or 30 kva each, depending on
customer requirements. (The meaning of a wye wind-
ing is explained on page 58.)

2. Four hydromechanical generator drive tramsmis-
sions. :

3. Eight 175 ampere, 200 volt, 3 pole leiching relays
(four generator relays and four bus tie relays).

4. One 175 ampere, 200 volt, 3 pole non-latching
relay for external power conmection to the a-c tie bus.

5. One 50 ampere, 200 volt, 4 pole nor-laiching
relay for external power conmection to cabin bus 4
ground servicing loads.

6. Four 50 ampere, 200 vols, 4 pole non-latching
relays for a-c load shedding and for operation of the
bus power failure lights.

7. One 50 ampere, 28 vol¢, 3 pole non-laiching
relay for d-c bus sectionalizing.

8. Four 50 ampere, 28 volg, 1 pole relays for d-c
load shedding.

9. Four magnetic-amplifier voltage regulators for
the generators.

10. Four generator control panels containing field
relays, protective relays, automatic paralleling controls,
e,

11. Four frequency and load control panels for fre-
quency conirol and real load division.

12. One tuning fork control panel for close fre-
quency coatrol.

13. One bus protection control panel for all com-
ponents mot.typical for the four generators.

14. A total of 40 current transformers for metering,
toad division, differential protection of the generators
and generator leads, etc.

15. Four 50 ampere, unregulated transformer-recti-
fier wunits; 200 volt, 3 phase a-c input, 28 volt d-c
output.

16. One 24 volt nickel-cadmium battery (5 or 10
ampere-hours, depending on individual customer re-
quirerments).

17. Generating sysiem control panel at the systems
engineer’s station.

Table of Terminology Basic Components

Figure C V-24a.
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responsibility. Insure that the equipment to be
used is suitable for handling the particular gen-
erator involved.

Two types of inverters may be on the air-
craft, with three-phase or single-phase outputs
of 400 cycles and 115 volts. A single-phase
output example is the NESA inverter which
provides power for heating the windshields on
certain aircraft. Inverters utilize DC power for
excitation, therefore they can provide valuable
evidence of the condition of the DC power
system at the time of impact. Figure C V-26
is a photograph of inverter armature with short
gouge on commutator made by brush holder,
indicating non-rotation, no DC power avail-
able. Some aircraft may use a static inverter,
an electrical, non-rotating dev1ce whick pro-
vides AC power.

For inverters capable of test, shop testing is
required, and the air carrier should be able to
accommodate. If not, the FAA Coordinator will
supply the address of an FAA certificated ac-
cessory repair station.

The AC generators are operated directly from

a constant-speed device mounted on an engine-

driven gear box. If the double unit is intact,
it should be taken to an appropriate testing fa-
cility.  Again, it may be expedient for the
Powerplants Group to cover these tests and
furnish the results to the Systems Group. Fig-
ures C V-27 and -28 present a simplified sche-
matic of a constant speed drive system and
controls, with a brief description of purpose
and operation.

The aircraft may be eqmpped with emerg-
ency single-phase inverter or engine-driven al-
ternator to supply power to certain flight instru-
ments in case of failure in the normal AC
power system. These should be tested to de-
termine their capability for supplying this
emergency power, and thoroughly documented
as to external condition, security of attachment
to the engine or gear box, and the condition of
the attachment area if the unit was separated
from its normal location. Relate the external
damage to original environment to aid in the
determination of fire in flight or after impact.
This possibly may help to determine the point
of electrical power loss.
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Testing will provide sufficient data to analyze
the capabilities of components prior to the ac-
cident. Should the units test satisfactorily, as-
sume only that electrical power was available
if the engines were running. It will be neces-
sary to investigate fully the remainder of the
system and related operating components be-
fore reaching a conclusion about the integrity
of the total electrical power sys‘tem prior to the
accident. The units must be disassembled to
determine the reason for discrepancies noted
during the tests.

If units are unfit for testing (they may be
broken apart with the armature or rotating field
in one location and the remains of the case and
its windings in another), match each rotating
portion with its case to determine original po-
sition on the engines or gear boxes. The Main-
tenance Records Group can supply an identifi-
cation list of accessories with serial numbers. -

Note especially any signs of heavy rotational
scoring or scuffing on the rotating portion of
the units which might be the result of contact
with field pole pieces or broken brush holders
during the jarring impact. Check the color of
the commutator; it should be a lustrous light-
to-dark chocolate brown. Examine the com-
mutator for signs of arcing, roughness, and cop-
per bridging. Copper bridging causes shorting
between segments and unwanted paralleling of
some armature windings, resulting in lowered
output which will cause the voltage regulator
to call for a higher field current until the limits
of its control function are reached. These con-
ditions result in lowered efficiency of the gen-
erator and possible damage to the reguiator or
field windings.

Examine brushes for abnormal wear, break-
age, loose leads; bearings for lubrication, rough-
ness, looseness, or other evidence of wear. Bad
bearings permit the armature to wobble and
possibly contact pole pieces or field windings,
causing other internal damage. Be alert for
evidence of electrical fire or overheat in the
internal wiring.

Heavy scoring or scuffing in ‘a rotating de-
vice is generally sufficient to prove rotation at
impact, but is not prima facie evidence of elec-
trical output. All the facts must be analyzed
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AC POWER SYSTEM COMPONENT DESCRIPTION

Generator Drive System -

The generator CSD is mounted between the engine and the generator. Its function is to
receive the varying engine speeds — from idle to takeoff RPM — and convert them to one fixed
output RPM so as to drive the generator at a constant speed. Maintaining a constant gen-
erator speed (frequency) is highly important because not all AC loads operate from a variable
frequency. Also, if generator frequency varies, parallel operation is not possible.

The CSD contains a variable displacement hydraulic pump and a constant displacement hy-
draulic motor. The engine drives the pump, the pump drives the motor, and the motor drives
the generator. The rate at which the pump supplies oil under pressure to the hydraulic motor
determines the ratio at which speeds will be added to the input, and therefore the speed at
which the generator will rotate. A speed governor maintains a constant output RPM (similar
to the prop governor on DC-6/7 airplanes). A limit governor acts as a protective device
against abnormal output speeds. When output RPM drops below a prescribed value the
limit governor closes a speed switch which disconnects the affected generator from its load
bus by opening the generator breaker. (This is what trips the generator breaker on every
engine shutdown.) If output RPM exceeds a prescribed value the limit governor closes the
same speed switch which trips the respective generator breaker. In this case the generator
breaker cannot be reclosed until CSD rotation is stopped and the limit governor automatically
resets itself.

The CSD has its own independent oil system. The oil serves as hydraulic fluid, lubricating
oil, and coolant. The oil is the same as that used in the engine. The oil cooler is a “surface”
type mounted in the fan air exhaust duct on the left side of the engine. The integral
reservoir is pressurized to about 10 psi by 9th stage air from the respective engine. An oil
level sight gage is on the forward end of the unit.

An electrically actuated disconnect is installed between the engine drive and the CSD. This
is to facilitate disconnecting the CSD in the event of a CSD or generator malfunction. The
disconnect unit must be manually re-engaged on the ground. The shaft between the dis-
connect and the N, drive has an undercut area designed to shear to prevent any torque load-
ing back into the N, accessory drive.

Generator Drive Disconnect Switch

The four CSD DISCONNECT switches are springioaded and guarded in the normal (OFF)
position. Positioning the switch to DISCONNECT will disconnect the respective CSD from
the engine drive. The disconnect unit cannot be re-engaged in flight.

Figure C V-27.
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Figure C

to make this determination. Figure C V-29
shows characteristic rotational scoring on the
DC commutator of an inverter armature indi-
cating rotation at impact, giving evidence of
DC power available.

Units exposed to ground fire found loose in
the wreckage should be examined internally for
evidence of electrical fire. Wiring exposed to
external fire will have burned or charred insu-
lation but the wire may be bright, or show
surface discoloration only. Wiring burmed
by electrical fire will evidence overheating
throughout. However, take all the circum-
stances into account.

3.2. Electrical Power Distribution Centers —
Bus Bars and Terminal Strips

The large bus bars (which are powered
through large generator feed cables) distribute
power to the various areas of the aircraft.
Loose connectors and terminals cause an im-
proper or poor conduction of current with at-
tendant high resistance resulting in elevated
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V-29.

temperatures. When the temperatures are suf-
ficiently high the bus bar will begin to melt
away with a resulting arcing and erosion of
the terminal stud — Fig. C V-29a is a typical
example. In addition, the evidence of cor-
rosion between the stud (usually steel) and
the bus bar (aluminum) is an indication of
looseness and an imperfect connection which
could lead to trouble. Figure C V-29b is a cross
section through stud number 5 in Fig. C V-29a,
showing details of bus bar and stud deteriora-
tion.

Check all connections of the circuit pro-
tectors attached to the bus bar, and all wiring
of the bus bars and terminal strips for loose-
ness. Evidence of arcing between terminals,
due to accumulated dust or lint and moisture,
may be found when terminal strips are exposed.
Some foreign object may have dropped across
terminals to cause a short. There can be a
variety of causes. It is necessary to look for
signs — signs that may be related to some mal-
function having a bearing on the cause of the
accident.
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Cross section of stud and bus bar arcing and erosion.

Figure C V-29b.
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Frequency Regulator Carbon Pile NESA Inverter
Figure C V-30.
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3.2.1. Voltage and Frequency Control Devices

Voltage and frequency control devices are
the regulators for the generators and inverters.
They may be found scattered in the wreckage,
in the electrical load centers, or electrical
equipment racks. Determine locations from
the maintenance manual or schematic diagrams.
Setting information cannot be determined by
external examination of these devices; they
must be tested. Identify them, document their
physical condition (such as wiring connec-
tions, security of resistors, etc.) and whether
or not they show indications of electrical burn-
ing or overheat. : .

You are familiar with the carbon pile regu-
lators, and how pressure is used on the carbon
disc stack to increase ot decrease voltage and
frequency. The regulator, usually found in the
control box atop the inverters, may be opened
for examination. Failure of this type of regu-
lator is manifested by deterioration (powder-
ing) of the carbon discs, a condition not caused
by impact alone. Figure C V-30 is an example
of deteriorated carbon discs from an inoperative
frequency regulator for a single-phase inverter.

Some regulators are electronic and are sealed
units. Only tests can provide information as to
their capabilities, but they should be accounted
for and their condition noted.

Other controlling devices, such as the re-
~ verse current relay, generator field control re-
lay, etc., may be resct in the air should they
trip out. These should be identified and exam-
ined for tripping or proper setting. Other re-
lays should have contacts examined for arcing,
burning, or welding which may indicate elec-
trical distress somewhere in the power systems.

The items mentioned should be put into pro-
tective storage until examination of the system
is complete, in case some condition is uncov-
ered which would dictate further examination.

3.2.2. Circuit Protectors and Wiring

Electrical system cables and wiring are pro-
tected from effects of short circuits and over-
loads by means of circuit breakers, fuses, and
current limiters. - These devices sense rise in
temperature from excessive current and act to
open the affected circuit, stopping the current

flow. Understand that such protective devices
are designed primarily to protect the cables or
wiring rather than the connected equipment,
which can be separately protected by integral
devices such as thermal overload switches. It
is possible to find an item overheated due to
overload, without actuation of the protective
device. |

The fuse or circuit breaker should react
before the cables or wiring insulation smokes.
Circuit breakers have failed to react under
currents high enough to produce smoking of
insulation. It is therefore advisable to inspect
visually all cables and wiring, regardless of
circuit breaker condition. .

The current limiter is essentiaily a high-
amperage fuse installed in main feeder cables
to isolate a feeder which suffers a direct short
circuit or positive fault to structure. It is known
that short circuits to structure occur wherein
arcing persists at the point of contact, as in
the case of contact with skin material which
continues to melt away and sustain an arc. In
such cases, the resistance of the arc can limit
the current to a value which is insufficient
to melt the fusible element of the limiter, and
the arc persists. This is a serious hazard, and
it can be the ignition source for combustible
vapors. The absence of melted limiters should
not preciude a close inspection of cables and
wiring protected by limiters.

When damage to the aircraft and the elec-
trical system is severe, examination of wire
bundles and electrical system units must be
accomplished separately. Generally, the indi-
vidual units of the system, particularly those
of greater mass, are scattered over a wide area
completely disconnected from their electrical
cables or wiring. However, the major wire
bundles will be relatively intact and can be
identified as to their location in the aircraft.

If fire followed impact, identification of wire
bundles becomes dfficult. At first sight, the
bundles may appear hopelessly snarled, but
a little effort will enable the investigator to
unravel the mass sufficiently to identify par-
ticular sections.  Figure C V-31 shows a por-
tion of structure and wiring recovered during
a transport accident investigation. Positive
identification of cables and wiring is primarily
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Portion of structure and wiring recovered during transport accident investigation,

Figure C V-31.
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by wire numbers found at each end of a wire
run or at regular intervals along the length of
the wire. ‘If burning has been severe, this
method of identification may be useless and
identification must be made through compari-
son of the gauges of the wires in a particular
bundle with the gauges of wires known to be
bundled together at specific points in the sys-
tem. Clamps which support wire bundles to
the aircraft structure ave often found attached
to the bundle, torn away from the structure, or
still attached to portions of structure. These
clamped positions and portions of structure
assist in fixing the originai location of the wire
bundle. Also helpful in this respeci: are termi-
nals or the remains of switches and circuit
breakers still attached to the ends of individual
cables or wires.

After identifying and accounting for as much
as possible of the major wiring bundles, exam-
ine each cable for short circuits to structure
and for direct contact with adjacent cables.
The point of contact is determined by evidence
of arcing and high local heating. Particularly,
check support clamp positions and poinis where
cables or wires pass through bulkheads or fire-
walls. Examine terminal connections for signs
of local heating (due to loose terminal com-
nections) or shorted terminals and connections.
Inspect fuses and current limiters for melted
fusible elements, and relay contact points for
signs of arcing,

3.2.3. Electrically Operated Components

Many electrically operated components are
installed in every aircraft, puraps, motors, fans,
certain selector and control valves, and some
actuators, operated by DC and by AC current.
Therefore, it is necessary to recover as many
as possible of these componenis for detailed
examination and testing. Units unfit for testing,
or for which there is no need for testing, may
be disassembled for examination. Prior to any
testing or internal exarnination fully document
physical condition and any indication of com-
ponent position prior to the accident.

Consider for a moment the generators. A
visual examination, as referred to earlier, may

detect signs of excessive output. When a gen-
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erator operates under excessive load for more
than a relatively short period of time, the in-
crease in heat will discolor the commutator
bars or melt solder. In severe cases the com-
mutator bars may rise and interfere with the
brushes, the brushes will be broken off and
carried away. If such a condition is found, it
is apparent that the output of the generator
was passing through a path of lower resistance
than intended, which strongly suggests a short
circuit somewhere in the electrical system.

Occasionally a dangerous malfunction known
as ovesr-voltage condition occurs from the ap-
plication of generator output to the field cir-
cuit of the generator without control. This
usually results from a direct short circuit with-
in the generator from armature output to the
generator field terminal. An uncontrollable
high voltage output and excessive current fol-
lows with instantaneous buming out of fila-
ments in light bulbs and radio tubes. To dis-
connect the offending generator from the cir-
cuit the generator switch is turned off, causing
the generator reverse current relay to open.
However, if the output of the generator is too
high, the reverse current relay may not be able
to interrupt the current flow and the current
will continue to flow in the form of an arc
across the relay contacts. This results in the
melting of the contact points and possible de-
struction of the entire relay assembly. If the
condition is prolonged, material in the same
general location may be ignited.

The purpose of a detailed examination of
the various pumps, motors, fans, etc., is to de-
tect evidence of operation or to determine cer-
tain positions at impact which will aid in veri-
fying the availability of proper electrical power
at the time of the accident. For example, if
the basic power system is DC, and examination
shows that an AC-operated motor was running
at the time of impact, then it is reasonably cer-
tain that the DC power system was in opera-
tion, since the inverters which supply AC are
operated by a DC motor. The reverse is true
if the basic power system is AC.

First consideration when dealing with com-
ponents lying loose in the wreckage is to sepa-
rate the recovered components into two groups,
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those operated by DC, and AC power. Exam-
ine each unit visually and document the physi-
cal condition; completely identify the unit with
information from the data plate. If the data
plate is missing, make the identification by com-
parison with like umits, by the use of a parts
catalog or the wiring diagrams.

