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INTRODUCTION

The aircraft powerplant 1s designed to create a thrust force,
and consists of the engine and also the systems and components which
support operation of the engine.

The powerplant includes the following systems: fuel, oil, cool-
ing, fire protection, anti-icing, starting, induction, and exhaust;
the components include: engine mounting, nacelle, powerplant con-
trols, and propeller (for piston and turboprop engines). This divi-
sion is somewhat arbitrary, since the listed systems and components
are intimately related with one another on the flight vehicle.

The powerplant systems and components are usually considered
as powerplant equipment. Since englne theory and design are covered
in specialized courses, in the present book the aircraft powerplants
are studied from the viewpoint of the principles involved in inte-
grating their equipment, the actual hardware involved, and analysis
of the operation of the systems and components which make up this
equipment. o

The resolution of the problems assoclated with increasing flight
speed, range, altitude, and safety depends nct only on the thrust
(power), ceiling, and economy of the engine, but also on how success-
fully the problems of integrating the aircraft powerplant equipment
are solved. The general requirements imposed on alrcraft powerplant
equipment are:
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ensuring flight, maintenance, and economical performance of
the flight vehicle;

rellability, safety, survivability;

manufacturing simplicity and operational convenience;

long'service 1life;

low weight and small size;

low aerodynamic and hydraulic resistances.

In studying each type of equipment in the present book, we
examine to the extent possible the specific requirements and means

for their realization.

The development of powerplant equipment is inseparably linked

~with the development of aircraft engineering. Soviet technical

aviation ideas have contributed to the considerable growth of avia-
tion science in general and, in particular, to the development of
aircraft powerplants and their equipment. Proof of this includes

the powerplants of record-setting airplanes and helicopters, the
extensive use of Soviet flight vehicles and engines, not only in

the USSR but also abroad, and the successes in the conquest of space.

The definition of the "system" concept is very important for a
clear-cut classification of the systems used in aircraft powerplants.
In the aircraft powerplant course we take a system to mean an
ensemble of subsystems which are combined, have a common function,
and support the operation of the engine. The characteristic features
of such a system are the presence therein of a working body and its
motion through the subsystems during the time the engine is operat-
ing. Depending on the properties of the working body, the systems
may be hydraulic, gaseous, electrical. In turn, with regard to type
of liquld the hydraulic systems are subdivided into fuel, oil, water
systems, and the gaseous systems are dlvided into air, nitrogen,
and so on.

A subsystem consists of assemblies, lines, and fittings (con-
nections). By assembly, we mean a machine, instrument, mechanism,

FTD=-HC-23-374-71 2
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and so on. With regard to purpose, assemblies are divlded into
speclalized items in the form of tanks, bottles, pumps, fillters,
radiators, coolers, heaters, regulating and controlling equipment.

Depending on the working body a)
flow scheme, the systems used in ' U 3
aircraft powerplants can be open b) [}
or closed (circulating). 1In the ; 2 TE:P i
open systems the working medium ) ; :
travels from the source 1 (Figure [—' 2 3 H. ? :
la) to the user 3 along the pres- o QL~__J  i b
sure (suction, delivery) line 2. ; ? B é
In the closed systems the working 4 g
medium travels from the source to
the user along the pressure 1ine
and then returns to the source Figure 1. Classificatlion

through the return lines 4 and 5 of powerplant systems

or 1s directed to the pressure

line. Systems are encountered in which part of the worklng medium
1s returned to the source and part is directed to the pressure line.
Depending on these schemes, the closed systems are divided into:

single-contour, 1f the working medium returns to the source
(Figure 1b);

i
1
i
3
3
3
!
%
3
3
]
3

two-contour, 1f part of the working medlum 1s returned to the
source and part is directed into the pressure line (Figure 1lc);

short-circuit, 1f the working medium does not return to the
source but 1s redirected into the pressure line leading to the user
(Figure 14).

In view of the fact that many systems are hydraulic, the general
questions of system hydraulics are discussed 1n a separate chapter.

FTD-HC-23-374-71 3




CHAPTER 1

AIRCRAFT POWERPLANT CONFIGURATION AND MOUNTING

Classification of Aircraft Powerplants

Alrcraft powerplants are classified on the basls of various
characteristics, including the types of englnes used. Civil air-
planes and helicopters in the USSR use powerplants with piston en-
gines (PE), turboprop engines (TPE), and turbojet engines (TJE).
Very promising are the powerplants with ramjet englines (RJE) and
rocket engines (RE) (Figuresré and 3), ineluding the liquid iocket
engines (LRE). ‘

Up until the mid-1940's the piston engine was the basic air-
craft engine type and some alrplanes reached speeds of 190 - 310
m/sec and altitudes of 12,000 - 13,000 m using these engines. The
thrust P developed by a piston powerplant 1s expressed as

P-—%?.n,

where N — 18 the effective englne power in W;
np — 1s the propeller efficiency;

.V -— 1s the flight velocity in m/seec.

FTD-HC-23-374-71 4
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Figure 2. Reglons of rational

application of different engine Figure 3. Variation of rela-

types: tive thrust of different en-
a) PE; b) TPE; ¢) TJE; d) RJE; ‘zine types with flight Mach
. e) RE; A) region of insufficient number:

wing 1ift for airplane; B) region

of high drag 1) PE; 2) TPE; 3) TFE; 4) TJE;

5) LRE; 6) RJE

Since the eifective power of the PE is independent of the
flight speed and the prop efficiency decreases sharply with approach
to a Mach number of one, we see from the formula that the thrust
zvailable decreases rapidly with increase of the flight speed. At
the same time the thrust required increases markedly with increase
of the flight speed, and at high speeds a large increase of PE power
is required, which leads to considerable increase of PE weight and
size.

Supersonic speeds and high flight altitudes were reached when
the jet engines appeared. In contrast with the engines using pro-
peller thrust (indirect reaction engines), the jet engines (direct
reaction engines) make 1t possible to concentrate in a single unit
large thrust power along with considerably smaller size and less
weight in comparison with the PE. At flight Mach numbers M < 1
the thrust of the TJE 1s nearly independent of the flight speed,
and for M > 1 1t increases with increase of the speed.

The TPE is widely used at subsonic speeds (165 - 220 m/sec)
and moderate flight altitudes (6,000 - 10,000 m) on passenger and

FTD-HC-23-374-T71 5




transport airplanes. The primary advantages of these engines are:
the possibility of obtaining high power in a single unit (more than
11,000 kW); low specific weight and high power per unit frontal
area, low fuel consumption (for flight speeds higher than 210 m/sec
the fuel consumption of the TPE is less than that of the PE); the
possibility of using the propellers for deceleration to shorten
markedly the airplane landing ground roll distance.

The high takeoff thrust and possibility of using propeller
reversing during the landing roll improve the takeoff and landing
characteristices of airplanes with TPE. This makes it possible to
operate them from smaller fields than airplanes with TJE. The
economy of airplanes with TPE is better than that of airplanes with
TJE at flight speeds up to 365 m/sec, and for the same load capacity
the former provide considerably greater flight range. The primary
drawbacks of these englines in comparison with the TJE are higher
specific welght, higher maintenance costs, lower reliability because
of the presence of the propeller, and the limited installation
possibilities.

Use of the TJE is advantageous at flight speeds of 200 m/sec
and higher. The TJE combines in itself the engine and propulsor,
has low specific weight, small size, is simple in construction, and
can develop high thrust (180 KN or more). The absence of a propeller
facilitates conslderably the TJE powerplant installation and reduces
drag. This 1is the primary type of engine for flight at supersonic
speeds.

At intermedlate and transonic fiigh: speeds the most economical
engine is the bypass turbojet or, as it is sometimes called, the
turbofan engine (TFE). Under certain conditions the TFE has some
advantages over the TJE at supersonic flight speeds. These engilnes
are also used to drive helicopter main rotors, and they are the
preferred type of engine for vertical takeoff and landing (VTOL)
airplanes. In spite of the differences in configuration, all
engines of this type have one common feature: the presence of a

FTD-HC-23-374~T1 6
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second (outer) flow path in which the flow bypasses tke combustion
chamber and turbine and then mixes with the combustion products of
the primary flow path, increasing their mass and reducing the pro-
pulsive jet veloclity.

In comparison with the TJE these engines have lower fuel con-
sumption (by 5 - 12%). and lower welght for the same thrust, better
takeoff characteristics (they develop conslderably greater thrust),
and lower noise level (by 10 - 15 dB) (in comparison with the noise
level of the conventional TJE without silencer).

The thrust of the FJE conslists of the thrust created by the
primary (inner) flow and the thrust created by the bypass (outer)
flow. An important characteristic of the FJE 1s the bypass ratio,
i.e., the ratio of the alr mass flowrate through the secondary flow
Ga2

path: m = i whose value for the modern TFE varies from 0.23
3

to 3.5 or more.

When a TFE 1s installed on an airplane ther2 is an increase of
the diametral dimensions of the air intakes or inlet area, particu-

larly for large bypass ratios.

The englne thrust efficiency 1is defined by the formula

where VJ - is the propulsive jet velocity;
V — is the flight speed.

It is obvious that the propulsive Jet velocity is an important
parameter in obtaining high values of np. As the bypass ratio in-
creases the discharge velocity decreases; the thrust efficiency
increases and reaches a maximal value at a flight speed equal to the
propulsive jet exhaust velocity.

FTD-HC-23-374-71 7
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Replacing a TJE by a TFE makes is possible to increase the pay-
load for a given flight range (as a result of reduction of the re-
quired fuel supply), reduce the specific fuel consumption and the
nolse level, and also shorten the takeoff distance for a given air-
plane welght.

At supersonic flight speeds M 2 2.5 the RJE has the best eco-
nomy. The economy and specific thrust of the RJE at M = 3 - 3.5
reach and even exceed the comparable characteristics of the after-
burning turbojet engine (ATJE). These engines are also used with
success at lower flight speeds because of their low specific weight
and simplicity of construction. But the impossibility of independent
takeoff and low efficiency at low flight speeds are significant draw-
backs of the RJE. Therefore the RJE 1s encountered only in combina-
tion with other types of engines, or the acceleration of the RJE
powered airplane is accomplished by means of the powerplant thrust
of a carrier airplane. The use of the RJE is possible only in
combination with other types of engines to provide for airplane
takeoff and acceleration to the design flight conditions.

Rocket engines surpass all other types of aeroengines in magni-
tude of thrust developed. An important characteristic of these
engines is that their thrust 1is independent of altitude; they also
have low specific weight and high efficlency at supersonic flight
speeds. All this permits using solid and 1liquid rocket engines for
attaining high flight altitudes and speeds. These engines are used
with success for launching rockets for various purposes, including
intercontinental ballistic and space rockets. The high fuel con-
sumptions 1limit the flight time for continuous operation of the
solid and 1iquid rocket engines. On some flight vehicles they are
used as boosters to increase the thrust briefly during takeoff or
in flight. These engines are not yet used on passenger airplanes.
However, successful flights of experimental alrplanes with such en-
gines indicate their rapid improvement and the possibility of their
use on transport alirplanes.