Components which drive fans, such as the
radio rack or electrical equipment rack cooling
fans, recirculating fans, heater blowers, etc.,
can yield evidence of rotation through the fan
blades and their housings. The blade tips may
have scraped the housing, leaving marks, and
the blades of lighter fans may be bent or other-
wise distorted in a direction counter to nor-
mal rotation. The heavier type fan blades may
actually be broken off. These are evidence of
fan operation at impact. The absence of rota-
tional evidence on any rotating component is
not positive evidence that it was inoperative. A
general knowledge of the system in which the
component is installed is necessary to deter-
mine whether the component should be operat-
ing as a normal course, or whether it should
be operating only under specific conditions.
The physical damage the unit has sustained
may not be sufficient to cause binding or de-
formation necessary to produce rotational evi-
dence.

Evidence of rotational damage is not posi-
tive proof that electrical power was being ap-
plied at the instant of impact. Some rotating
components are of such mass that a period of
coasting follows power shutoff. Therefore, the
only certainty is that they were rotating at the
time of impact. This data must be combined
with information developed in the investigation
of the particular system involved and analyzed
before determination can be made that elec-
trical power was being applied.

Examination for evidence of rotation can be
made of all motors except those which operate
intermittently, small motors which open and
close valves in units such as hydraulic pressure
modules and the pneumatic system valves,
which would be covered during investigation
of the pertinent systems.
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3.3. Functional Check or Testing

Consider an accident wherein the electrical
system is relatively intact. It may be possible
to conduct functional tests using an external
source of power, but the integrity of the system
should first be checked with an chmmeter.
The ohmmeter check is desirable before apply-
ing full system voltage since a short circuit
condition might exist which could produce ex-
cessive heating, sparking, or fire under full sys-
tem voltage. Be sure to remove the aircraft
batteries prior to undertaking the ohmmeter
check. _ '

Once the integrity of the system has been
established a source of power may be con-
nected to the system for an operationa! check.
Always be alert to the possibility of combustible
vapors in the vicinity of the aircraft after an
accident and insure that no fuel fumes or oil
deposits ate in the immediate area of the func-
tional check.

Occasionally fuses and circuit breakers of
greater capacity than specified are installed in
error or are substituted for the proper device.
It is advisable to check the fuses and circuit
breakers for the proper rating as indicated in
the wiring diagrams. :

If the behavior of the system during the
operational check suggests a short circuit, the
fuses and circuit breakers should also be
checked. It may be necessary to reset the cir-
cuit breaker, or replace the fuse and check for
a short circuit with an ohmmeter. If a short
circuit is not disclosed, it could be that a short
circuit existed but subsequently was removed.
This is apt to be the case when a conductor
momentarily shorts because of vibration, or
when the short has been removed by crash
impact.  Visual inspection of all wiring for
signs of a previous short in the circuit will be
necessary. If this method fails to locate the
difficulty, the connected equipment such as
motors, relays, solenoids, etc., must be re-
moved and given functional tests.

If the system behavior suggests that a cir-
cuit is open, the chmmeter may verify the lo-
cation of the fault, or it may be found by appli-
cation of system voltage and use of a voltmeter
to check the circuit.
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Testing of generafors, inverters, or alternators
should be accomplished at a facility with the
proper equipment and personnel to cover the
full range of operation of the component de-
sign. Procure the component specifications
which will include any iclerarces applicable to
proper operation. Rasults of the tests should
be entered on forms used by the facility. Dis-
crepancies must be investigated for their cause
and effect on system operation.

AC generators shoula be tested with their
respective constant speed drive units for valid
results. If the voltage and frequency control
devices for. the power generaling components
are recovered infact, it is wise Eto wire these
units into the test equipmeni for a functional

check.

The various electrically-operated components
which might be helpful in determining the in-
tegrity, or lack therecf, of a system should be
given a functional check, the results docu-
mented, and discrepancies investigated.

Components uniit for testing should be dis-
assembled and examined. Generator, inverter,
alternator and motor armatures, and feld wind-
ings should be checked for shoris and open
circuits with an ohmmeter. The ohmmeter can
also verify continuity of relays, switches, ana
solenoids for various valves.

The ohmmeter and the velmmeter are very
helpful devices wsed to great advaniage in the
field. Some devices incorporate multiple func-
tions of test capabiliies Imown as volt-ohm-
milliammeters (VOM) or multimeters. These
are usuaily lightweight, compact, and portable.
They can be purchased st reasonable cost from
any electronic equipmeni and their use in
the field can save 2 ot of legwork. Obtain one
of these uniis as socon 2s poscible after arrival

at the accident scene.

store

3.4. Examination of Electionic L‘mqmpm@n —
Flight Recorder — Voice Recorder

The flight data recorder is required equip-
ment on all turbine-powered alrcrait in com-
mercial operations. The recording medium may
be aluminum or inconel foil, or Mylar recording
tape. All voice recorders use Mylar tape. Re-
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corders ‘will be mounted in the radio or elec-
irical equipment racks, in the tail, or. near the
aircraft center of gravity.

The main concern with these components is
that they are recognized, recovered from the
wreckage at the earliest possible moment, and
shipped intact to the Bureau of Aviation Safety
in Washington, D. C. Under no circumstance
are they to be opened or meddled with! They
should be photographed as they are found in
the wreckage. Their external condition as
found should be documented. This includes
the condition of the recorder mounting, elec-
trical wiring and tubing attached, and any evi-
dence of exposure to ground or inflight fire.
This evidence should also be related to the
condition of the wreckage where the recorder
is found. Photographs and the written docu-
mentation on the voice and flight recorders are
to be turned over to the ATC Group Chairman
for his notes and report.

3.4.1.  Autopilot

The automatic pilot is a device which ranges
from the single-axis unit installed in small air-
craft to the complicated three-axis installation
in the large turbine-powered aircraft. Procure
a schematic which shows all of the autopilot
coraponents and their locations within the air-
frame, and a set of the wiring diagrams for
the type of system involved. Recover and
identify as many of the components as pos-
sible.

The majority of the automatic pilot compo-
nents vield information only by shop testing
since they are basically electronic in nature,
with few moving parts. The circumstances of
the accident and the condition of the compo-
nents will dictate the type and amount of test-
ing.

Determine whether or not the autopilot was
in use by examination of the autopilot control
panel in the cockpit. Examine the switches and
levers for position and evidence of damage by
other objects, the direction of any breaks, etc.
With the ochmmeter, check the internal condi-
tion of switches for continuity.

Some autopilot servo motors are tied directly
into the control cables to operate only when




the autopilot is activated. Others have me-
chanical and magnetic clutches which engage
the servo motors. Seldom will the serve be
found engaged even if the autopilot is in use,
since the clutch will disengage as soon as elec-
trical power is removed. It may be possible
for the cable-operated clutch to become en-
gaged by the pulling of the cable during air-
craft breakup.

Remaining autopilot system components can
be examined only visually for evidence of elec-
trical problems, and by testing where feasible.
Associated relays should be examined as sug-
gested earlier for evidence of arcing or burned
contacts.  Autopilot wiring and circuit pro-
tectors should be examined.

3.5. Miscellaneous Items for Examination —

Light Bulbs and Radio Tubes

The common light bulb is a good source of
information, and it is helpful if it can be de-
termined that a warning light was illuminated
at the time of impact. Other bulbs, those from
the cabin lights or exterior lights, assist in de-
termining electrical power at impact.

Ground witness statements that lights were
visible prior to the crash or statements from
survivors are good sources of information; how-
ever, the definite indications of light bulbs and
radio tubes will be discussed. Account for all ex-
terior lights (landing lights, position or naviga-
tion lights, wing illumination or ice lights, and
rotating anti-collision lights), and correctly label
the function of each. Collect all availabie warn-
ing light bulbs from the cockpit, and label. The
cabin overhead and cove lights should be col-
lected. If a bulb envelope is broken, protect
the delicate filament remains.

Use a glass (8-10x) for examination of bulb
filaments, and look particularly for the follow-
ing conditions. When a bulb which is not
illuminated is subjected to a shock Ioad, no
appreciable stretching of the filament occurs
when the load is sufficient to cause &lament
failure. Figure C V-32 shows a “cold” failure of
this type. When the bulb is lighted, a shock
load causes strétching of the hot filament at
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loads far below that causing failure. The fila- -
ments of most bulbs are tightly wound coils,
and in these bulbs the stretching results in
opening the coils like those of a tension spring
stretched beyond elastic limit. The increased
length also distorts the normal loop formed
by the filament. Figure C V-33 is an example
of “hot filament” stretch.

The extent of filament stretch depends upon
the load and may be general or localized near
the end attachment points or at the bends of
the filament over the support hangers, with
only a slight opening of the windings. In such
cases there is little increase in length and con-
sequently only slight distortion of the loop.
Even though the glass envelope is broken and
part of the filament is missing, stretching of
the filament near its attachment points indi-
cates that the bulb was lighted. - A noticeable
discoloration of the filament results from oxi-
dation of the tungsten wire, which is not possi-
ble when the filament is cold.

If the filament is found broken but clean
and bright, and no stretch is noted in the fila-
ment coil, it is evident that the failure occurred
when the filament was cold. Take a close look
at the broken ends of the filament. If the break
appears clean, as though snapped off, it is fur-
ther evidence that the filament was cold. If
there is a melted globule on the broken ends
and the glass envelope is lightly discolored, it
is an indication that the bulb merely burned
out, probably prior to impact.

Radio vacuum tubes exhibit similar signs.
If a tube is cracked and smoked on the inside
of the envelope, the tube was hot at the time
of breakage. If the envelope interior appears
normal though cracked or broken, no DC power
was being supplied to the tube filaments at
the time of break. ‘

3.5.1 Batteries

Batteries usually will be found disintegrated
or badly damaged because of their location in
the forward portion of the aircraft. However,
if one is found reasonably intact, use the volt-
meter to check the amount of voltage. It is ad-
visable to obtain a hydrometer to check the spe-
cific gravity of the fluid in any intact cell which
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o “Cold filament” failure due to shock load.

Figure C V-32.
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will yield information about the state of charge
(which is just as important as the voltage).
Record the values obtained by these checks.

The ‘condition of batteries could be signifi-
cant since they furnish power for certain equip-
ment during emergency situations. Should the
specific gravity check show a high state of
charge with maximum voliage available, it
could indicate that the electrical power system
had been operating properly. It is no guaran-
tee that electrical power was present at the
moment of impact. :

A battery found in a low state of charge by
the hydrometer check might suggest an emerg-
ency which required the battery to be used for
a period of time prior to the accident. How-
ever, it could indicate that the battery was old
and would not sustain a charge. It is advisable
to open the cells to examine the condition of
the plates and the amount of sediment in the
bottom of the case of the lead-acid battery.
Great care must be exercised to prevent per-
sonal injury from battery acid.

Poor condition of a battery is indicated by
partial or extensive disintegration of the posi-
tive plates, buckling or warping of the plates,
and large amounts of sediment (particles of
lead sulphate) in the bottom of the case. Under
certain conditions sediment may build up to
contact the plates, resulting in shorting of the
cell. If these conditions are found, suspect a
discrepancy in the electrical system which
would result in overcharging the batiery. A
battery in such condition is unfit for use in an
emergency situation. Analysis of the accident
circumstances will indicate whether this factor
is pertinent.

The popular nickel-cadmium (alkaline) bat-
tery presents a different picture. The state of
charge for this type of battery cannot be de-
termined merely by checking the voltage and
electrolytic specific gravity. One disadvantage
is that the individual cells may not charge
evenly because each ceil may take a different
load when charging. This imbalance between
cell charge, even though the battery may feel
the full charge of 12 or 24 volts, may suggest
a dead battery. This results because the weak-
est cell discharges first, therefore, to determine

the true condition of these batteries, check each
cell. As in lead-acid batteries, a dead cell in
the ni-cad battery will prevent proper perform-
ance during emergency situations.

Even though examination of small items such
as batteries yields only negative data, the thor-
oughness of investigation is emphasized. No
item is really unimportant when seeking the
cause of an accident.

4. Instrumentation — General

Many types of instruments in use today range
from simple, self-contained indicators to com-
plex, electrically - operated instruments with
three or four integral displays. Some are op-
erated by suction and some by air pressure ra-
tios, such as those tied into the pitot and static
pressure systems. Others are gear driven by
electric motors and some are synchronous, using
small permanent magnets which repeat the po-
sitions of various transmitters and transducers.
Investigation of the instrumentation systems
must necessarily be painstaking to derive valid
and meaningful information.

Cockpit documentation has been discussed.
During that activity detailed readings and pho-
tographs of every instrument, including all

ineters available in the cockpit, should have
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been taken. If there is no cockpit, then search
the wreckage to recover every instrument.
Caution those who work with you to watch
where they walk. Instruments are very sus-
ceptible to being pushed into the mud by care-
less feet.

Cockpit instrument arrangements, especially
those on the pilot’s flight instrument panel,
vary according to the desire of the operator.
The engine instruments on pilot panels and
the flight engineer panels are usually standard
in arrangement. Obtain pictures or manuals
from the owner/operator showing the particu-
lar arrangement at hand. Obtain schematics
of the applicable pitot and static pressure sys-
tems, the integrated flight and navigational in-
strument system, and the compass system. It
is very important that these schematics be ap-
plicable since inestimable confusion and mis-
interpretation would result if the schematics
and the aircraft installations did not agree.



Caution:  Systems may vary in a fleet of air-
craft of the same type or model.

During recovery of loose instruments or
other small indicators provide suitable pro-
tective containers. Plastic bags have several
advantages: They are convenient to carry and
to use; they are clear, and will permit viewing
of the indicator face without possibility of
movement of the pointers by careless handling;
a small tag or card with accident identification,
component identification, and the reading as
found, can be inserted. For example: Read
080 degrees when found. Such documentation
can be very important because indication may
change during handling if the indicating means
is movable. Record the original reading im-
mediately, precluding questions and confusion.
Exercise every precaution in handling aircraft
clocks, for they are very important in estab-
lishing time.

As the various instruments and their panels

are recovered, mark them on a schematic or
picture to show progress of recovery and the
instruments yet to be recovered. This is a de-
sirable practice when accounting for compo-
nents of any system — it makes a good check-
list. It is advisable to identify portions of the
instrument, switch, or circuit breaker panels
when found. This is easily accomplished by
shading on the pictures, highlighting the miss-
ing items. This is a method of documentation
which can save much writing in notes and re-
ports. :
As visual examination proceeds, determine
which instruments are fit for testing. Instru-
ments requiring more detailed examination
than can be accomplished at the scene should
be provided protective storage. The remaining
instruments should be boxed, labeled, and
stored with other wreckage removed from the
scene.

Generally, the wreckage will remain in the
custody of the Board until after the Public
Hearing or Deposition proceeding, in case evi-
dence points to a need for more investigation.
It is wise, therefore, to plainly mark contents
when boxing a group of small parts. The parts
should also be listed on an inventory sheet for
quick reference.’
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4.1. Visual Inspection and Documentation —

Flight and Navigational Instruments

- Cockpit instruments are usually damaged to
the extent of complete destruction because of
their location in the aircraft nose section which
usually impacts first. However, some may re-
tain their dial faces and indicating pointers
with some kind of indication which must be
regarded with suspicion until all facts are
known.

The only time the controversial method of
determining prior indicator positions with the
use of black light can be beneficial is when
instruments are present which have dipped
pointers painted with fluorescent materials.
The practice of coating indicator pointers and
incremental markings on dials has been dis-
continued. Currently, pointers and dial mark-
ings are being painted either with white or
colored matte-type paint, none of which
fluoresce.

An exhaustive study was conducted by the
U. 5. Naval Air Development Center at Johns-
ville, Pennsylvania, on the possible use of a thin
coating of paint on the backs of instrument
pointers as a reliable accident investigation aid.
The original premise was that the instrument
pointers would on impact momentarily strike
the face of the instrument. The study re-
vealed that in the majority of crashes most in-
strument pointers would not touch the dial
face, so for technical and economic reasons the
proposal was unfeasible.,

The report also stated in part that . . . only
an accident in which the plane is moving ex-
tremely rapidly (400 mph or over), and stops in
less than ten feet, will result in any appreciable
deflection of the needles down to the dial faces.
An_accident of this nature will rarely occur,
and then will be of such force as to destroy the
plane completely.

There will be exceptions when some object
strikes the face of an instrument during the
impact deceleration and jams the pointer into
a fixed position on the dial face. Three excep-
tions follow:

— A rate-of-climb indicator was recovered:
It had been exposed to fire; the instrument
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- cover glass was missing, and the aluminum
pointer was reduced almost to white powder.
When the instrument was found, the pointer
was indicating a 900 fp.m. rate of descent.
Despite careful handling the pointer remains
fell off; and a sharp, dark shadow appeared
where the dial had been protected by the
pointer. - This finding matched the rate of de-
scent at impact, computed from the last sec-
onds of the flight data recorder altitude trace.

— A hydraulic system pressure gauge was
recovered from salt water and checked with
black light. The instrument dial fluoresced.
The dial was carefully washed off and the light
reapplied. The pointer was distinctly outlined
where it had been driven against the dial. The
paint was scratched, and the salt water cor-
roded the scratch.

— Another rate-of-climb imdicator was re-
moved from the wreckage of a turboprop air-
craft. The instrument cover glass revealed an
impression in dust made when the pointer ac-
tually came off its staff and was impressed
against the glass. Under black light the pointer
position indicated a zero rate of descent.

These are examples of the necessity for full
examination of each instrument regardless of
information forthcoming from other sources.

Some flight instruments provide unreliable
indications following an accident, but it is im-
perative that these instruments be fully docu-
mented. These are the airspeed indicator, ver-
tical speed or rate-of-climb indicator, mach
meter, turn and slip indicator, and the standard
old gyro horizon indicator. :

The airspeed and rate-of-climb indicators op-
erate directly from the pitot and static pressure
systems; the mach meter may be operated from
the air data systems, which in turn are basic-
ally operated by pitot and static pressures, and
the two attitude indicators may be powered by
the suction air or elecirical systems.

The design of this type of instrument which
utilizes a diaphragm, gear, and linkage mech-
anism, may render questionable indications
after an accident because of rapid change from
a heavy blow, or disruption of the systems sup-
plying air. Even though these instrument dials
may be struck by a foreign object, indications
jammed at impact cannot be construed as valid
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positions. This is due to the possible time in-
terval between the time of initial impact and
instrument damage. The interval may be sec-
onds or fractions thereof, but time sufficient
for the indications to change from what they
were at initial impact. Until all the facts are
developed and analyzed the readings should
be regarded as questionable.

The following flight and navigational instru-
ments should be examined carefully and given
a functional test if practicable or feasible.

4.2. Altimeters

Types of altimeters in use today are the two-
pointer, three-pointer, and drum-pointer. The
drum-pointer is the latest design used in com-
mercial aviation and will be found in general
use on turbine-powered airline aircraft. The
three-pointer type is also used by some carriers
in the turbine-powered aircraft. Another type,
vertical scale instrument, has been developed
which will be found on some new aircraft.

Record the altitude reading, if any, indicated
by the pointers or the pointer and drum, and
the position of the two peripheral indices. The
most important feature is the barometric scale
position. This scale is gear driven, and is po-
sitioned by an adjusting knob, therefore, the
position will not vary.

Least reliable is the altitude indication of
the pointers, as any damage to the delicate in-
ternal mechanism can drive the pointers to any
altitude if the rocking shaft pivots break and
release the tension spring. The pressure alti-
tude peripheral indices, however, are directly
related to positioning of the barometric scale
as they are also gear driven and set by an ad-
justing knob. In the light of the last altimeter
setting provided to the flight crew by ATC or
the tower, examine the positions of the pointers
and the barometric scale and verify the infor-
mation by transcripts of radio communications
between the aircraft and ground stations, and
the cockpit voice recorder, if any. Compari-
son will verify whether or not the altimeters
were properly set at the time of the accident.
Figure C V-34 shows damaged altimeter from
wreckage of a jet transport compared with a
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new unit set to current barometric setting at
the accident site. ‘

If the barometric scale cannot be read be-
cause of damage by fire or other physical dis-
turbance, have the manufacturer interpret the
reading. L

4.2.1. Magnetic Heading Instruments

Heading indicators in today’s aircraft include
the liquid-filled standby magnetic compass; the
suction air operated, nonmagnetic directional
gyro; the magnetic fluxgate or gyrosyn com-
pass; the radio magnetic direction indicator
(RMDI), and the rotating compass card found
on the new course director instruments (CDI).
All these provide continuous heading informa-
tion to the pilot. With the exception of the
standby compass and the suction air operated
directional gyro, indicators are electrically
powered.
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A heading found on the suction air operated
directional gyro may be questionable since its
card is mounted on the easily moved gimbals.
Record the reading as found, document the
total instrument condition, and open the case to
examine the gyro for -evidence of rotating dam-
age from contact of the rotor with the air noz-
zle. Examine the rotor gimbals for freedom of
movement or evidence of cracking and break-
ing.

Headings of the electrically operated head-
ing indicators should be recorded. The ro-
tating compass cards are driven by small servo
motors through a high gearing ratio so that
when electrical power is removed the card
should remain on the heading of that moment
with no coasting or overtravel. Heading indi-
cations from these instruments are reliable and
may supply evidence of the time of loss of
electrical power. Some of the new course di-
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rector indicators have windows for selecting
a course and for displaying mileage from the
distance measuring equipment. Record any
numbers appearing in these windows, and doc-
ument the overall condition of these instru-
ments.

The RMDI contains two pointers in addition
to the rotating compass card, generally referred
to as the single and double pointers. These will
refer to the No. 1 and No. 2 receivers, respect-
ively, of either ADF or VOR, and provide bear-
ing information. Record the bearings indicated.
In cases where only one instrument of this type
is mounted in each pilot’s panel the switches
will be mounted just below for selecting ADF
or VOR. Record the switch positions so that
the bearings have meaning. If the switches are
broken off, examine the stub ends for the di-
rection of the breaks. These instruments will
appear again in the areas of radio and distance
measuring equipment.

4.2.2. Gyro Operated Instruments

Turn and bank indicators and artificial hori-

zon instruments contain gyro rotors and can be
suction air operated or powered electrically.
The gyro rotors in these instruments may be
encased with a shroud, depending on the type.

The suction air operated components should
be examined for signs of scoring from contact
with the air. nozzle or gimbal frame, and the
others for scoring produced by the contact with
their cases. Scoring may be light, heavy, or
nonexistent, depending on the force of contact
and speed of the rotor. A spinning mass (the
rotor) shears its pivots upon impact force, de-
pending upon the angular contact. These ro-
tating masses have an appreciable coasting
period of up to several minutes after their driv-
ing force is removed. The only definite con-
clusion is that the driving force was present at
some time immediately preceding impact if
scoring is found, but not necessarily at the
moment of impact, and the lack of scoring evi-
dence does not prove that the gyro was not
operating at impact. Figure C V-35 shows
vacuum turn and slip indicator gyro rotor
scored by contact with air nozzle at impact.
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4.2.3. Other Instruments

Other instruments, such as the omnibearing
indicator, the omnibearing selector, the ILS in-
dicator, and the distance measuring equipment
mileage indicator, can yield meaningful infor-
mation. With the exception of the omnibearing
indicator mounted on the front of the VOR
instrumentation unit in the radio rack, all of
these instruments display a digital indication of
navigational radio bearings. All readings and
conditions should be documented. The omni-
bearing indicator has much the same appear-
ance as the magnesyn compass, with the bear-
ing indication to the selected station shown at
the top. The omnibearing selector and the ILS
indicator have small windows in which the
words TO and FROM appear; note the one
shown and log for later reference.

4.3. Pitot and Static Pressure Systems

Pitot and static systems are installed in every
aircraft to provide the necessary pressures for
the measurement of aititude and airspeed. The
system complexity will vary according to air-
craft type and the instrumentation installed.
Some aircraft have both the pitot and static
pressure openings in one head unit while mod-
ern aircraft have separate pitot head and static
ports flush mounted on the fuselage. . Some
pitot tubes and static port panels contain elec-
tric heating elements to prevent freezing of
moisture. Heated pitot tubes are required in
all transport aircraft. Figure C V-36 is repre-
sentative of a typical jet transport pitot static
system.

Static pressure openings are installed in areas
least likely to be affected by changes in air-
flow. The separate static system has two paral- -
lel openings, one on each side of the aircraft,
which provide a balanced system so that yaw-
ing or unusual attitudes will not cause erratic
instrument operation. The pitot tube is always
located to sense the forward ram air. Trans-
port aircraft have dual pitot and static pressure
systems, one for each pilot’s flight instruments.
Aircraft using separate pitot and static systems
have an alternate static pressure source con-
trolled by a selector switch on each pilot’s in-
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strument panel. The alternate source is usu-
ally common to both pilots’ static systems and
is selected separately, if the need arises to
check for instrument error or malfunction in
normal static systems.

Examine the pitot heads for blockage by ice,
dirt, insect nests, or other obstructions. The
pitot heater element should be checked for
continuity at the leads. One clue to actual
heater operation at impact is the finding of
vegetation or woody material jammed into the
pitct tube. The pitot heater provides an in-
tense heat which will dissipate slowly, and if
these foreign materials are found to be charred
or discolored by heat, certainly the heater was
operating at impact. If the pitot head has been
exposed to ground fire following the accident,
this may not apply.

The static system ports are to be examined
for obstructions. Often pieces of masking or
cellophane tape have been left covering ‘these
ports following the washing or cleaning of the
aircraft. Due to static port design and location
they are less susceptible than pitot heads to
blockage from foreign materials except mois-
ture and ice. If there is a heated static port
panel, check the heater element for continuity
at the leads.

Recover as much plumbing as possible from
both of these systems, check fiittings for se-
curity, and keep in mind that heat and impact
forces can cavse looseness. It will be difficult
to determine whether plumbing damage pre-
ceded or followed the accident.

4.3.1. Suction Air System — Cyroscopic
Instruments

The suction air system consists of one or two
engine-driven pumps, gauges, regulators, filters,
and plumbing. It may consist of an externally-
mounted venturi on some light aircraft. This
system provides negative airflow pressure to op-
erate gyros in the artificial horizon, directional
gyro, and the turn and bank indicators; on air-
craft with pneumatic airfoil leading edge de-
icing boots it also provides air for the pulsating
inflations, '

Examine the condition of the drive coupling
of the suction air pumps. These usually con-
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tain a shear section or cutaway which will fail
the coupling under conditions of pump seizure
or malfunction. If the coupling is sheared and
the fracture surfaces are somewhat polished,
it is evidence that the coupling sheared and
the engine continued to run. If the fracture is
rough, it is probable that sudden engine stop-
page caused the coupling to shear. If it is
determined that the coupling sheared prior to
the accident, look into the system to learn why.
It may be that the pump bearings failed, caus-
ing seizure, or that the pump failed internally.
Determine whether or not this failure was re-
flected in the instrument operations as a con-
tributing factor to the accident.

The suction pump contains a fusible plug
(required by FAA) which will melt at a given
temperature, to relieve the pump in case a mal-
function occurs and produces excessive heat.
Do not be misled. In some cases this plug is
found melted, yet the pump can be tested satis-
factorily. The fusible plug may melt because
of heat from a generator or accessory mounted
near the pump. Such an occurrence renders
the pump inoperative with loss of instrument
operation, under IFR conditions a possible con-
tributing factor to the accident.

If the pumps are to be tested, for the most
valid results it is wise to remove the regulator
and filters from the wreckage, and plumb them
with the pump to check the regulator setting
(approximately 4.5 in. hg. or about 10 c.fim.)
and the filter condition.

Instruments associated with the suction air
system contain individual filters, or they may
be connected to a central air flter. Examine
for conditions of clogging which affects effi-
ciency of gyro operation. These filters clog
with tobacco tars and lint from the cabin air
drawn through the instruments into the air
nozzles directing the airflow against the “buck-
ets” in the gyro perimeter.

4.3.2. Compass Systems

The compass system on most aircraft is sim-
ple. Already mentioned were the standby mag-
netic compass and the directional gyro instru-
ment, completely self-contained, the simplest
units,
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The advanced systems use the flux gaie or
gyrosyn type transmitter which may consist of
a self-contained gyro and flux valve electrically
connected to the various heading indicators
discussed previously. Later aircraft are using
a separate flux valve tied into an electrically
operated directional gyro to provide compass
heading information. The flux valve transmit-
ters may be located in each wing tip, or both
may be located in one wing tip; in some cases
they are located in the rear section of the
fuselage. The directional gyrc unit is usually
mounted beneath the cockpit or cabin floor in
the equipment racks of transpoxt type aircraft.
Figure C V.37 shows the five major components
of a compass system.

The magnetic compass and the directional
gyro have limitations. The compass “hunts”
with any movement of the aircraft and it lags
in a turn. Another disadvantage is its sensi-
tivity to magnetic disturbance from generators
and other parts of the aircraft which become
magnetized by atmospheric conditions.

The directional gyro instrument is subject
to precession which necessitates resetting the
heading  periodically to the heading indication
of the magnetic compass. With no heading in-
formation for reference, the directional gyro
could be set erroneously if the magnetic com-
pass was faulty.

Two separate compass systems are usually
installed in large tramsport aircraft, the No. 1
captain’s system, and the No. 2 firet officer’s
system. Indicators on each pilot’s panel utilize
both systems. The captain and the first officer
may have two RMDI instruments, one operated
from his compass system, and one which re-
peats information from the other’s system.
Another arrangement is a singie instrument
with a switch for selecting the No. 1 or No. 2
compass systemn, which allows each pilot to
check one system against the other. Because
of these possibilities, properly identify each in-
strument’s location on the two flight instrument
panels, and compare the heading indications.

The heading information obtained from the
navigational instruments following the acci-
dent provides the basic clue to compass sys-
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tem operation. Remember that the rotating
compass cards are gear driven by servo motors
and may change their last position when elec-
trical power is withdrawn. These indications
should be compared with the aircraft heading
at impact, when established, and if any ap-
preciable difference exists, look for the cause.
The same applies to heading indication differ-
ences between instruments. If the instruments
on the No. 1 system are in agreement, but the
instruments on the No. 2 system show readings
that differ at least ten degrees, one compass
system may have been operating incorrectly,
and it must be identified. This is important, as
it could have a definite effect on the contribut-
ing cause of the accident.

Compass cards may be distorted so that indi-
cations are meaningless, or it may be that the
instrument, the compass system, or the electri-
cal system (in whole or in part) malfunctioned
or were intentionally deactivated. Sometimes
the compass card on a CDI or RMDI may be
locked in position at impact. If the aircraft
struck the ground in a skid or turned during
the ground slide, the heading would be erron-
eous, but could be the actual heading of the
aircraft at the moment of impact. Any ques-
tionable readings must be investigated thor-
oughly to relate the true condition to opera-
tion of the compass systems.

The flux gate transmitter, or the separate di-
rectional gyro unit and flux valves, should be
tested for operation if feasible. Examine the
gyro rotors for evidence of rotational scoring.
If the directional gyro is intact, a heading will
show in a small window on a self-contained
compass card. There is a small window in the
flux gate transmitter case, but there is no means
of heading presentation and the separate flux
valve will yield no definitive information.

4.3.3. Vertical Gyro

A vertical gyro is a separate component used
to supply attitude information to the pilot’s
attitude instruments. It is usually located
under the cockpit or cabin floor in the equip-
ment racks. New designs have replaced the
self-contained gyro horizon instruments. The
signals may be used in conjunction with vari-
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ous “black boxes” to signal small servos and
synchros which position the displays and other
attitude instruments. Test these units for op-
eration if undamaged, or examine for signs of
rotation if they are unfit for testing. Some

shrouds have cutouts through which the gyro

rotors are visible, some are encased in a spheri-
cal assembly without holes, and others are
hermetically sealed. Figure C V-38 is a block
diagram of a typical integrated flight instru-
ment system showing how the compass sys-
tems, vertical gyros, and navigation systems
supply information to the pilot’s flight instru-
ments.

4.4. Engine and Other Instruments

Most engine instruments yield invalid indi-
cations after an accident. Some are meter
movements, delicate and easily damaged;
others are synchronous, with small magnets set
in a delta winding to repeat the positions of
magnets in remote transmitters and transducers.
The dials of these instruments may be crushed,
with pointers trapped in their last position. All
readings should be recorded.