FTD-HC-23-374~71 8
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Number of Engines

The specifications for civil airplanes specify: the cruilsing

speed vcr at the design altitude, the takeoff ground roll Lgr under

standard atmospheric conditions (p = 760 mm Hg, t = 15° C, p =

0.125 kgf - seczlmu)r and also the minimal permissible rate of
climb V& or the minimal climb angle & with one engine out.

On this basis, the available thrust of the engines installed
on the airplane is determined by the following conditions:

provide airplane takeoff from a runway of given lengthj;

possibility of continued flight and climb with one engine out;

a given noise level in the airport area during takeoff
(Chapter IX).

The thrust (power) Pto (Nto) required for an airplane to take

off from a runway of given length can be found from the value of Pav:

for ailrplanes with TJE

P cp
Pua= 0.93 ,

for alrplanes with PE and TPE
.V':‘.."—‘ 107 Pcp.

The average value of the thrust Pav during the takeoff ground

roll from the moment the alrplane begins to move until it reaches
the unstick speed i1s found from the equation

e . 1[0
P.-p = g-m ['é'g‘f:— = "; (""'_ -+ 2"“-1) N, (1)

Kuaa

FTD-HC-23-374=71 9
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where Gto — is the airplane takeoff weight, N;

vuns — 1s the alrplane unstick speed, m/sec;

rto — 15 the coefficient of wheel friction on the runway
during the takeoff run;

Kto — 1s the alrplane L/D at unstick with flaps in the
takeoff position.

In Equation (1)

) Gto 1 v2uns
IR = 3 cy, Sp — — 1s the average value of
to to
the drag during the ground run; % fto Gto -— 1s the average value

of the friction force during the ground run.

2

The value of the velocity vun in the first approximation

s
can be taken as:

for airplanes with TJE

2 a7z _ P .
Vorp =175 > 0
Ymax

for ailrplanes with PE and TPE

Vi,=130.-"
4
Yuax ’

where Py — is the takeoff wing loading, N/mz;
¢y — 1g, the maximal value of the 1ift coefficient with
max ’
flaps and slats in the takeoff position,

The value of the friction coefficlent fto depends on the runway

surface condition. On the average we can use the following values
of fto:

FTD-HC-23-374-T71 10
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Dry concrete runway . . . . . . . 0.02
Wet concrete runway 5 0o c o o 0.012
Dry metal runway . . . « « . « . 0.028
v Short grass cover . . « . . . . . 0.06
Normal grass cover . . . . . « . 0.08
Tall grass COVer . . ¢ o o o o = 0.15
3 Soft dirt . . . . . . . . . .. 0.20

Hard dirt e e o o o o s o e o s 0.04
SOft Sandy 5011 3 e o e e e e 3 0012 - 0-30
Wet sticky soil . .. . . . . . 0.26 - 0.38

One of the primary requirements imposed on the passenger air-
plane is the possibility of continuing the takeoff and climb with
one engine failed. In order to ensure safety of flight in the con-
tinued takeoff and climb with one engine out, the vertical rate of
climb must be Vy 2 2 m/sec, and the takeoff angle o must be greater

than the minimal permissible angle 1°30'. These values of Vy and 6

3 make the selection of the number of engines definite.
3 We know from aerodynamics that the equations of motion of the
alrplane in a climb can be written as
P=Q4+Gsin®;
é Y =Gcos 0,
where P — 1s thrust, N;
Q — is drag, N;
G — 1s weight, N;
E ® — 1s climb angle;
Y — is 1ift, N.
B Since
c c
y y 2
Cy =z to’ then P = X Lo Sp g— + G sin 6.
to to to
FTD-HC-23-374-T71 11
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v
then the engine thrust required for climb will be
P=c(‘-2‘;°+sin0).
4 Ksax &
" .
3 Since with the failure of one engine the angle 6 = 1.5°, we can :
3 assume that cos 6 = 1. Therefore the engine thrust required for 3
continuing the takeoff with one engine out is found from the formula i
Puo..p = G{--‘-~— 4-sin ﬂ) . :
Knaa i
The available thrust of all the engines, selected on the basis
of the fallure of one eng. ne during takeoff, is: for an airplane
with two engines ;
P .-=‘26(-'—-+sin0): (2)
paca Kasn ,
with three engines i
3g(L .
P =-2-c(i-;.+sino). (3)
with four engines é E
NP e y o
P!l'..-u =2 SG(K.“ l'5|n°)' ( ) § ;
We use (1) to find the thrust required for takeoff as a function }
|
} of the required ground run distance, and we use (2), (3), (4) to !
E find the thrust available for takeoff with one engine out. ‘ %
i
Comparing the thrust values given by (1), (2), (3), and (4), :
we conclude that: the number of engines installed on the alrplane ¢ %
must be such that the avallable thrust obtained from the condition i
FTD-HC~-23-374=T1 12
!
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of continued takeoff with one engine out is approximately eoual to
the thrust required to provide the given ground run distance. More-
over, this thrust must be sufficient to obtain the specified cruilsing
speed at the design flight altitude. Por example, for an alrplane

2

weighing 780 KN at takeoff, wing area 80 M, ¢ = 1.6, Ko = 10,

Yto
taking off from a dry- concrete runway for a ground run distance L

Lgr = 1800 m, the takeoff engine thrust required to provide the

given ground run is 150 KN. The thrust required to continue the
takeoff with one engine out is 99 KN. Then the thrust available
determined from the single engine failure conditions is 198 KN for
the two-engine alrplane, 149 KN for the three-engine, and 132 KN
for the four-engine airplane.