Engine pressure ratio indicators used on jet
aircraft engines have counter devices for setting
reference values. These instruments display
information provided by electronic EPR trans-
mitters, which if undamaged, may be given
functional tests. Attempts have failed, because
of certain variables, to extract from transmitters
evidence of power at impact. The instrument
manufacturers claim that these transmitters v-ill
not provide sufficient valid information to pre-
dict power output, but research is continuirg
in this area.

Fuel quantity indicators on most aircraft p -
vide no valid clues, even if intact. When the
indicators are working properly there is a tole:-
ance of as much as 30 gallons in indication. Cn
some aircraft, specifically the jets, fuel quin-
tity indicators with counters show the fuel :e-
maining in a tank. Some of these aircraft .i'so
incorporate a fuel totalizer instrument wi.ich
indicates total fuel remaining on board. "his
information may indicate that fuel loading vas
not symmetrical, which could result in prob-
lems of control and trim of the aircraft, or sub-
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stantiate the amount of fuel on board at the
last fueling point, compared with a reasonable
burnout for the flight segment involved.

Identify every instrument as to function, po-
sition in the panel, and the respective engine,
generator, etc., for which it provides indica-
tions. Instruments found loose in the wreck-
age must be examined for the purpose of re-
cording the nomenclature, name of manufac-
turer, part number, and serial number, for com-
parison with maintenance records to determine
original location. ~ The data plate affixed to
the rear of the instrument case supplies this
information. The wiring that remains at-
tached to an instrument should be checked for
numbers to be traced on a wiring diagram. If
an instrument reading cannot be related to a
particular engine or system, the reading loses
its validity, which is true of components from
other systems.

Instruments may be loose or in their panels.
If a group of engine instruments is assembled
and empty portions of panels are recovered, try
to match instrument damage with damage in
the panels. Sometimes scratch marks across
a panel face will match those found on instru-
ment dials. Instrument cases may be deformed
in a certain direction, coinciding with bending
damage on a panel. This type of examination
will increase your perceptivity and observa-
tional accuity. Through practice, eyes and ana-
Iytical faculties will be trained to spot similari-
ties as a matter of course, and recognition of
small details with mental notes as to their mean-
ing will become automatic. Development of
good work habits comes only through attention
to detail, detail which will sometimes provide
the key.to the solution of a problem presented
in analysis of the facts.

It is not the purpose of this manual to dis-
cuss every type of instrument, but to explain
why all instruments must be accounted for
within the realm of possibility, and why they
should be examined. Two types of instruments
were explored only to illustrate what can be
done with them and to emphasize that every
angle must be considered and documented.
Notes may be voluminous, but careful docu-
mentation will provide intelligent answers to
future questions.
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4.5. Functional Check or Testing of
Components or Systems

Because of the delicate mechanisms con-
tained in most instruments, seldom in a total
wreckage will one be found fit for testing, how-
ever, it may be possible for the instrument man-
ufacturer to extract some information.

Some altimeters have survived crashes and
could be tested for operation. One such case
occurred when a Constellation slammed down
on its belly from an altitude of approximately
200" and burned. The cockpit was gutted by
fire, but the pilot’s instrument panels survived;
soot from smoke and fire was wiped away, and
three of the instruments had only cracked
cover glasses.

Both altimeters were indicating approxi-
mately field elevation, and the barometric scales
were found set to the last reading given to the
flight crew. During the week of the investiga-
tion both altimeters were observed and read-
ings changed daily with fluctuations in ambient
pressure at the airport. Neither altimeter was
touched for any reason during this observation.
Indications were that both altimeters were op-
erable despite the crash forces and fire. Both
altimeters and the rate-of-climb indicators were
removed from the paneis and taken to an in-
strument shop.

The four instruments were placed in a pres-
sure chamber along with a third altimeter for
comparison; the barometric scale was not
changed on either altimeter. Upon evacuation
of air from the chamber both aliimeters
climbed without hesitation, and both rate-of-
climb indicators registered the same rate of
ascent. At a simulated altitude of 1500 the
chamber panel vibrator was turned on and both
altimeters jumped upward approximately 70’
(less than the allowable 100"). The simulated
climb was terminated at 3000, and both altim-
eters stabilized, with a difference in reading of
1¢/. Both rate-of-climb indicators immediately
returned to zero.

After five minutes, descent was simulated,
and the four instruments responded immedi-
ately without hesitation at any time; both al-
timeters returned smoothly to original position.
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This test proved that the altimeters were in
proper working order and could not be con-
sidered causal factors in the accident.

This points up attention to detail — the mere
noting of a change in the altimeters on the
second day suggested checking them on suc-
ceeding days, which indicated that a functional
check was feasible, an important factor in this
particular accident. '

Testing of instruments depends upon the cir-
cumstances surrounding the accident and
whether the instruments are capable of being
tested. If testing is advisable, it should be ac-
complished by an appropriately certificated in-
strument facility.

4.6. Disassembly and Minute Inspection

As an example of evidence to be found dur-
ing disassembly, consider the case of an altim-
eter removed from the wreckage of a Constel-
lation which struck a mountain while maneu-
vering to land in a snowstorm. It was found
that the barometric scale adjustment screw
was sufficiently unscrewed to prevent locking
with the shoulder on the adjusting shaft. With
the screw in this position, it was possible to
exert a slight pulling force on the adjusting
knob, disengaging the barometric scale from
the altimeter pointers and moving the scale in-
dependently of the pointers.

The pilot’s altimeters had been removed the
day preceding the accident and adjustments
were made to both of them by a noncertificated
mechanic who inspected his own work, used an
inspector’s stamp, and signed the name of the
repair station representative, without authoriza-
tion.

The altimeters were reinstalled in the aircraft
by a mechanic doing this type work for the
first time. This mechanic also inspected his
own work, closed the instrument panel, and
without authorization signed the job as com-
pleted. The static system was not checked as
required by the maintenance manual, nor was
the requirement met to note in the aircraft log
book that the static system had been opened,
which would advise the next flight crew that
the system should be checked.
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At the time of the accident the airport at
destination showed a pressure of 29.96” hg.; the
pilot’s altimeter was recovered with a setting
of 29.93” hg.; the barometric pressure setting
at the departure airport was 30.19” hg. There-
fore, a possible error of 280/ could have existed
if the pilot turned the barometric scale knob
with the pointers disengaged when resetting
the altimeter to the pressure provided. This
could mean that the pointers were reading
8975 m.s.l. when actually the aircraft was at
8695" m.sl. The aircraft struck the mountain
at the 8675 level. The highest terrain along
the aircraft’s flight path was 8901’ m.s.L.

In another case, examination of the vertical
gyros showed that the nosedown pitch stops
were completely broken off when an aircraft
. broke up in flight. The manufacturer deter-
mined that damage was caused by a pitchdown
velocity of 506 r.p.m., which is equivalent to a
rotation of 300°/second. This information was
used to determine the sequence of events when
electrical power was lost.

These examples emphasize the importance of
thoroughly checking all of the major compo-
nents in a system, for in this way only can the
facts be developed to complete an analysis.

5. Radio Equipment — General

In large aircraft all radio equipment is lo-
caied in a rack in the cockpit or in racks under
the cockpit floor. On smaller aircraft radio
equipment could be under or behind the seats,
behind the instrument panel, or in the aircraft
nose compartment.

Centrols for frequency selection, function se-
lection, and volume control are mounted on in-
strument panels, on the pedestal or console, or
on the overhead panels. Circuit protection is
located on circuit breaker panels, while equip-

ment protection probably will be included in

the individual units.

Antennae for the various pieces of equipment
are in different locations on the airframe; some
protrude, and others are flush-mounted. Cer-
tain protruding antennae can be heated to pre-
vent ice formation, as on the B-727, on which
the center engine air intake is installed atop
the fuselage just forward of the vertical fin.
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The No. 1 VHF communication blade antenna
is mounted on the forward fuselage and is
heated so that ice wiil not form and break off
to be ingested by the center engine.

As in the other systems, procure from the
maintenance manual or elsewhere a picture of
the location and types of equipment installed
and antenna locations. The wiring diagram
manual used for the electrical systems will also
cover wiring for various radio and related elec-
tronic equipment circuits.

The distance measuring equipment (DME)
is located with the other radio equipment. This
is a relatively new piece of navigational equip-
ment required on all large commercial aircraft.
It is available to small aircraft. The DME
equipment transmits signals to a VORTAC
ground station. The signal is returned to the
unit which then compares the time between
transmission and reception, and converts this
time interval into slant-range mileage informa-
tion shown to the pilot by an indicator on his
panel. Some new course director instruments
display this mileage information in a small
upper right corner window on the instrument
face. Remember that this mileage is slant-
range from the aircraft .to the ground station,
not distance over the ground.

Account for and document each piece of
equipment, the various antennae, and lightning
arresters.

In addition to pictures and diagrams, obtain
a listing of the various aids to navigation in the
area of the accident, showing their frequencies
and the frequencies assigned to the tower,
ground and approach control, departure con-
trol, the applicable ATC center frequency, and
the company frequency used by the crew in
that particular location.
5.1. Visual Inspection and Documentation —
Cockpit Controls '

Cockpit controls consist of frequency control
heads for each type of radio equipment in-
stalled. A single control head with dual func-
tions for the VHF units selects the basic fre-
quency and the decimals of the basic fre-
quency. Also mounted on the same head is the
volume control knob. The frequency is dis-
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played by a digital counter in megacycles (Mc).
A switch for turning on the DME or placing it
in standby is the only control for the DME,
since it is automatically tuned to the proper
chanmnel when the No. 1 VHF NAV receiver
is tuned. If two DME units are installed, the
second .will be tumed automatically by the No.
2 VHF NAV unit. A VORTAC station has an
assigned channel as well as VHE frequency.
When the proper frequency is selected, the
DME unit is automatically tuned to the chan-
nel assigned to that station. Not all VOR sta-
tions have the DME facility, in which case, the
DME will go into the search mode and the
DME mileage indicator will be inoperative for
the tithe being.

The LF or ADF frequencies are selected by
a “coffee grinder” handle with a separate vol-
ume control. A frequency range selector may
have three or four positions. Found on some of
the later equipment is a fourth range which
frequencies below 200 kec.  Also
mounted on this panel is a selector for ADF,
loop, or antenna. A small window displays the
frequencies of all the ranges. All readings on
this unit are in kilocycles (ke.) and when a
particular range is selected the others will be
masked.

Another type of control panel is the audio se-
lector panel, one provided for each dlight crew
member, the observer, and navigator. These
panels contain the switches and selectors for
communication transmission and reception, and
the switches for monitoring the navigation
equipment signals and identification. These
should be recovered and identified as to which
position they serve.

During cockpit * documentation, readings,
from each frequency selector and the switch
positions on control and audio panels should be
obtained. Each frequency reading should be
related to its proper unit (Example: “No. 1
VHF NAV receiver — 108.8 mc., No. 1 ADF —
200-400 ke. range, frequency 359 ke.,” etc.).
Sometimes damage to the control head obliter-
ates the numbers, in which case, open the box
and relate the visible numbers to the damaged
area to' interpolate the selected frequencies.
Index the position of the volume control knobs
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as found, turn them from one extreme to the
other; and estimate the percentage of travel to
figure the volume which was being used. Fig-
ure C V-39 shows a damaged control head
compared with an undamaged unit to verify
frequencies selected and volume levels.

Log all switch positions by panel and note
any damage to the panels which could have
changed a switch from its previous position.
Reference all frequencies noted on the panels
to the list of frequencies suggested earlier.
Avoid conclusions as to which radios were
tuned to which frequencies until the equip-
ment has been examined. Note which stations
should have been selected according to the
regime of flight prior to the accident. Note the
mileage readings on the DME indicators. The
list of frequencies of VHF NAV aids should
include the DME channels assigned if they are
VORTAC facilities.

5.2. VHF Communications Equipment

Two VHF transmitters and two receivers,
and occasionally a transceiver, are installed
on large aircraft. These units usually utilize
electro-mechanical switching for frequency se-
lection with two indicators under protective
cover mounted on the front of the box. One of
these rotary indicators contains the basic fre-
quency numbers and the other contains the
decimal frequency numbers. Remove the front
cover, copy the numbers visible in the cutouts,
and total them for the selected frequency. This
selection cannot change through handling be-
cause the rotary indicators are chain or gear
driven. o

It sometimes happens that the front of the
box is broken and the indicators are missing.
It is then necessary to examine the rotary
switch to which the crystals are attached. Each
crystal has a specific value in kilocycles, which
is multiplied within the unit so that a particu-
lar pair of crystals provide a specific frequency.
Examination reveals which pair of crystals was
selected. Note the crystal frequencies, and
contact the equipment manufacturer for a fre-
quency determination. Figure C V40 com-
pares a damaged VHF 17L7 transmitter with
an undamaged unit to assist in determining
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frequency selection by checking rotary switch
to find which pair of crystals was in use.

If neither method is feasible, note position of
the battery of tuning slugs inside the unit, and

take the equipment to the manufacturer for a

detailed examination and an approximation of
selected frequencies. It is not prima facie evi-
dence that his radio was on the proper fre-
quency because a pilot was talking to the tower
or approach control. Verify., Figure C V-4i
compares physical position of tuning slugs in
damaged and undamaged VHF receiver units
to verify frequency selection.

Each radio unit should be given close visual
examination for evidence of electrical burning,
arcing, or overheating, by odor and by sight,
on units not exposed to fire. Check for broken
tubes, and examine heater filaments for discol-
oration due to oxidation which will occur when
a heated filament comes into contact with air.
Note wires broken away from switches, ca-
pacitors, resistors, etc., which ‘may have dis-
abled the equipment. If the equipment is
broken or crushed, it is difficult to detect pre-
existing damage. ' '

If the unit is damaged by fire, determine
whether it was ground or inflight fire. Docu-
mentation of this equipment must identify each
unit by nomenclature, part number, serial num-
ber, make and model, and position in the air-
craft. ‘ '

5.3. VHF Navigation Equipment

The VHF navigation equipment usually con-
sists of two receivers, a VOR accessory unit
with two omnibearing indicators, and two glide
slope receivers which operate only during an
ILS approach. The FAR’s require only one
glide slope receiver. VHF NAV receivers are
similar to the communication receivers in that
they have many channels, all of which may not
be in use. External and internal examination
of these units will be the same as in the com-
munication receivers. = Some equipment uses
purely electronic switching for. frequency se-

lection, so these units must be tested to deter-

mine selected frequencies.

One VOR instrumentation unit may serve
each VHF NAV receiver or one may serve both.
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One omnibearing indicator is on the single, and
two are on the dual unit. The gear-driven OBI
remains in its last position when electrical
power is removed. Document the readings
found on these indicators, for they provide a
bearing from the aircraft to the selected sta-
tion. These OBI's do not operate when the
receivers are tuned to an ILS frequency. Fig-
ure C V-42 shows omnibearing indicator read-
ings on two Wilcox Model 706A VHF naviga-
tion receivers. '

Bearings relating to VOR or ADF stations,
indicated by the pointers, of the RMDI’s may
be very important to the investigation as more
facts become known and a probable flight path
is established. When the selected frequency
is established and the station is locat«d in re-
lation to the wreckage, piot the bearings on the
applicable aeronautical chart. If the plotted
bearings do not conmnect the accident scene
and the station, plot the reciprocal of the in-
dicator readings from the station to determine
their relationship to the probable flight path.
This procedure may provide a clue as to when
the electrical power to the radios was inter-
rupted.

Another factor to consider when examining
the RMDI is whether or not the heading pre-
sented is reasonable in relation to the probable
heading of the aircraft at impact. If it is, and
the RMDI pointer bearing is within reason,
then electrical power probably wis available
to the radios and the compass system right up
to impact. If the bearing is not reasonable in
relation to impact, then suspect that radio elec-
trical power was lost at some point prior to
impact. By drawing the reciprocal of the ob-
served bearing back from the station to the
probable flight path, this point should be es-
tablished. Omne way to check the RMDI pointer
bearing is to compare it with the omnibearing
indicator .on the VOR instrumentation ‘unit for
the particular receiver. If all equipment was
performing properly, they should agree; if not,
then suspect and seek a failure someplace in
the system. The fault could be in the instru-
ment, the instrumentation unit or related cir-
cuitry, or the receiver itself.  Figure C V-43
shows a systems investigator checking RMDI
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. to 111.9 mc.).

evidence of operation.
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- pointer bearings at a turboprop aircraft acci-

dent scene.

The glide slope receivers operate in the UHF
range and their 20 assigned frequencies (from
329.30 to 335.00 mc.) are paired with the 20
assigned ILS localizer frequencies (from 108.1
Switching is automatic through
relays. When a certain ILS frequency is se-
lected on the VHF NAYV receiver a relay auto-
matically selects the crystal for the proper
glide slope frequency. Once electrical power
is removed, the relay relaxes and the glide slope
receiver is out of operation. It has no memory.

Interior of these units are examined for evi-
dence of electrical burning, arcing, or over-
heating. Blowers installed for cooling of rack-
mounted components should be examined for
evidence of rotation. Some aircraft have sev-
eral small AC motor-driven fans; others have
one large fan. Some of the larger fans are in-
stalled in ducting which draws air over both
radio and electrical equipment racks. This
ducting should be examined internally for evi-
dence of smoke.

5.4. Distance Measuring Equipmerit

DME equipment consists of a single radio
rack-mounted unit, with vacuum tubes or tran-
sistors.  Usually a small cooling blower is in-
stalled in this unit. The tubes should be exam-
ined for evidence of normally heated elements
at the time of impact, and the cooling fan for
The forward portion
of the DME unit contains a device called the
distance mechanism module. This unit is gear
driven by small servo motors and will not coast
after electrical power is removed. It may have
one or two indicators which show mileage in
tens and units through holes in the top and
front of the unit. By adding the two readings,
determine the nautical miles from a selected
station. Figure C V-44 is a top view of a mod-
ule reading 9.6 miles. This module may be re-
tained in the unit or it may be found loose in
the wreckage — it must be recovered. On top
of the case at the rear two small windows show
the selected channel. Log the channel shown,
and compare it to the VORTAC stations on the
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list. Only 126 channels are assigned, but there
should be no duplicates in any given area of
the country. Some ILS installations are being
programmed to provide DME information.

The channel, mileage, whether or not the
unit was searching or tracking, and whether
the unit was channeling at the time of elec-
trical power failure or if it was locked to a
station, can best be determined by the manu-
facturer. His facility may find evidence of mal-
function not apparent to the investigator. Re-
member that the DME may not have been op-
erating on any channel if a VORTAC station
was not tuned in.

If the accident occurred en route and ’che
VHF NAV receiver (No. 1 only, if only one
DME was installed) is tuned to a VORTAC.
station, the mileage indication on the distance
module in the unit will be the most accurate.
Compare this indication to the measured nau-
tical miles from the accident scene to-the per-
tinent VORTAC station. This reveals when
electrical power was lost to the DME (but not
necessarily to the whole system), if the read-
ings are very far apart.

To illustrate: In an accident involving in-
flight fire just prior to the crash the DME
module read 47 nautical miles.  Examination
disclosed that the DME was selected to the
channel assigned to a VORTAC station just
ahead of the flight and that its distance from
the accident scene was approximately 42 nau-
tical miles. This indicated that electrical power
to the DME must have terminated five miles
back, but unfortunately, it did not defintely
prove that electrical power was lost at that
time, approximately one minute prior to the
accident. :

Axnother example concerned an aircraft which
struck a hill during an IFR approach in heavy
snow. The approach required an operable
DME, since there was no ILS facility. - The
distance mechanism module, found out of the
DME unit, was reading 9.6 nautical miles from
the VORTAC on the airport, within less than
one-half mile of the measured distance from
the accident scene to the airport. This indi-
cation, along with the fact that the flight data
recorder was found to be operating right up to
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Svstems investigator checking RMDI pointer bearings at a turboprop aircraft accident scene.
Figure G V-43.
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the moment of impact, proved that the elec-
trical power system was operating.

5.5. Low Frequency (ADF) Radio Equipment

Two types of ADF equipment may be in
the aircraft, the older type capacitor-tuned by
a flex shaft driven condenser, or one of the
later types, strictly electronically tuned. None
of the ADF receivers has frequency indicators
like VHF units, so determination of previously-
selected frequencies will be more difficult.  All
work on the receiver and its related components
should be performed in a radio shop or certifi-
cated repair station where similar equipment
is available for comparison.

During cockpit documentation the band and
frequency selected on each ADF control panel
should be logged. If the reading is obliterated
by fire or physical damage, disassemble the
control panel and examine the frequency scale.
Note the band cutout position on the mask as
selected; it should be in the center of the view-
ing window on the panel, but if the panel has
been damaged the band may be off center.
The band selector knob may have been dis-
placed from the detent. If so, determine by
analyzing the damage, in which direction the
knob moved, then position it in the appropriate
detent so that the proper portion of the fre-
quency scale is visible beneath the cutout.
Scribe the frequency scale by outlining the
shape of the cutout and remove for examina-
tion. Figure C V-45 ADF frequency selection
determination.

To additional frequency indicators are tc be
found on ADF control panels. On the first, the
frequency dial is displayed on a drum, pro-
viding equal dial lengths for the three bands.
The band selector actuates a masking drum
which surrounds the frequency dial drum, ve-
vealing only the band in operation. This is the
same arrangement as the masking plates with
cutouts. The second type is a digital display
controlled by three knobs by which the pilot
dials electronically the desired frequéncy with-
out the use of the flex shaft. These frequency
indicators may be examined in the manner dis-

o

o
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cussed earlier. The digital type is the most sus-
ceptible to change from contact with foreign
objects during aircraft breakup.

Cockpit documentation covered the RMDI’s
and it should have been determined whether
or not any of the pointer-indicated bearings
were related to the ADF radios. If so, then
use the same method of plotting ADF bearings
as used with the VHE NAV bearings, to con-
firm that valid information is provided.

 ADF, and all radio equipment requiring tests

should be taken to a radio shop, along with the
ADF control panels and the two ADF loop
assemblies. The position of the loop assemblies
can be related to the bearing to a selected sta-
tion. When removing the old type ADF re-
ceivers from the wreckage, disconnect the flex-
ible drive shaft to prevent changing the tuned
position of the condensers. Using this type of
receiver as a start, remove the case or dust
cover so that internal examination mayv be
made. If the unit is not severely damaged, it
may be possible to perform a functional test:
new tubes may be substituted for broken ones.
The selected band should be known by the
testing personnel; the functional test will
verify.

If the receiver is damaged. beyond testing,
compare with a normal receiver. Hook a flex
shaft to the latter, using the same kind of con-
irol panel; position its condenser to match that
of the damaged receiver. Since the selected
band is known, the good receiver can supply
the selected frequency.

This method may be used to compare a dam-
aged frequency scale. Match the scribed area
with a new scale, and take the center of the
area scribed to determine the selected fre-
gquency. Relate this frequency to the list of
navigation aids to find the selected station. It
should be reasonably close to one on the list,
unless the aircraft was en route, navigating on
VHT alone.

The newer types of ADF receivers have no
moving parts for comparison, and they can only
be functionally tested. Insure that the radio
shop selected for tests has the proper specifi-
cations.




Top view of distance mechanism module reading 9.6 miles.

Figare C V-44,

3.6. Miscellaneous Equipment — Marker
Beacon Receiver

The marker beacon receiver operates on the
sole frequency of 75 me., therefore, it is a
simple receiver without moving parts or mem-
ory. Special equipment is required for the only
test on this receiver, that is, whether or not it
was capable of receiving a signal from a
marker. The beacon function of all radio fa-
cilities, ILS markers, fan markers, etc., is trans-
mitted on 75 mec.

5.6.1. ATC Transponder

The ATC transponder is used primarily for
inflight identification by air route traffic control
facilities. It is similar in some respects to the
IFF equipment of WW II. A control panel for
selecting the proper code is located in the cock-
pit. When radar identification is initiated, upon
request the flight crew squawks a certain code.
‘When selected on the control panel, the “ident”

button will be pushed and this particular emis-
sion from the transponder will expand the
image so that the aircraft can be identified by
the ground radar controller. The transponder
is required to operate at all times during flight.
Normally, a transponder-equipped aircraft pro-
vides a more conspicuous radar image than
“skin paint,” and the “ident” function makes the
image even more conspicuous, If the trans-
ponder ceases - to operate, the radar image
changes noticeably, which opens a new avenue
of exploration with regard io the presence of
electrical power. Check with the ATC Group
Chairman to leam whether the radar controller
handling the flight at the time of the accident
noticed indication of transponder failure during
his contact with the flight, and at which point.
If he did not, consider that electrical power
was available at the time of the accident.
This may point to electrical power failure to
the transponder only, for an approximation as
to where in the flight path the failure occurred.
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Its relation to total electrical power failure can
be determined only by analyzing facts devel-
oped in examination of all electrically-operated
components.

5.6.2. Weather Radar

The weather radar in itself can provide very
little evidence. However, its AC-operated cool-
ing blower can be examined for indication of
operation at the time of impact.

5.7. Functional Testing and Disassembly

Fully document all tests and disassemblings,
with notes, forms, charts, photographs, etc. Any
evidence of poor design, abnormalty, or dis-
crepancy noted during testing should be re-
corded, and a recommendation for corrective
action should be initiated.

6. Pneumatic Systems

The primary source of pneumatic supply in
older aircraft may be ram air, or a combination
of ram air and engine-driven superchargers or
compressors.  Turbine - powered aircraft use
bleed air from the engine compressor sections.
Air from these sources is used to condition air,
to pressurize the aircraft for passenger com-
fort, and to provide protection against ice for-
mation on the wings, empennage, and cockpit
windshields. Figures C V-46 and C V-47 de-
scribe and depict a typical jet transport pneu-
matic system.

The air conditioning systems may contain
gasoline-fired heaters for warmth, and expan-
sion turbines or refrigeration units for cooling.
The thermal anti-icing systems may use
gasoline - fired heaters or compression - heated
bleed air from the turbine engines. The pres-
surization systems utilize air from the engine-
driven superchargers and compressors, or bleed
air from the turbine engines.

Many components and ducts in these systems
are required for regulation of airflow and tem-
perature — turbo-compressors, air-cycle ma-
chines, or cooling turbines, temperature and
flow sensors, . pressure regulators, valves, heat
exchangers, and various: fans for recirculation
or airflow augmentation. Some turbine-powered
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aircraft also have air storage bottles to provide
for engine starting when ground equipment is
unavailable.

The turbine-powered aireraft incorporate the
most complex pneumatic system. One basic
problem is the identification of various valves
located throughout the aircraft. The same part-
numbered valve may be used in any number of
places, and it may have different functions. An
up-to-date listing of these valves, components,
and locaticns within the system is mandatory.
Identify the valves and ducts by serial number.

" The applicable parts catalog can be invaluable

in estabiishing location and manner of instalia-
tion of the components.

Documentation of the cockpit provided the
control arrangement for air conditicning, pres-
surization, and anti-icing. This should be com-
pared with system operation requirements to
provide positions of the various valves and evi-
dence of inflight malfunctions which could have
a bearing on the other systems.

An exampie of what can happen concerns a
turboprop transport aireraft in which a portion
of the empennage anti-icing air duct failed in
the area of the aft lower baggage compartment
during ground start operations with the No. 1
and No. 4 engines running. This failure, in
which the duct split lengthwise zlong the
welded seam line, caused insulation to be
blown into the cabin area and engine bleed air
to pressurize the main cabin. FExamination of
the failed area indicated a type of break un-
associated with excessive air pressure; the fail-
ure occwrred from weakening of the duct seam
by severe ‘intergranular oxidation or corrosion
probably initiated during manufacture of the
duct.

This happened with only two engines run-
ning at idle speed. Imagine the results if it
should happen during cruise, with four engines
operating. The temperatures in the duct ap-
proach 150°F, twice the temperature desired in
the cabin. Heated elecirical wiring could cause
erratic operation of other components, and
pieces of insulation blown into the cabin area
could enter the pressurization outflow valves.
The necessity is apparent for examination for
indications t¢ be related to operation .of other

—
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PNEUMATIC

GENERAL

Air for the pneumatic system is bled from either of two different sections of the engine, and
distributed through a pneumatic manifold. This manifold extends from both outboard pylons,
spanwise through the wing, and forward in the fuselage to the nose section. In the nose section,
the left and right sections of the manifold are joined by a crossfeed valve.

The pneumatic system air supplies the following dependent systems:

Cabin Air Turbocompressor System

Refrigeration System

Airfoil and Wing Leading Edge Slot De-Icing System

Airscoop and Engine Anti-Icing System
Windshield Rain Removal System
Thrust Brake System

Engine Pneumatic Start System

The pneumatic system controls and indications are provided on the systems engineer’s panel.

Typical Jet Transport Pneumatic System.
Figure C V-46.

systems or possibly the accident cause. Figures
C V-48 and C V-49 show the failed pneumatic
anti-icing duct and enlarged views of the inter-
granular damage.

6.1. Visual Inspection and Documentation —
Engine-Driven Superchargers

Engine-driven superchargers are found on
the DC-6/7 and Constellation aircraft; they are
driven by the outboard engine accessory sec-
tion gearing and provide air for pressurization
and air conditioning. They may be declutched
or disengaged in flight and re-engaged only by
stopping the engine.

The Douglas supercharger incorporates two
hydraulic pumps for output control. Both are
piston-type positive displacement pumps, one
fixed, and the other variable. These pumps
control impeller speed, and are disengaged by
cables attached to handles in the cockpit
mounted on the floor to the right of the first

officer. The declutching mechanism on the
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drive shaft is springloaded to the engaged po-
sition, so the disengage handles are latched in
the disengaged position. Log the position of
these handles for comparison with the condi-
tion of the supercharger drive mechanism. In
the DC-6B/7 models mounted in the same lo-
cation, and between the disengage handles, is
an emergency depressurization lever (Johnson
Bar), and when this lever is pulled up it auto-
matically operates the supercharger disengage
handles and other devices. The position of this
handle should be logged.

Examine the supercharger impeller for evi-
dence of interior scraping of the scroll or case,
which would indicate rotation at impact. In-
dentations where the scroll or case was crushed
against the impeller blades would indicate non-
rotation. Examination of the blades helps in
any determination.

The two hydraulic pumps should be exam-
ined in the same manner as those of the hy-
draulic system. Yoke position of the variable
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Failed anti-icing duct, as received X 1/5.
Figure € V-48.
329
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Enlarged views of intergranular damage.

Figure C V-49.
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pump may also be revealing since a high yoke
angle is associated with low engine speed. The
supercharger hydraulic system tries to keep the
impeller speed up to air conditioning and pres-
surization requirements. The system senses a
decrease in impeller speed as the engine speed
decreases, and the variable pump yoke must
move to a higher angle to increase pump output
and impeller speed.

The Constellation supercharger is similar, but
it uses a single gear-type pump which provides
hydraulic control through various valves. Older
Constellations have two variable displacement
pumps, driven by the drive shaft from the en-
gine, which provide the same control. Two
other pumps raounted together on some aircraft
provide for lubrication, and scavenging of fluid.
Examine the impeller and scroll for rotation
indications and the pumps for condition and
evidence of operation. Check whether one or
both superchargers have been declutched or
disconnected from the engine drive by cable.
They can be reset only on the ground.

6.1.1. Engine-Driven Compressors

Engine-driven compressors are usually found
only on the Convair 240/340/440 models,
mounted on the right-hand or No. 2 engine.
The compressor is declutched by a solenoid
which releases the disconnect rod; the rod con-
tacts the threaded area on the drive shaft, and
causes the shaft to retract and disconnect from
the engine. It can be reset only on the ground.
The solenoid is automatically powered by the
left-hand or No. 1 engine autofeathering cir-
cuit, or may be operated by a switch on the
first officer’s console. The two-speed impeller
is controlled hydraulically. Examine these units
in the same manner as the superchargers.

6.1.2. Engine Bleed Air System

~ The engine bleed air system will be covered
by the Powerplants Group, however, how it
fits into the pneumatic systems should be un-
derstood. Bleed air is usually taken from the
8th and 13th stages of the engine compressor
sections to operate turbocompressors (B707/
720, CV880/990, DC-8), or is sent directly
through the systems (B727, DC.9). The turbo-
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compressors operated by bleed air take am-
bient air and route it through the air condi-
tioning systems. Once this bleed air has passed
from the engine plumbing the Systems Group
is responsible for the investigation of the pneu-
matic systems.