= !

It is obviously best to install three engines on this pa‘ticular
airplane, since in this case the alrplane can continue the tageoff
with one engine out. If two englnes are installed on this pgrticular
airplane, for takeoff with one engine out the thrust avallable ex-
ceeds the thrust required for takeoff with the specified ground run.

If four englnes are installed on the airplane, the desigr case
will be that for takeoff with the specifled ground run. In this
case the thrust avallable is greater than the thrust determined
from the condition of takeoff with one engine out. The reduction
of the ground run distance leads to considerable increase of the
thrust to provide the given ground run.

Thus, it 1s best to install two englines on alrplanes which take
off from short runways. Having a high thrust-weight ratio (F/Gto =

0.28 - 0.33), such airplanes can climb more rapidly after takeoff,
which reduces the fuel consumption in this stage of the flight.

They can fly at higher altitudes than alrplanes with a larger number
of engines or they can fly at lower altitudes with the engines
throttled, which leads to reduction of the fuel consumption and also
to increase of engine service life. Installation of two engines is

FTD-HC-23-374-T1 13
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characteristic of airplanes for short and inteimediate routes
(Tu-124, Tu-134, An-24).

The installation of three engines is advisable on the airplanes
for intermediate and long routes (Tu~154). It 1s best to use four
engines on airplanes for long and intercontinental routes (Tu-114,
I11-62), which take off from airfields having long runways (2500 m
or more). The thrust/weight ratio of such airplanes amounts to
0.22 - 0.27. A characteristic feature of these airplanes 1is the
higher wing loading and considerably lower specific powerplant weight
than for the twin engined airplanes. This makes it possible to in-
crease the relative fuel weight, which is very important in obtaining
long flight ranges.

Engine selection for supersonic passenger airplanes is influ-
enced by the wide range of flight conditions, and by powerplant
econcmy and reliability. The maximal engine thrust for the super-
sonlic alrplane is determined not by the takeoff conditions, but by
the acceleration conditions during transition through the sonic
barrier. These alrplanes have a thrust available during takeoff
(thrust/weight ratio 0.4 or more) which permits takeoff from the
same runways as those used by the current subsonic airplanes, even
in the case of failure of one engine. 1In this case the total thrust
of the remaining engines will be sufficlient to complete the takeoff,
climb to a safe altitude, and continue flight. The airplane L/D
decreases markedly during flight at supersonic cruising speeds,
which also requires a high thrust/weight ratio. Published informa-
tion on the supersonlic passenger airplanes now being constructed
indicates that they will be equipped with four or six TJE.

Helicopter powerplants are quite varied and depend on the con-
figuration and layout of the helicopters. Helicopter engine selec-
tion is outlined in the technical and economic requirements, but we
can consider that 1t is mandatory that at least two engines be in-
stalled on passenger helicopters. Provision must be made for the
possibility of continuing flight at the best-range speed without

FTD-HC-23-374~71
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descent with one engine operating. With one engine operating at
maximum power, the rate of climb should be no less than 1 m/sec.

Vertical takeoff and landing (VTOL) airplanes have been con-
structed and further development is proceeding at the present time.
For these alrplanes, powerplant reliability is the primary factor
which determines flight safety in the various flight regimes (take-
off, landing, transition), since the required thrust and control of
the VTOL airplane are provided by the powerplant. Fallure of one
engine is the most unfavorable case for the VIOL airplane. With
regard to the principle used in creating the vertical and horizontal
thrust, three basic VIOL configurations are known:

vertical and horizontal thrust are created by the same engines
(integrated powerplant);

vertical thrust is created by one group of engines and hori-
zontal thrust by another group (composite powerplant);

vertical thrust is created by thrust augmentors, and horizontal
thrust 1s created by cruise engines, which are also used for opera-
tion of the thrust augmentors (powerplant with thrust augmentors).

VTOL alrcraft of the first type most often use TPE, FJE, and
TJE. The number of engines depends on the basic thrust/weight ratio,
and the thrust/weight ratio after fallure of one engine may vary
from three to eight. With increase of the basic thrust/weight ratio,
the number of engines decreases; for a constant basic thrust/weight
ratio, the decrease of the latter after failure of one engine leads
to reduction of the number of engines required.

If an integrated powerplant consists of FJE or TJE, then upon
fallure of one engine the symmetric engine must be shut down for
reasons of flight safety. For such VIOL airplanes the number of
engines is twice the number of engines of the VTOL airplane

using TPE.

FTD-HC-23-374=71
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In the VIOL airplanes using a composite powerplant, the number
of 1ift englnes 1s selected on the same basis as for the VIOL alr-
plane of the first type. If the composite powerplant consists of
1ift and lift-cruise engines, their number depends on the basic
thrust/weight ratio, the thrust/weight ratio based on the thrust of
the 1ift or lift-crulse engines, and the thrust/weight ratio when
one englne fails.

The number of engirzs required decreases with increase of the
overall thrust/weight ratio. For an overall thrust/weight ratio of
1.2 or more and a thrust/weight ratio of the 1ift or lift-cruise
engines varying from 0.3 to 0.7, the number of these engines required
will be one or two, and 1f 1t 1s necessary to shut down the symmetric
engine the number will be from two to four.

In the VIOL alrplane with a powerplant having thrust augmenta-
tion units, flight safety with fallure of one of the engines is
achieved by choosing the required number of engines. Usually the
powerplant of such a VIOL airplane consists of two or three englnes
if the overall thrust/weight ratio amounts to 1.1 - 1.3 with the
thrust/weight ratio of the remaining engines being 0.8 - 0.9. We
recall that in case of failure of one of the engines (for two engines
and two turbofan assembllies -~— TFA) the vertical thrust of the TFA

decreases by only a factor of 1.6 - 1.65 rather than by a factor of 2.