6.1.3. Air-Conditioning System

Using the schematic diagram for air condi-
tioning, account for all major components
shown, and document conditions and posi-
tions. Turbocompressors, expansion turbines,
and motor-driven blowers and fans should be
examined for evidence of operation. A review
of the particular system involved indicates
which should be running, in the properly oper-
ating system; the same applies to the various
control valves throughout the system. This is
why each valve, compressor, blower, and fan
must be identified as to its function in the sys-
tem.

Ducting will be of combinations of fiberglas,
aluminum, and stainless steel. All ducting
should be examined internally and externally
for evidence of smoke or fire. If such evidence
is found, ground fire damage notwithstanding,
determine the source. At times, the air cycle
machines and other turbines may leak lubri-
cating oil into the ducting. At the tempera-
tures which prevail, especially those systems
operated from engine bleed air, this oil will
vaporize and enter the habitable portions of
the aircraft as smoke or fumes. ' The examina-
tion of turbine or compressor will reveal such
leakage. Identify and examine adjacent down-
stream ducting from these units. If evident in
the rotating unit, but not in adjacent down-
stream ducting, conclude that the leakage re-
sulted from crash damage.

Examination of electrical wiring for evidence
of electrical burning or overheating should be
expanded to include damage to wiring by
heated air escaping from loose duct joints or
duct failures. In some cases this heat is suffi-
cient to char the wiring insulation and cause
electrically-operated units to become erratic;
circuit breakers may trip, and fire or overheat
warnings may occur.



These events can occur at inopportune times;
they can distract the flight crew when utmost
attention is required to navigate and control the
aircraft. Heat damage to wiring, with resultant
circuit breaker tripping, can result in loss of
some navigational instruments and equipment.
Because a particular system has no relation to
the actual flying of the aircraft, do not assume
that it could not have been a causal factor in
an accident. So many interrelationships are
involved each system must be investigated.

The positions of the various ram air inlet and
outlet doors should be logged for comparison
with those expected in a normally-operating
_system. The motor-operated actuators for these
doors should remain in the last position follow-
ing loss of electrical power, and provide the
most valid evidence. If the associated doors
are in no condition to be examined, compare
the actuator with one on another aircraft (a
type of comparison to keep in mind for any
actuator).

The aircraft heaters may exhibit evidence of
fire outside the combustion chamber; fuel
plumbing may evidence leakage which could
have contributed to fire in flight. If more than
one heater is installed (the DC-6/7 aircraft
have four identical gasoline-fired heaters,) iden-
tify each by serial number or by portions of
attached structure.

The following is an example of what can
occur. A DC-8B, ferried from Miami to Se-
attle, received a tail heater fire warning en
route. Because of an improperly attached
heater exhaust, hot gases escaped and were
sensed by the fire detectors mounted in the tail
area. Mechanics repositioned the exhaust out-
let on the heater and applied a generous
amount of sealing compound around the joint.
The outgoing flight engineer noted that the
work was done, crawled up to the tail com-
partment access door to check, and noticed
a pungent odor which the mechanics attributed
to the sealing compound. The flight took off
for Anchorage. :

Just before reaching the assigned flight al-
titude of 18,000, the crew turned on the anti-
icing heaters because of cloud conditions. Fif-
teen minutes later a tail heater fivre warning
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was received. Through a small window in the
rear pressure bulkhead the flight engineer saw
a blue flame about a foot high coming from the
exhaust shroud joint on the heater. He re-
ported this to the pilots (who immediately de-
pressurized the aircraft and turmed back for
Seattle), and entered the tail compartment
to fight the fire with a portable extinguisher.
Investigation disclosed that the sealing com-
pound used by the mechanics was contami-
nated with a solvent; when the heater was
turned on in flight, the fumes ignited.

6.1.4. Pressurization System

Pressure in the aireraft is automatically con-
trolled, but at times manual control is required.
The cockpit control panel settings should be
recorded and related to the positions of such
components as the cabin pressure control valve,
outflow valves, and emergency depressurization
valves. '

All pressure regulating valves should be re-
covered and examined. Cabin insulation oc-
casionally has clogged an outflow valve, caus-
ing pressurization to be erratic or impossible.
Some of the emergency depressurization valves
are cable operated and could be opened by
cable pull during aircraft breakup. The cabin
pressure control valve on the DC-6/7 aircraft
could be tripped closed by cable when the
crew was fighting an underfloor compartment
fire, or during aircraft breakup. Correlate all
the facts and circumstances before making de-
cisions. '

6.1.5. Ice and Rain Protection Systems

All of the components in ice and rain pro-
tection systems are not of a pneumatic nature,
but thermal anti-icing, electrical windshield
heat, alcohol, and windshield wipers are related
in function. The pnzumatic airfoil deicer boots
operated by the suction air pumps have been
discussed, so consider the hot wing and tail.
In some aircraft heated air is provided by gaso-
line-fired heaters, like the cabin heaters. Hot
air leaves the heater at 185°C, is routed through
ducts in the lsading edges of the wings and
empennage, and is exhausted back over the
control surfaces. On turbine-powered, aircraft
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heated air is provided by the engine bleed air
system. :

The wing leading edges also contain elec-
trical wiring from the fuel quantity measuring
system, wingtip lights, and the compass sys-
tem flux valves or flux gate transmitters. They
also contain wiring for the various components
and relays in the engine nacelles. Broken
ducts or loose duct joints allow heated air to
impinge on the wiring, causing erratic opera-
tion, or depending upon wire damage, com-
plete failure of certain systems. This must be
considered, and the wiring must be examined
for such evidence.

Some aircraft windshields are kept free from
ice by the flow of heated air between the in-
ner and outer panes. Other windshields are
heated electrically by the NESA system. A
separate single-phase, 115VAC, 400 cycle in-
verter provides the power, and along with the
other power generating components should be
examined for evidence of maloperation. Log
the position of the cockpit controls for wind-
shield heat and compare them with the valve
positions for this system.

Windshield wipers can be important factors
in an accident. An example concerns a C-46
with a full load which took off in the rain. The
hydraulic windshield wipers were operating.
Shortly after landing gear retraction, the crew
received a fire warning from the No. 2 engine;
the engine was feathered, and fire extinguish-
ing agent was released. The flight continued
around the field for an emergency landing, but
the landing gear would not extend to the
locked position. The hydraulic pressure gauge
read zero. Losing altitude, without time for
the crew to troubleshoot the system, the air-
craft was forced to land in a cornfield.

During the investigation, hydraulic pressure
could not be obtained by using the hand pump;
it was noted that the windshield wiper speed
control valve was in the near full-open posi-
tion. This valve was closed, and pressure could
then be raised in the system to 650 p.s.i. by the
hand pump. The windshield wiper valve was
opened, and pressure fell to zero immediately,
with no movement of the wiper blades. Fluid
could be heard flowing through the wind-
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shield wiper hydraulic motor as the pressure
fell off.

The motor was removed and tested. The
results disclosed that at a normal system pres-
sure of 100 p.s.i. the motor was bypassing hy-
draulic pressure in one direction by 350 p.s.i.
This reduced system pressure to 750 p.s.i. which
was insufficient to extend and lock the main
landing gear. Previous tests of landing gear
operation on other C-46 aircraft showed 900
p.s.i. to be the required average pressure to
lock the landing gear down. Disassembly of
the hydraulic wiper motor disclosed a hard-
ened, misshapen cup seal on one end of the
actuator shaft which was allowing pressure to
bypass. If the flight crew had recognized that
the wiper blades were stopped at the time of
attempted landing gear extension, and had
closed the speed control valve, sufficient pres-
sure would have been available from the re-
maining hydraulic pump to- lower and lock the
landing gear for a normal landing.

6.1.6. Fairchild F-27 Pneumatic System

Cabin pressurization and air conditioning are
provided by two engine-driven, positive-
displacement blowers forcing air into the cabin
through ducting. The flow of air is controlled
by spill valves, an outflow valve, duct pressure
relief valve, and a cabin pressure safety valve.
Air is conditioned by a ram air heat exchanger
and an air cycle machine or vapor cycle sys-
tem (Freon).

The engine-driven Rootes blowers should be
examined for evidence of failed drive gears,
lubrication, and bearing wear or failure. The
spill valves are motor operated and are located
at wing station 80. On the ground they permit
the full blower output to be dimped overboard
automatically, in flight, by switches on the
first officer’s side panel. These are butterfly
type valves, they should be closed in flight, and
their positions should be compared to the po-
sition of the switches in the cockpit.

The outflow valve is also motor operated and
should remain in the last position when elec-
trical power is removed. The cabin pressure
safety valve will open automatically when the
structural limits of the aircraft are reached.
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further drop the pressure to 10@ p.s.i. All lines
and mungs in this panel must be examined for
evidence of fajlure in fdight, as a failure in these
lines could result in ca! asu"\phu.

6.2, Testi

Circumstances smfouncwg the
termine the work to be done in the area of dis-
assembly and testing. Components such as
?urbowmprevsws air cye}i@ machis ms, expan-

These

ng and Disassembly

accident de-

sion turbines, and recircuiating {ans can create
smof ¢ in the cockpit and cabin, as MH eiectri-

cal or other burning. These may be the result
of lubricating oil leakage, bearing failures, and
overheated or burned eleciric motors.

Check the motor-operated valves for con-
inwity with the multitester. If the circum-
siances indicate problems with air condition-
ing, pressurization, or the primary pneumatic
system, funmmnaﬂy test the blowers, compres-
sors, or the various turbines. Look at each sys-
tem with a queutmnmg eye for the answer to
how this system could have contributed to the
accident, All %ﬂ necessary o test, disassem-
bis, fvzd ex: mne until the guestion is answered
anh@ut alification.

7.

Detection and Protection — General

Five

The fire and overheat detection systems vary
between aivcraft types and between operators
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of the same aircraft type. All systems depend
upon electrical power for operation. (Most
systems operate from 28 vdc circuits, but
some use 115 vac.) The detectors may be
one of three types — thermocouple, thermal
switch, or continuous loop. The first two are
usually series connected and all three are con-
nected to relay panels where detector signals
are turned into fire or overheat warnings in
the cockpit. One warning bell is common to
all detector systems in the aircraft.

Areas of detection coverage also vary. In the
older aircraft, such as the Convair and Doug-
las models, the detection systems covered the

engine and nacelle areas as well as underfloor
compartments. Some aircraft had fire protec-
tion for all of these areas, and some provided
only partial protection. The large turbine-
powered transport aircraft, in general, provide
detection for the engine and nacelle areas and
the main gear wells, but protection for the en-
gines and nacelles only. Figures C V-50 and
C V-51 cover a typical jet transport fire detec-
tion system. The underfloor compartments
are designed so that fire cannot be sustained,
and protection is not necessary. Some of these
compartments, however, may be provided with
overheat detection.

FIRE PROTECTION

I. INTRODUCTION

Fire/Overheat protection on the 727-23 airplane consists of the following:

A. Engines

Each engine and engine firewall contains a sensor strip which, in the event of an overheat or fire condition,
provides a warning in the cockpit by illuminating a warning light for the respective engine and sounding a
warning bell. A freon extinguishant system is provided to extinguish a fire,

B. Wheel Wells

The main and nose wheel wells contain continuous strip detectors which, in the event of an overheat or fire
condition, provide a warning in the cockpit by illuminating a warning light and sounding a warning bell.

No fire extinguishing system is provided.

C. Overheat Detection

Continuous loop detectors are used for overheat detection in areas adjacent to air conditioning and anti-ice
ducts in the No. 1 and No. 3 engine strut areas inboard of the engine firewall, on both sides of the aft

entry stairs, in the ceiling above the aft cargo compartment, and in the keel beam area.

An overheat

condition is indicated by illumination of a warning light in the cockpit. No aural warning is provided. No

fire extinguishing system is provided.

D. Auxiliary Power Unit

The APU contains a sensor strip which, in the event of an overheat or fire condition, automatically shuts
down the APU and provides a cockpit warning by sounding a bell and illuminating a warning light. An
exlernal warning is provided by a flashing red light in the left wheel well and an intermittent horn in
the nose wheel well. A freon extinguishant system is provided to extinguish an APU fire. '

E. Cargo Compartment

The cargo compartments are sufficiently sealed to meet FAA Class “D” (smother type)) compartment speci-
fications, No fire detection or extinguishing system is provided.

F. Cockpit/Cabin

Portable CO, and water fire extinguishers are provided for use on localized cabin or cockpit fires.

Typical Jet Transport Fire Protection System Description.
Figure C V-50.
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Fire protection is provided by containers of
CO, or agents from the freon family. Some of
the latter, while being good fire suppressants,
are highly toxic to personnel and should be
carefully handled if the container has not been
discharged. Obtain a schematic of the appro-

priate system to account for the main compo-

nents. All fire extinguishing agent containers
- and their control heads should be accounted for
and examined. The fire control panels in the
cockpit must be documented and the indica-
tions compared with control head and container
conditions. Figures C V-5% and C V.33 de-
scribe a typical turboprop transport fire pro-
tection system.

Each single-mounted container or each set of
simultaneously-operated containers have
thermal-discharge indicators mounted near the
installation visible from ouiside the aircraft,
usually consisting of small ports covered with
a thin red plastic disc. These discs blow out,
should an overheat condition discharge the con-
tainers. A single indicator shows intentional
discharge; the port-will be covered with a yel-
low disc, ruptured by a small plunger in the
port body when the crew discharged the fire
extinguishing agent.

Examine these discs. If thermal discharge
has taken place, the discs will be blown out
completely. If intact, and the containers are
found empty, the cause was not thermal dis-
charge while the plumbing was intact. If the
yellow or system discharge disc is in place, the
pilots did not discharge the containers inten-
tionally. Impact forces cannot cause the sys-
tem discharge indicator plunger to activate
against its spring load. This plunger normally
returns to the spring-loaded position when
pressure dissipates after an intentional dis-
charge. Damage to the port body will some-
times hold the plunger in the extended posi-
tion if it occurs while the containers are being
discharged (which provides some evidence).
Examine the containers for this evidence.

7.1. Visual Inspection and Documentation —
Fire Extinguisher Botties

The CO, bottles may have a cable-operated
cutter head which is punctured to release the
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agent. Amuother type, the flood valve, may be
cable or solenoid operated to release the agent.
One example is the installation on the DC-6
aircraft, two banks of three bottles mounted in
the nose wheel well. In each bank one bottle
has a solenoid head and two have cable-
operated heads connected in series. The three
are connected by plumbing in such manner
that if the cable-operated bottles are discharged
the solenoid-operated flood valve will also open
for discharge. The reverse is true if the
solenoid - operated bottle is discharged. Any
bottle of the three can discharge because of
thermal overpressure without affecting the
other two.

When examining the control heads and
valves on a bottie of this type, remember that
they are cable operated and that the forces of
aircraft breakup can pull the cables and dis-
charge the CO.. The solenoid-operated valves
are not affected in this manner, but because of
the plumbing arrangement this bottle may be
found empty if the others are empty. If a
bottle is found intact and there is doubt about
the contents, it must be weighed. A stencil on
the side of the bottle gives both the empty and
full weights. The flood valves contain a safety
seat which blows under excessive pressure
caused by overheat.

The later high-rate-discharge systems use the
spherical bottles described. The Water Kidde
bottle, for example, has an electrical control
head. To discharge the contents, DC electrical
power is applied to two powder squibs. These
are fired, a slug is blown against a copper seal,
shattering it, and releasing the extinguishing
agent. A screen located in the control head
prevents pieces of the seal from being blown
back into the discharge lines. This bottle also
contains a fusible plug which melts at 260°F
and allows the agent to discharge overboard.
Other bottles have a safety disc which will rup-
ture when an overheat condition causes the
bottle pressure to vise to the vange of 1400-
1790 p.s.i. The bottle is normally charged to
800 p.s.i. with nitrogen propellant gas.

The latest bottle of this type (used on the
DC-9) has three control heads with explosive
cartridges and outlet ports. ~Two ports are
plumbed to the engines, while the third is di-
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FIRE PROTECTION

1. INTRODUCTION

A. General

The fire protection sysiem on the Electra consis

two individual HRD (high rate discharge) fire exti
separate zomes; zome I is the engine combustion and

accessories area, and zome IIf is the lower
detection and fire protection.

The engine/nacelle fire
nacelles on the left wing,
There is no method of @
other wing.

The fuselage underfloor compartments do not incorporate a fire detection or fire extinguishant system.
underfloor compartments. are constructed of heat-resistant material.

oxygen starvation to smother any fire.

All engine fire warning lights and controls for discharging HRD sre mounted on

s

proteciion system is actually two completely independent systems,
engine #1 and #2, and the other system on the right wing for
snsferring the extinguishant from the system in one wing to

of an integral engine/nacelle fire detection system with
nguishing systems,

Each nacelle is divided into three
tailpipe area, zome II is the engine compressor and

nacolle and forward wheel well area. All three zones have fire

one for the engines/
engines #3 and #4.
the system in the

All
Fire or overheat protection depends on

the forward center instru-

ment panel glare shield, easily accessible io all three crewmembers.

Fire extinguishant from the airoraft system may be discharged to any engine/nacelle either in flight or on the

ground. Also incorporated in the side of eac
portable ground CQ, fire extinguisher.

Portable CO, and water type fire extinguishers are installed

combat localized fires.

k nacelle is a springloaded door for injecting the nozzle of a

in the fuselage area and may be used to

Description Typical Turboprop Transport Fire Protection System.
Figure C V-52.

rected to the auxiliary power unit. This ar-
rangement eliminates the need for solenoid-
operated direction valves and asscciated wiring.

If any bottle is recovered intact, check the
pressure gauge; it should read zero or nearly
600 p.s.i. No other readings are possible, be-
cause once a bottle starts to discharge, it can-
not be stopped. If pressure is indicated, the
bottle was not used. In such case, arrange to
have the bottle discharged as soon as possible
as it represents a hazard.

Consider the F-27 which crashed on a moun-

tain during an instrument approach in a snow-
storm (discussed briefly in connection with
DME equipment). This aircraft was equipped
with two high-rate-discharge botiles in each
engine nacelle. One bottle, from the right en-
gine nacelle, was found free in the wreckage
with the entire control head missing, which
was recovered with indicating pin in the re-
tracted position showing that it had not been
discharged. Iis mate was found free, but com-
pletely intact. The indicator pin in its control
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head was likewise retracted, so it had to be
considered fully charged. The two bottles in
the left engine nacelle remained intact in their
mounting, and both indicator pins were re-
tracted. This meant that none of the bottles
had been discharged by the flight crew prior
to the accident.

Since the wreckage had to be taken down the
mountain, it was decided to discharge the three
full bottles where they lay to preclude injury
to personnel. The fully-charged auxiliary air-
craft battery survived the accident and was
recovered from the rear of the left engine na-
celle, an indication that the electrical system
had been working prior to the accident. Air-
craft wire was attached to the two terminals in
the control head of one bottle, and its plumb-
ing was covered with blankets, pillows, etc., to
absorb as much of the extinguishing agent as
possible. The two wires were then connected
to the battery, and the bottle discharged nor-
mally. After a few minutes the second bottle
was connected to the battery and discharged.
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The one charged free bottle was then stuck
between the other two bottles for security, and
was discharged in the same manner.

This procedure accomplished several things.
A functional test was performed at the scene
which showed the integrity of a battery and
three of four fire extinguisher bottles. The re-
sults indicated that the flight crew had not
received a distracting fire warning from the
engines, causing them to descend below a safe
altitude. The bottles were fully charged, avail-
able for use if needed. Many things can be
accomplished at the scene if the systems are
understood. ‘

Once it is determined that the bottles are
empty, disassemble the control heads to ex-
amine the copper seals and the thermal plugs
or discs. If intact, then the bottle was not dis-
charged intentionally or by heat. It is possible
for the explosive charge to be fired by exposure
to fire, so take this into consideration if the
bottle has been exposed to heat or fire. Just
as in the other systems, do not draw any con-
clusions until all the facts have been gathered.
If the bottle contains a pressure blowout disc
for thermal relief and it is found broken, then
this was first in the sequence of events when
both the disc and the copper seal are found
destroyed. If the copper seal failed first, there
would be no pressure to fail the thermal disc.

7.1.2. Fire Extinguishing System Plumbing

It is advisable to examine for leakage, breaks,
or chafing the plumbing from the fire extin-
guisher to the engines and compartments. A
prime example of such evidence is in the Pan
American Boeing 707 accident at San Fran-
cisco. On takeoff, the No. 4 engine third stage
turbine failed with the result that the engine
and a 27" section of the right wing were lost,
and a roaring fire was started from a broken
fuel line. The first officer discharged both fire
extinguisher bottles on that side, and the fire
went out about the same time. He did not
know whether the extinguishers or the fuel
shutoff valve smothered the fire. Investigation

proved that the fuel shutoff valve was responsi-
ble.

TSI

A portion of the No. 4 engine fire extin-
guisher line from the right wing leading edge
compartment was found chafed into a hole
11/8” x 3/16”, about 40” from the pylon at-
tachment. The line was located so that it was
chafing on the wing front spar lower cap; the
chafed area was 64" in length. A hole of this
size would dissipate much of the charge, re-
ducing its effectiveness considerably. The same
line to the No. 1 engine was examined, and it
was found to be chafing on a wiring loom sup-
port bracket.

Pan American inspected their entire fleet of
707/720 aircraft and found 16 cases of chafing
in 84 aircraft. One of these aircraft, only two
months old, had chafing on both sides (No. 1
and No. 4). One line had a hole at a point of
chafing against a thermal anti-icing duct. As
a result of these findings, the Board recom-
mended that- operators of 707/720 equipment
make an immediate inspection of these areas.
The line is very difficult to inspect visually be-
cause of its location, so it is possible that chaf-
ing could be found on any airplane of this type.
This is another reason why it is imperative to
pay attention to detail. :

7.1.3. Portable Fire Extinguishers

Two types of portable extinguishers are in
use today, CO,, and water. The old pyrene
bottle is now a thing of the past, however, some
may be found in the older aircraft. The emer-
gency equipment storage chart shows the type,
number, and location of portable extinguishers,
all of which must be accounted for and exam-
ined. The CO, bottles have copper safety wire
on the triggers. If the safety wire is intact,
then the extinguisher was not used. If the wire
is broken, pull the trigger to determine if any
CO, remains. '

The water extinguishers are pressurized by
a CO, cartridge when the handle is twisted.
This handle is also safetied with copper wire.
Because of the design, the handle is not likely
to be twisted as the result of aircraft breakup.
This type .of extinguisher can be checked for
operation, or the CO, cartridge may be removed
for examination.
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7.14. Fire Detection Relay Boxes or Panels

These boxes or panels should be recovered
and identified, and the relays should be ex-
amined for condition. Look for evidence of
arcing on the contacts, or possibly for contacts
which might be welded together, Welded con-
tacts might suggest a fire warning, false or
otherwise, prior to the accident. Check as-
sociated wiring for loose connections.

7.2. Testing and Disassembly

Testing and disassembly have been discussed
to some extent. The need for testing will de-
pend upon the circumstances, and the feasibil-
ity of testing will depend upon the condition
of the available components. Investigation at
the scene will, in all probability, suffice to de-
termine whether or not the fire extinguishing
system was used.

8. Oxygen Systems — General

The location and number of oxygen cylinders
varies, depending upon aircraft type; but one
large oxygen cylinder for the flight crew, from
one to four for the passengers, and several
small portable cylinders for first aid and other
emergencies are usually carried. A schematic
of the oxygen systems and the emergency stor-
age indicates the number, type, and location
of the cylinders.
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8.1. Visual Inspection and Documentation

All cylinders must be accounted for and

examined with great care. Though improbable,
a cylinder could burst in flight, which must be
ascertained. Record the gauge reading. If
control valves are found attached to the cylin-
der or lying loose in the wreckage, check posi-
tion, if open, check to see how far open.
- If oxygen is present in any cylinder, it might
be advisable to have the gas checked. In some
cases a cylinder has been filled with ether by
mistake. Such a finding might not apply to the
accident cause, but it could be used to alert
the user and the supplier to a dangerous situ-
ation. :

If it has survived the accident, the oxvgen
system plumbing should be examined for evi-
dence of burst lines, indicating that oxygen
pressure was available at the time of bursting.
Any burst area should be examined, since a fire
resulting from the reaction of oxygen with
oily or greasy substances might have been un-
controllable.

8.2 Testing and D.isassembly

Little in the way of testing or disassembly
can be accomplished with the oxygen svstems.
Circumstances surrounding the accident, such
as reported smoke in the cockpit prior to the
accident, may suggest a test of the oxvgen
regulators for proper operation and for a de-
termination of smoke mask usage.






Part C — AIRCRAFT AIRWORTHINESS INVESTIGATION

CuartEr VI

MANUFACTURING, MODIFICATION, AND MAINTENANCE

1. Methods and Procedures — General

All civil aircraft are required to meet certain
FAA standards of airworthiness prior to cer-
tification. One of the early determinations
to be made during each aircraft accident in-
vestigation is the FAA Airworthiness Standard
under which the subject aircraft was approved
and operating. After this decision, the prior
condition of the various components can be
evaluated, based on the original approval basis
and type of operation being conducted. If a
possibility of improper or incomplete manufac-
turing, modification, or maintenance proce-
dures exists, the investigation should be con-
tinued at the appropriate facility.

1.1. Manufacturers

Manufacturers of complete airframes, pow-
erplants, or propellers approved by the Federal
Aviation Adminnistration for use in civil avia-
tion are issued an approved Type Certificate.
Each manufacturer maintains a complete file
of FAA-approved data which must be fol-
lowed in the process of fabricating each
type-certificated article produced. Accident
investigations sometimes reveal that certain
manufacturing operations are incorrectly per-
formed or omitted, resulting in a causal or
contributory factor. A partial list of items
follows:

— Heat treatment — omitted or improper.
— Plating — omitted or improper.

— Dimensions — incorrect.

— Material — does not conform to data.

— Alignment — improper.

343

— Tolerances and fit = incorrect.
— Rigging — improper.

If manufacturing nonconformity is suspected,
the Investigator-in-charge should visit the man-
ufacturer’s facility to make a positive deter-
mination.

Upon identification, a nonconformity is made
the subject of a letter of recommendation from
the Safety Board to the FAA in case of a fatal
accident, or in a nonfatal accident, from the
FAA field investigator to the conoemed FAA
Engineering Branch.

These recommendations, if well founded,
usually result in corrective action by the manu-
facturer within his facility to prevent a recur-
rence of the problem. If a number of aircraft
in service are affected, and are difficult to
locate for rework, an Airworthiness Directice
is issued by the FAA, distributed by mail to
all owners of the particular make and model of
aircraft, and to all civil maintenance facilities.

1.2. Modifiers

Individuals or companies making modifica-
tions to aircraft, engines, powerplants, or ac-

"cessories used in civil aviation must obtain

approval from the FAA for such modifications.

Each modifier receiving FAA authorization
is issued a Supplemental Type Certificate, and
holds a file of approved data to cover the
specific modifications.

If the accident investigation detects im-
properly performed or incompatible modifica-
tions on the aircraft, these should be checked
with the STC holder or the facility which
accomplished the work. = If methods or work-
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manship are at fault, corrective action should
be accomplished by the individual or facility
involved. If the STC data is incorrect or in-
complete, a Safety Board or FAA recommen-

dation to the STC holder or an AD to owners-

of modified aircraft will be required.
A partial list of modification problems fol-
lows:

—-Weight and balance — incorrectly com-
puted.

— Parts — do not conform to data.

— Hardware -- not aircraft specification.
— Workmanship — not to FAA standards.
— Dimensions — incorrect.

— Alignment — improper.

— Rigging — improper.

1.3. Maintenance

Mechanics or maintenance facilities perform-
ing inspections, repairs, alterations, or modi-
fications on U.S. civil aircraft are governed
by specific FAA regulations.

If in the course of an accident investigation
it becomes apparent that improper or incom-
plete maintenance procedures have contributed
to the causal area, it will be appropriate to
continue the investigation at the facility in-
volved.

It should be remembered that if a consider-
able period of time has elapsed since the work
was accomplished, or if the aircraft has been
operated rather extensively, it may be more
difficult to establish the facts.

A partial list of some maintenance errors or
omissions follows:

— Annual inspection not accomplished,

— One hundred hour inspection (if required )
not accomplished.

— Airworthiness Directives (AD’s) not com-
plied with.

— Unauthorized repairs accomplished.

— Unauthorized alterations accomplished.

— Aircraft not properly released to service.
— Non-aviation parts installed.

— Weight and balance not amended.

— Maintenance records not completed.

Where improper maintenance practices are
found to have contributed to the cause of an
accident, the information should be docu-
mented, and the appropriate FAA facility
having jurisdiction over the area where the
maintenance was performed should be advised.
This permits the necessary corrective action.

2. Compliance. with Federal Aviation
Regulations — General

Persons involved in manufacturing, modifica-
tion, or maintenance of U.S. civil aircraft are
required to conduct these activities in accord-
ance with specific Federal Aviation Regula-
tions. All cases of noncompliance with FAR’s
brought to the attention of accident investiga-
tors should be made a matter of record in the
accident report. When such information is
known to FAA personnel, each case of non-
compliance will be investigated, and appro-
priate remedial or corrective action will be
initiated.

2.1. Manufacturers

Aircraft engine, propeller, and accessory
manufacturers of products for civil aviation are
governed by some or all of the following FAR’s.

FAR 21 — Certification Procedures for Prod-
ucts and Parts

FAR 23 — Airworthiness Standards: Normal
' Utility and Acrobatic Category
Airplanes

FAR 25 — Airworthiness Standards: Trans-
port Category Airplanes

FAR 27 — Airworthiness Standards: Normal
Category Rotorcraft

FAR 29 — Airworthiness Standards: Trans-
port Category Rotorcraft
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FAR 33 — Airworthiness Standards. Aircraft

Engines

FAR 35 — Airworthiness Standards. Propel-
lers

FAR 37 — Technical Standard Order Author-
izations

FAR 39 — Airworthiness Directives

FAR 43 — Maintenance, Preventive Mainte-
nance, Rebuilding and Alteration

2.2, Modifiers

Individuals or facilities involved in the modi-
fication of U.S, civil aircraft, engines, propel-
lers, or accessories are governed by Federal
Aviation Regulations listed under section 2.1.,
applicable to the modifications being accom-
plished.

2.3. Maintenance

Mechanics and maintenance facilities en-
gaged in inspection, repair, alteration, and
overhaul of U.S. civil aircraft are governed
by the following Federal Aviation Regulations:

FAR 43 — Maintenance, Preventive Main-
tenance, Rebuilding and Altera-
tion

FAR 91 — General Operating and Flight
Rules

FAR 121 — Certification and Operations: Air
Carriers and Commercial Opera-
tors of Small Aircraft

FAR 127 — Certification and Operations:
Scheduled Air Carriers with
Helicopters

FAR 133 — Rotorcraft External-Load Opera-
tions

FAR 135 — Air Taxi Operators and Com-
mercial Operators of Small Air-

craft
FAR 137 — Agricultural Aircraft Operations
FAR 141 — Pilot Schools
FAR 145 — Repair Stations
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In addition, any regulation listed in sec-
tion 2.1, applicable to the type of aircraft or
product involved, would be pertinent.

3. Maintenance Records

Records examination following an accident
reveals valuable information about the history
of the aircraft and its components. In many
instances these records have shown discrepan-
cies and omission in maintenance and pro-
cedures which resulted in causal factors. This
porticn of the investigation requires thorough
and tedious search of all pertinent records.

3.1. Air Carrier Records

Voluminous air carrier records create quite
a problem for the investigator. The airlines
usually cooperate in furnishing the records re-
quested by the investigator, but they do not
normally volunteer additional information, It
is up to the investigator to determine what will
be necessary to complete the investigation.

3.1.1. Records Required

Records required to be maintained by the
airline are listed in the operating manuals. The
investigator can obtain copies of these manuals
for use during the investigation. Mechanical
Reliability Reports and Mechanical Interrup-
tion Summaries are required for all air car-
riers, and these can be a source of useful
information.

3.1.2. In-house Records

Major air carriers have additional records
which are not required by the manuals, and
if the investigator is familiar with these, and
their use, he may obtain valuable information
that may otherwise be lost.

3.1.3. Coordination with the Airline and
ACDO Holding the Certificate

The NTSB field office personnel in the area
where air carriers are located should be familiar
with the operation of the airlines in order to
proceed intelligently with an investigation,



Another important source of information and
help is the FAA assigned air carrier inspector
from the ACDO holding the airline certificate.
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His continual surveillance of the airline gives.

him a good understanding of how the airline
operates.