Engine Placement

The placement of alrcraft powerplants ls extremely varied and
depends on the number and type of engines, thelr dimenslons, the
mission of the flight vehicle, 1ts performance: flight speed, range,
ceiling, load capaclity, and so on; the configuration must satisfy
the requirements imposed on the powerplant itself.

FTS-HC-23-374-71 16
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Placement of Piston and Turboprop Engines

The piston and turboprop engines create thrust by means of the
propeller, which defines to a considerable degree the placement of
these engines. Powerplants with a single PE or TPE (for sporting,
training, and speclal-purpose airplanes) are usually located in the
nose of the fuselage (Figure U4). This scheme has the following
advantages:

good access to the engine, propeller, and accessories located
on the engine is provided for maintenance;

the fuselage 1is freed for disposition of cargo and crew;

the engine has low aerodynamic drag, since it is faired into
the nose of the fuselage;

the propeller thrust has minimal effect on the stability and
controllability characteristics, and the propeller operates in a
region of undisturbed flow, which improves its efficiency con-
siderably.

At the same time this engine installation has the following ﬁ
disadvantages: ;

Figure 4. Piston engine installed in fuselage
nose

PTD-HC-23=-374-T1 17
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installation of tricycle landinngear with a nosewheel and also

the location of other equipment in the fuselage nose, radars for
3 example, is difficult;

J the pilot's vision is poor;

the airplane maneuverability 1s reduced because of the heavy
engine being far from the airplane center of gravity;

in a forced landing with the gear up,the propeller is first to

contact the ground, which may lead to damage to the englne and the %
occurrence of fire. :

Powerplants with two or four PE or TPE are usually located in f
the wing leading edge (Figures 5 and 6). The location of the engine
nacelles along the wingspan 1s determined by the propeller dimensions;
the powerplant location relative to the fuselage may be determined by

the clearance between the prop and the fuselage or by the main land-
ing gear tread.

PO PR =Y

Figure 5. Turboprop engine aligned with upper wing contour ' §

Piston and turboprop engines mounted on the wing are usually
located ahead of the wing structure, above the wing structure, or in
line with the upper contour of the wing.

This engine lccation scheme
has the following advantages:

A et s
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Figure 6. Turboprop engine above wing structure

the engines relieve the wing load in flight (but during landing
and flight in rough air they apply additional loads on the wing) and
act as antiflutter balance welights;

full-span tralling edge flaps can be used on the wing;

good access to the englnes is provided, engine replacement 1is
convenlent, and quick-change powerplant units can be used;

less cabin noise from the engines.
However this arrangement has the following disadvantages:

failure of one of the engines leads to a large turning moment
in the horizontal plane and a high rate of roll;

the alrplane drag increases markedly because of interference
and drag of the nacelles themselves;

in the case of emergency landing with the gear up, damage to
the engines (for the low-wing configuration) and fire are possible;

during taxiing dirt, water, and variocus forelgn objects can get
into the engines and lead to engine failure.

FTD-HC-23-374-71 19
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Turbojet Engine Placement

The absence of propellers on airplanes with TJE opens up broad
possibilities for engine placement — from nacelles which are com-
pletely outside the wing contour to engines which are entirely
buried uithiq the fuselage or wing.

The airplane with one or two TJE usually has the engines in
the aft fuselage (Figure 7). This arrangement makes it possible to
locate the cockpit in the nose.
The propulsive nozzle axis usually
coincides with the axis of the aft
fuselage and passes through the
alrplane center of gravity. In
this case there is very little
airplane trim change when engine
pover is changed. But the con-
siderable distance between thr
airplane center of gravity and Figure 7. Turbojet engine
the engine complicates the in aft fuselage
balance problem, and the internal
resistance of the ducts leading
the air to the engine increases (in comparison with airplanes in
which the engines are installed in nacelles). It 1is well known that
with Increase of the flight speed the internal resistance of the
inlet ducting has less effect on decrease of the engine thrust than
the external drag of nacelles. Therefore, at high flight speeds it
is better to locate the engines inside the flight wvehicle, but
this is not always possible.

Three engine configurations aire used on commercial airplanes
with TJE and TFE: in the wing roots, on pylons below the wings, and
on the aft fuselage. '

When using the first technique (Tu-104, Tu-124), the engines
are located aft of the main wing structure (Figure 8) or in the

FTD-HC-23~374-71 20
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Figure 8. Turbojet engine in wing root behind spars:

1 — ving front spar frame; 2 — upper alr duct passing

through wing box; 3 — stamped aft spar frame; 4 —

turbostarter exhaust duct; 5 — integrated aft section

of air duct; 6 — hinged cowl covers; 7 — englne;

8, 10 — wing aft and front spars; 9 — lower air duct;
11 — air intake

main wing structure. Installation of the engines aft of the main
wing structure provides good access to the engines and the TJE can
be replaced by FJE without major modifications. When the engines
are located within the main wing structure (Figure 9), they have
shorter alr inlet ducting but longer tall plpes to carry the exhaust

Figure 9. Turbojet engine in wing root between spars:

. l, 2 — air intakes of inboard engine and air conditioning
system; 3 — alr duct; 4 — inboard engine; 5 — firewall;
6 — tailpipe; 7, 11 — rear and front spars; 8, 10 —
intermediate and forward firewalls; 9 — hinged hatch
covers in lower wing panel for engine installation
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gases behind the wing trailing edge. In this arrangement the struc-
tural weight goes up because of the long tailpipes, and access to
the engine is relatively poor.