3.1.4. Coordination with the Investigator-in-
Charge

Very close coordination by the Records Group
should be maintained with the Investigator-in-
charge at all times. He should be alerted as
soon as possible if the Records Group discovers
anything that may affect the course of the
overall investigation. This includes discrepan-
cies, major repair, replacement of Tnajor com-
ponents, or any other causal factor,

The modern air carrier records are ‘becoming
so complex that the trend in records investiga-
ticn is for the IIC to alert the Records Group
to probable causal areas to be investigated.
In some instances it is practically impossible to
go through and chéck all the records available
to the investigators, therefore, the IIC directs
the records investigation to the areas most
likely to furnish clues to the probable cause.

3.2. General Aviation Records

General aviation records investigation is
quite different from air carrier records investi-
gation.. The regulations require that only mini-
mum records be maintained by the owner/
operator, therefore, the investigator must use
his ingenuity to uncover the history of the
aircraft,

3.2.1. Documenis Required

Very few documents are required to be main-
tained for general aviation. These are:

a. Permanent maintenance record of the air-
craft and each engine.

b. Flight manual showing cperating limita-
tion. (Aircraft under 6,000 Ibs. may use
. placards and markings.)

c. Airworthiness certificate,

d. Registration certificate.
e. Weight and balance information.

All items except (a) are required to be in
the aircraft during flight.

3.2.2. Methods of Investigation

Quite frequently it is difficult to obtain rec-
ords in a general aviation accident. If the
aircraft burns, all of the records are usually
lost with the aircraft. The only alternative
left to the investigator is to obtain all available
records, and question individuals who might
have information concerning the aircraft. In-
formation usually can be obtained from the
owner. If he is not available, persons who
knew him or his aircraft (mechanics, repair
stations, or shops) ‘may supply information.
These people may not have a direct knowledge
of the history of the aircraft, but they fre-
quently may furnish clues to aid in the in-
vestigation,

4. Quality Control

Manufacturers, airlines, repair stations, modi-
fication facilities, and some maintenance shops

| will have a system of quality control established
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to assure airworthiness of completed work. A
complete quality control inspection system
usually includes the following:

a. Receiving Inspection — To assure that
no materials or parts are accepted until
they have been inspected and found to
conform to specifications.

b. Storage and Issuance Control — Stored
materials and parts are protected from
deterioration and properly identified as
to specification and inspection status.

¢. Process Inspection — Each process should
be inspected for conformity to FAA-
approved process specifications or auth-
ized technical data,

d. Process Data Control — A system of re-
view of all process technical data to
assure that new processes and significant
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changes to previously approved specifica-
tions are evaluated and approved or dis-
approved in accordance with type design
data.

Production Control — A system. of flow
sheets or cards showing materials to be
used, machine operations, processes, in-
spections, and steps to be followed for all
parts and assemblies to assure that phy-
sical dimensional, and functional char-
acteristics will comply with type design
data, :

Drawings and Change Control — A sys-
tem to assure that only current drawings
or other enginecring information are re-
leased to production and inspection per-
sonnel.  Any changes to drawings are
properly classified and approved by
FAA prior to being released to inspec-
tion as a basis for acceptance.

Inspection Tools and Testing Equipment
— A suitable system to provide for orig-
inal and periodic accuracy checks for all
measuring and testing devices used in
the manufacture of the product.

Inspection Status — Adequate procedures
for use of stamps, tags, or other means to
indicate the inspection status of materials,
parts, components, and assemblies.
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i. Inspection Stations — Sufficient inspec-
tion stations with technical data and
equipment should be established at ap-
propriate locations for inspection of parts
and assemblies at that state of produc-
tion to assure conformity to data. .

j. Materials Review System — A method of
isolating all materials, parts, components,
etc., which are damaged. do not fit prop-
erly, or do not conform to type design
data. This system includes a Board to
review all discrepant items to determine
whether they may be used as-is, re-
worked, repaired, or scrapped.

k. Assembly Inspection -— Observation of
final assembly operations of the product
and its major components provides an
indication of accuracy, skill, and care
used in fabrication of individual parts.
All parts should assemble without undue
forcing; if they do not, possible inade-
quate tooling, improper processing, or
deficient  quality control may be indi-
cated

If an accident investigation reveals evidence
of a breakdown in the quality control system
of a facility, the basic areas listed above should
be checked to determine if the objectives are
being met. '
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HELICOPTERS

1. Ceneral

A helicopter accident will sometimes con-
front an investigator with what appears to be
an impossible task due to extreme disintegra-
tion of the aircraft. Considering the amount
of potential energy stored in a rotating rotor
system, it is easy to see that loss of a blade or
tip could cause a vibration of sufficient magni-
tude to cause an inflight breakup.

(Photo — wreckage after loss of rotor system)

Loss of control by linkage disconnect or even
loss of power can result in heavy impact dam-
age.

(Photo — tail rotor drive shaft failure)

Good basic investigative techniques apply to
helicopter investigations. A good understand-
ing of aerodynamics, as applied to helicopters
and stability and control problems, is required
by a helicopter investigative group. It is usu-
ally necessary to establish flight control and
power/drive train continuity. :

The investigation should proceed as outlined
in other chapters of this text. Four major re-
quirements for a successful investigation are:

1. A knowledge of helicopter aerodynamics
" and stability and control problems.

2. A good plan.
3. Patience.

4. Inquisitiveness.

2. Helicopter Aerodynamics

Helicopters, like fixed wing aircraft, are
acted upon by four basic forces — lift, drag,
thrust and weight. The main difference be-
tween these two types of aircraft is the source
of lift. One aircraft has fixed wings and the
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other has rotary wings, but the same principles
of lift apply to both.

The length, width, and shape of an airfoil
all affect its lifting capacity. Each airfoil has
two primary factors affecting the amount of
lift it can generate. The relation between these
two factors, velocity of airflow and angle of
attack, and their effect on lift, can generally
be expressed as follows:

For a given angle of attack, the greater the
speed, the greater the lift.

For a given speed, the greater the angle of
attack (up to the stalling angle), the greater
the lift.

Lift can be varied by varying either of these

- factors. Furthermore, increasing either speed

or angle of attack, or both (up to certain
limits ), increases lift.

2.1. Velocity of Airflow

Velocity of airflow is required in order to
develop sufficient lift to get a helicopter into
the air and keep it there. This means that the
rotary airfoils (rotorblades) must be moved
through the air at a relatively high speed.
Since the speed of the rotorblades and the
resultant velocity of airflow over them is inde-
pendent of fuselage speed, a helicopter does
not require high forward speeds of the aircraft
for takeoff, flight, or landing. It is not limited
to forward flight. It can rise vertically, hover,
and can be flown forward, backward, or
laterally.

2.2. Angle of Attack

Angle of attack is defined elsewhere in this
text. The pilot can increase or decrease the
angle of attack of a helicopter without chang-
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ing the attitude of the fuselage. This is done
by changing the pitch of the rotor blades col-
lectively by means of a cockpit control called

“collective pitch.” Under certain conditions of
flight the angle of attack continually changes
as the rotor blades turn through 360°. This
condition causes the rotor system to tilt and is
controlled by cyclic pitch control inputs.

- 23. Angle rof Incidence

Angle of incidence of a conventional aircraft

is determined by the designer, and is built into
the aircraft. This angle may not be changed
by the pilot.
- The helicopter’s angle of incidence can be
varied by the pilot. This change is accom-
plished by the pilot whenever he moves the
cyclic pitch control from neutral, or the rotor
plane of rotation is changed by the collective
pitch control. ‘

2.4, Airfoils

Airfoil sections for a conventional aircraft are
selected to meet specific requirements. Most
- airfoils for the aircraft are unsymmetrical. An
unsymmetric airfoil section for use in a rotor
blade is unsatisfactory because the center of
pressure “walks” forward or rearward as the
angle of attack changes. This shifting of the
center of pressure cannot be tolerated in a
helicopter rotor because of the introduction

of pitch-changing forces that would be danger-
ous. Therefore, the center of pressure travel
is controlled by design, and is usually at a point
25% back from the leading edge of the rotor
blade. Use of a symmetrical airfoil effectively
limits the travel of the center of pressure.

© 2.5. Thrust and Drag

A helicopter gets both thrust and lift from
the main rotor. Thrust acts in the direction of
flight, and drag acts opposite the direction of
flight. This holds true for vertical flight, for-
ward flight, or rearward flight.

3. Flight Characteristics

The aerodynamics involved in producing lift
by use of a rotating airfoil introduces certain
stability and control problems. A control input
to a rotating airfoil must be inserted at a point
where gyroscopic reaction will cause the de-
sired effect. A basic discussion of these char-
acteristics will be covered in this section.

3.1.

As the rotor of a helicopter rotates in one
direction, the tendency of the fuselage to rotate
in the opposite direction is torque. This reaction
or torque effect is proportional in magnitude

Torque

to the power being delivered by the engine.
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It is important to note that there is no torque
when the engine is inoperative. It can then
be said that there is no torque effect during
an autorotation. The normal method of con-
trolling torque in a single rotor helicopter is
by use of a tail rotor. Most single rotor system-
rotate counterclockwise from the pilot’s view
The direction of torque would be opposite,
tending to rotate the helicopter clockwise,
therefore, in order to control this tendency the
tail rotor must exert thrust in a direction oppo-
site torque or tend to rotate the helicopter in
a counterclockwise direction.

Pilot control of the tail rotor is accomplished
by use of rudder pedals. These pedals allow
the pilot to increase or decrease tail rotor thrust
as required to control torque effect.

Since torque is proportional to engine power
output, it must be remembered that a change
in power will cause a corresponding change in
torque. : :

Torque cannot be completely compensated
for by wuse of tail rotor thrust only. Complete
compensation requires a couple, or the match-
ing of two equal forces acting in opposite direc-
tions. This second force is introduced by rig-
ging the helicopter with the tip path plane of
the rotor tilted from 1-2% degrees to the left,
depending on the helicopter type. -

This slight tilt of the rotor tip path plane t
the left results in a thrust vector to the left.
This force, combined with the thrust control of - -
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tail rotor, forms the couple required to com-
pletely compensate for torque.

3.2. Tail Rotor Failure

Tail rotor failure of a helicopter in flight is
a difficult emergency for the pilot. The first
indication of such failure is loss of directional
control.  Without a tail rotor, the helicopter
under discussion will rotate in a clockwise di-
“ rection. The rotation rate will be proportional
to the amount of power driving the rotor. The
only means by which the pilot can stop this
rotation is by a reduction of power. By re-
moving the engine as the driving power for
the rotor, the pilot may remove all engine
torque effect. This is accomplished by placing
the helicopter into an autorotation. While in
autorotation, the helicopter will turn to the left,
due to bearing and gear friction in the trans-
mission system. This friction drag, however, is
less than the torque effect and can be corrected
by maintaining adequate gliding speed and
making appropriate correction with the cyclic
pitch control. '

3.3. Hovering

Hovering is the maintaining of a position
above a fixed spot on the ground, usually at an
altitude of 6 to 10 feet.

In order to hover, the rotor system must
supply lift equal to the helicopter’s weight.
Lift is controlled by controlling the pitch and
r.p.m. of the rotor blades. The pitch and r.p.m.
of the rotor blades is controlled by the coilec-
tive pitch control.

Heading is conirolled in a hover by control-
ling tail rotor thrust with the rudders.

3.4. Ground Effect

Ground Effect is experienced near the ground
as a result of the ground or surface deflecting
or turning the downwash or induced flow from
the rotor of an aircraft hovering, thus reducing
induced drag and increasing lift. As a result,
less power is required to hover in ground effect
than out of ground effect.
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3.5. Translational Lift

As a helicopter leaves a hover and moves into
forward flight it has a settling tendency. As
forward speed is increased, the noticeable in-
crease of lift which becomes available at about
15 miles per hour is called translational lift.

3.6. Autorotation

Autorotation is the process of producing lift
with airfoils which rotate freely as air passes
through the rotor from the bottom. Under
power-off conditions, the helicopter will de-
scend, and airflow will be established wup
through the rotor system. With the engine
disengaged from the rotor system, pitch must
be reduced by lowering the collective control,
and during the descent energy is stored in the
rotor system.

An increase of rotor r.p.m. is accomplished
by pitch control, and rate of descent. As men-
tioned before, the pilot must reduce pitch in
order to keep the rotor blades turning at suf-
ficient speed to maintain the required centrif-
ugal force. Otherwise, the blades will fold up
and the helicopter will tumble out of control.
A landing trom an autorotation is accomplished
by commencing a flare with aft cyclic at an
altitude of 50-75 feet, with no change in
collective pitch. This flare will reduce air-
speed and rate of descent, will cause a slight
increase in rotor r.p.m., level the helicopter as
it settles, and gradually increase collective pitch
to control final descent rate and touchdown.

3.7. Gyroscopic Precession

Gyroscopic precession is a quality of all ro-
tating bodies in which an applied force is
manifested approximately 90° in the direction
of rotation from the point where the force is
applied. Thus, if a downward force is applied
to the right side of a rotor disc area, gyroscopic
precession will cause the disc area to tilt down
in front, provided the rotor system is rotating
Pitch changes to the rotor
system are applied in this mamner and are
initiated by use of the cyclic pitch control.

counterclockwise.
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3.8. Weight Limitations

The weight limitation on helicopters varies
within broad limits, depending upon controlling
criteria. The maximum weight of a helicopter
becomes a variable quantity to produce opti-
mums under different conditions. The weight
limitation charts for each specific type of heli-
copter should be understood and complied with
by a pilot. The heavier a helicopter is loaded,
the less shock loading it can sustain before a
failure occurs. Rough air will reduce the maxi-
mum planning weight for a particular mission.

Many accidents have occurred because pilots
did not understand weight limitation and den-
sity altitude. Example: A pilot takes off at sea
level with the helicopter loaded to maximum.
His first intended landing point is ten miles
away at an elevation of 3000 feet. With proper
knowledge he will know that his helicopter
may be too heavy to make a safe landing be-
cause of the density altitude. If the approach
is continued into the landing site, the pilot
may soon discover that he has insufficient
power to accomplish a hover landing.

3.9. Power Settling

Power settling is an uncontrolled loss of
altitude, aggravated by heavy gross weight,
unfavorable density conditions, and low for-
ward speed. This condition can be compared
to a stall of a conventional aircraft. In either
type of aircraft stalls or power settling near the
ground are dangerous. A severe condition of
power settling can result in the downwash of
the rotor being recirculated — up, around, and
back down through the outer rim of the rotor
disc. This adverse circulation can become so
severe that full up collective control will not
produce sufficient lift to control the rate of
descent. Recovery from this condition requires
an increase in forward speed and a reduction
of collective pitch, both of which are hazardous
near the ground. An altitude loss of 400 to 700
feet may occur before the condition is recog-
nized and recovery is complete. During an
approach to a landing or a takeoff over con-

gested area this condition can best be avoided ~—

by a thorough understanding of its cause.

A true condition of power settling is rare.
The condition often encountered and described
as “power settling” is a high rate of descent as
a result of insufficient power to allow a flare
or reduction of rate of descent for landing prior
to contacting the ground. This condition is
usually encountered at high density altitudes
with high gross weights. If insufficient power
is available to check this rate of descent, re-
covery would be the same as for true power
settling.

3.10. Blade Stall

Blade stall usually occurs at the tip of the
retreating blade due to the high angle of
attack and slow speed of the retreating blade.
The stalled blade sections exist throughout a
small portion of the outer disc. '

During flight conditions with high values of
forward airspeed, gross weight and altitude,
the retreating blade has an excessive angle of
attack and low speed. These conditions ag-
gravate blade stall. Mild blade stall will cause
a roughness in both helicopter and flight con-
trols. Severe blade stall will cause an abrupt
pitchup of the nose of the helicopter. Although
the retreating blade stalls on the pilot’s left
side, the resulting loss of lift is manifested
90° later, thereby causing the tip-path plane
to tilt downward at the rear. This uncontrolled
pitchup will last only a short period of time as
full ‘control is automatically restored when the
airspeed decreases in the nose high attitude
and the excessively high angle of attack no
longer exists. '

The blade stall is easily corrected by one or
a combination of the following:

Reduce collective pitch.
Increase rotor r.p.m.

Decrease severity of maneuver.

oL o

Gradually decrease airspeed.
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