The arrangement with the engines in the wing roots has the
following advantages:

l~ss powerplant aerodynamic drag in comparison with installation
of th2 engines under the wing or on the aft fuselage;

less interference between the fuselage and the wing; with the
engines operating an "active" fillet is created, in which the air-
stream velocity 1s increased rather than retarded and the pressure
decreases in the flow direction. As a result, the overall drag
coefficient decreases;

in case of faillure of one engine,large yawing and rolling
moments do not arise; the relatively slight moments can be counter-
acted by a small vertical tail area. This makes it possible to
replace given engines by engines of higher thrust without major
change of the airplane structure;

the safety in an emergency landing is increased, since the
engines are protected by the wing against contact with the ground;

the engine arrangement has no effect on wing dihedral, and the
latter can be selected solely on the basis of stabllity and
controllability.

The drawbacks of the engine location in the wing roots include:
vibrational loading of the fuselage from the propulsive jet.
The closeness of this Jet to the fuselage leads to the danger of

fatigue failure of the fuselage, and of the empennage as well,
which is located in the propulsive jet influence zone;

FTD-HC-23-374-71 22
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high noise level in the passenger cabin, particularly where the
end of the tallpipe is located;

danger of fire propagation to the passenger cabin and the fuel
system 1f fire occurs in the engine;

% possible'damage to the pressurizea cabin and fuel system if an
engine compressor fails;

reduced possibility of wing mechanization because of the pre-~
sence of the air inlets and exhaust pipes. Design of devices for
thrust reversal is difficult, since the jet must be directed forward-
down and forward-up. But the portion of the jet which is directed
forward-down will be reflected from the airfield surface and into
the engine air inlets, and thus affects normal engine operationj;

possibility of foreign particle entry into the air inlets from
the nose wheels during airplane operation on the airfield;

comparatively difficult conditions for servicing the engine
and its accessories.

; The arrangement with the engines on pylons below the wings 1is
widely used on foreign airplanes (Figure 10). This scheme has the
advantages:

unloading of the wing in flight;

increase of the critical
flutter speed because of the for-
» ward snift of the center of
gravity of those wing sections at
which the engines are located;

Figure 10. Turbojet engines

improved maintenance condi- below wing on pylons

tions;
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increased fire safety. The use of firewalls in the pylon
isolates the burning engine from the wing;

less noise from the operating engines iIn the passenger cabin;

g possibility of noise suppressor and thrust reverser installa-
tion on the engines; -

use of nacelles with minimal external and internal drag;
absence of propulsive jet effects on the fuselage.

Installation of the englines on pylons has the following dis-
advantages:

frontal drag 1s 1ncreased because of the presence of the
nacelles and pylons, and interference drag shows up where the pylon
Joins the wing and nacelle;

change of the engine thrust affects the airplane longitudinal
and directional stabilities. Englne failure causes a large turning
moment iIn the horizontal plane. High loads are created on the out-
board engines during airplane maneuvers;

the landing gear height increases, since the wing dihedral 1s
not selected on the basis of stability and controllability, but
rather on the basis that the outboard powerplants not contact the
ground in case of a small bank angle occurring during takeoff and
landing;

!z the location of the engines close to the ground increases the
probability of engine failure resulting from foreign objects enter-
ing the air inlets from the surface of the airfield;

k the engine installation on pylons either prevents the use
' of slats or flaps along the entire wing span or restricts their
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travel in the area where the engines are jnstalled to less than the

design angle;

in case of a forced landing the engines are the first to con-
tact the ground, which may lead to an aircraft fire.

At the present time,extensive usé 15 made of engine installa-
tions on the aft fuselage. This scheme is used on the I1-62 (Fig-
ure 11), Yak-40, Tu-134, and Tu-154. This aprangement has the

following advantages:

an aerodynamically clean wing and effective mechanization along

the entire wing span are used to obtain high values of cy during

takeoff and landing;
small yawing moment when one engine fails;

good conditions for air inlet into the engine are created 1f
the englnes are far enough away from the fuselage to permit bleeding
the boundary layer. When the angle of attack 1s changed the change
of the angle at which the air flow enters the engine inlets changes
about half as much as the wing angle of attack changes, while for

other arrangements the inflow angle change 1is greater than the angle

of attack change;

the destructive effect of pulsating sonic loads from the pro-

pulsive jets on the alrplane structure i1s reduced, since only a

small part of the aft fuselage 1is 1n the sphere of influence of

these pulsations;

nes are protected against entry of water and forelign

the engl
g takeoff and landing because of the screening provided

objects durin
py the wing and flaps (Figure 12);

the noise and vibration level in the passenger cabin is reduced,
improving the comfort level considerably;
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Figure 11. Engine installation on aft fuselage

fire safety is improved
because of the increased distance

between the engines and the fuel,
located in the wing; in case of

F fire the flame propagates aft
: without contacting the airplane.
3 In case of a forced landing the

englines are protected against ELgrelle NERgineincetect lon

against entry of rocks thrown by

1 contact with the ground by the main gear wheels: :

: wing and fuselage; 1 — upper boundaries of possible :
rock trajectory; 2, 3, — posi-

tions of flaps and air intakes '

the longitudinal and di- during takeoff and landing §

rectional stabilities are im-

proved because of the fact that

the engine pylons and nacelles act as a horizontal tail; the hori-
zontal tail is moved up into a zone of undisturbed flow, and more

4 favorable vertical tail operating conditions are created as a result : -?
r . of location of the horizontal tail on the vertical.
f This arrangement has the following disadvantages: f §

fuselage weight is increased (because of increasing the strength
of the aft fuselage), vertical tail weight 1s increased (since it g 1
carries the horizontal tail), and the wing weight is increased (it o
is not relieved by the engine mass forces); ‘
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the airplane center of gravity shifts aft, and therefore the
wing must be located closer to the tail. This leads to a longer
fuselage nose section, which experiences large bending moments,
makes 1t difficult to provide longitudinal airplane trim, and also
complicates longitudinal balancing of the airplane;

the airplane drag 1s increased owing to the powerplant nacelles
and the interference drag, which has a marked effect on the airplane
L/D ratio.

With regard to loc %ion, helicopter powerplants are divided
into two groups: interaZl, located inside the fuselage, and external,
located in separate nacelles outside or above the fuselage. The
engine locacion is determined by the requirement for rational place-
ment of the transmission, possibility of normal engine cooling in all
flight regimes and at all times of the year, ease of engine installa-
tion and removal, and convenient access to the engine during
operation.

On the commercial supersonic airplanes being designed and con-
structed at the present time the engine nacelles are located below
and toward the tralling edge of the wing in order to reduce inter-
ference. In this case it 1s more efficient not to use separate
nacelles, but rather a nacelle which 1s integrated with the airplane
structure so that part of the engline case is buried in the wing
structure. This nacelle configuration reduces frontal drag, since
the pressure 1is increased around the nacelles, and therefore there
is an increase of the 1ift force without increase of the drag
("positive interference"). The engines can be located in a single
nacelle along the airplane centerline or in palrs below the wing.
The latter version 1s preferable from the aerodynamlc standpoint,
since the englnes are not located in the thick fuselage boundary
layer. Moreover, the outer portions of the wing are unloaded by the
engine mass, while the small increase of the moment of inertia about
the airplane longitudinal axis has very little effect.
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Engine Mounting

The choice of the engine mount structure depends on the engine
type, its installation on the flight vehicle, and also on the mag-
nitude and direction of the applied forces. The following demands
are made of the engine mount:

it must accept all the loads which arise under the various
flight conditions;

be strong and rigid with minimal weight;

" absorb engine and prop vibrations so that they are not trans-
mitted to the flight vehicle structure;

compensate for thermal displacements of the engine case;

-provide for rapid installation and removal. At the present
time increasing use 1s being made of quick-change powerplants on
flight vehicles. This type of mounting makes it possible to install
and remove the engine with all the accessories and components in-
stalled on it. 1In this case the premounted engine can be test run
ahead of time.

The engine mount must be designed so that the engine case is
not part of the flight vehlcle structure. The mount must provide
interchangeability of engines, easy and free access to all the
accessories which require periodic inspection and adjustment during
operation. Maintenance convenlence has always been given consider-
able attentlon, but today servicing simplicity is considered to-
gether with the most lmportant powerplant characteristics, such as
reliability, weight, and so on.
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Loads Acting

The following forces act on the engine mount durlng operation:
mass, aerodynamic, thrust, and propeller torque. The magnitude of
these forces and torque depends on the engine type, its installation,
and the maneuvering characteristics of the flight vehicle. The mass

forces are determined as a function of the powerplant weight Gpp,

which includes the weight of the engine and equipment, mount, cowling
nacelle, prop, and other components located on the engine.

For airplanes with TPE
GC. Yy = (1-9":‘2:2) Gn:

for airplanes with TJE
Ge. y.‘-'-' (1.2-16)Gy,

where Geng — 1s the engine weight.

The mass forces are applied at the powerplant center of gravity
and may be directed along the y and z axes (Figure 13). When the
airplane rotates about the y or z axis, the gyroscopic moment M

gyro
arises .
M, p=1,0,0;sin (0, 0) N.m,
where Ip — is the polar moment of inertia of the prop and rotating
masses of the engine, N-m-sec2;
#
W, — is the angular rate of rotation of the engine parts,
1/sec
w, — 1is the angular rate of rotation of the flight vehicle

i
about the ith (y or z) axis, 1l/sec.

The gyroscopic moment tends to turn the engine axis toward the

th

i*" axis, so that when w_ and Wy coincide the rotation of the flight

vehicle and engine will be in the same direction.

®
Translator's Note: Given incorrectly as "w" in forelgn text.
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Figure 13. Forces and moments acting on powerplant

The angular velocity of the flight vehicle can be found from
the formula

where n;gx — 13 the load factor of the corresponding loading case;

p — is the wing loading, N/m2.

The engine mounts of the PE and TPE are subjected to reactive
moment M, directed opposite the prop direction of rotation

1 N
M=gw -l W%

where N — is the power developed on the prop shaft, W;
f — 1s the safety factor;
: n — is the prop rotational speed, 1l/sec.

The aerodynamic forces acting on the engine cowlings and nacelles
are determined from wind tunnel tests. They are taken into account

primarily in the design of the cowlings, nacelles, and the air ducts.
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initiation of recovery from a dive with the speed V

:design loading from the welght force and the gyroscoplc moment are

The forces and moments acting on the engine mount can take
various different values during airplane operation. The strength
standards select several airplane attitudes which result in the most
severe cases of loading of the principal parts and components of the ;
airplane. These attitudes are termed the loading cases. The fol- :
lowing loading cases are prescribed for the engine mount.

Case Ae - {8 curvilinear flight of the vehicle at angles of

attack corresponding to ¢ This case occurs in airplane pull-

y max’
out from a glide, during flight in gusty air, or during entry into
a zoom and specifies weight and gyroscopic moment loads on the
mounting system.

The operational load PP 1s
P’ =(ﬂ:lllA + l.S)G‘

and is directed downward perpendicular to the engine axis.

e 4 . e A S L S 8

The design load Pdes is found from the formula

Ppace=P*[=(nax, +1,5) G, /.

Case Aé — 1s curvilinear airplane flight at maximal load factor

and maximal dynamic pressure q This case corresponds to

max max’

. Th
max max €

found similarly to case Ae. However, in addition, consideration
is also given to the action of the aerodynamic force P:gro on the
cowling, applied downward at a distance 0.25 times the cowling

length from its nose

P:ap =Cyan S;un Gmax mazy
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where ¢, 2 — 1s a coefficient equal to 0.085;
ycowl

séoul

For this case,the safety factor f = 1.5.

~ 18 the cowling plan-view area.

Case De ~ corresponds to the minimal value of the 1lift coeffi-

cient. The operational load PP is applied at the powerplant center
of gravity and is directed upward perpendicular tc the x axis.

P* = (Afnex,, + 16) Gy
The safety factor f = 1.5.

Case Dé -- 1s curvilinear flight with a negative load factor

and the dynamic¢ pressure q The load for this case is deter-

max max’
mined similarly to case De’ but the force szro acting on the cowl-
ing is directed downward and ¢ = 0.045.
cowl
Case He -— corresponds to side loading by the mass force. On

the mount there act the forces P;p = Dg» ng =+ 1.5 G, and the

gyroscopic moment.
The safety factor f = 2,

Case Me (or Te for the TJE) is engine static operation. The
engine mount is loaded by the maximal thrust, the weight Ge’ and the

prop reactive moment.
The safet, factor for this case f = 2.
If the englines have thrust reversal, the calculation is made for

maximal reverse thrust. Moreover, the strength norms provide for
loading of the engine mount by forces for the combined loading cases
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Ay + M, (Ae + 're), D, + lce (De + Te)’ H, + M, (He + Te), and also by
the forces for all the landing gear loading cases with the load
factor and safety factors corresponding to the gear design cases.

For the combined lcading cases, the operational loads are taken in
accordance with cases Ae, De’ He, and the thrust and moment values

for case M, (Te) are taken from the aerodynamic calculation in accord-

ance with the design case examined above.

Configurations

The englne type and its installation on the flight vehicle have
considerable influence on the engine mount configuration and struc-
ture. Most frequently the engine mount configurations are space
franes which connect the engine with the flight vehicle structure and
have no less than six members. The members must be arranged to en-
sure geometric rigidity of the system. However, trusses which have
more than six members are frequently encountered; the increased num-
ber of members leads to increased survivability of the system.

All the engine mount structural elements are made from high-strength
alloy steels, heat treated to Ot = 1100 - 1200 MN/m.

The radial PE mount (Figure 14) consists of a tubular ring to

which the engine case 1s attached and eight members welded to the
ring and attached to the airplane structure. The ring and members
are made from 30 CrMnSIN steel 2nd are welded together at the joints.
The tubes are jolned with the aid of gusset plates to strengthen

the welded joints. Ears or fittings are welded into the tubes at
the places where the truss attaches to the airplane structure. The
engine case 1is attached to the ring with the aid of pins in rubber
bushings. The fittings which attach the truss to the airplane

structure have rubber dampers.

From the viewpoint of structural mechanics, the engline mount
structure is a space truss and falls in the class of complex,
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Figure 14. Structure and computational scheme of -radial
piston engine frame:

1 — frame ring; 2 — brace; 3 — gusset plate; 4 — sock-
ets; 5 — conical support

statically indeterminate systems. The mount joints are welded and
can be considered rigid. In this case the tubes will operate in
tension-compression and bending when the truss is loaded. However,
since the bending is found to be small, in calculations the welded
rigid joints can be replaced by ideal hinges operating without
friction. The tubular ring and the engine case are assumed to be
absolutely rigid bodies. Then the engine mount members will work
only in tension and compression.

Mounting of the TPE on the flight vehlicle 1s ac.omplished with

the aid of three-dimensional framework systems which are connected
with the engline fittings. The mount may be elther the truss or the
truss-beam type.

Figure 15 shows the mounting of an engine to the wing center-
section by means of a quick-change, three-dimensional, double-~tier
tvuss and dampers for attaching the engine to the frame. The engine
is attached to the four frame dampers by two forward and two aft

FTD-HC-23-374-71 34

Tk o L W

B 2t g o S

L e bR




GhRLE

SRR eSSl

G’

e

trunnions. The front dampers take the prop thrust load and part of
the engine weight load, distributed on the basis of the lever rule.
The aft dampers take only part of the engine weight.

Figure 15. Truss turboprop mount construction:

1 — engine; 2, 3, 8 — side, upper, and lower
braces; 4 — brace-damper; 5 — centerwing spar;
6 — structural truss; 7 — firewall

The engine mount consists of a frame and a structural truss.
The frame consists of eight braces: six are made from steel tubes,
to the ends of which the attach fittings are welded; the two aft
braces are hollow rods with dampers mounted on them. The upper,
lower, and aft braces have at one end forks with threaded ends, which

are used to align the engine.

The structural truss serves to attach the engine frame and
heavy bulkhead to the centerwing spar. It consists of eight braces
with fittings for attaching it to the centerwing and fittings for
attaching the heavy bulkhead and the frame.

The truss-beam type of engine mount structure (Figure 16) con-
sists of two beams 5§ and six braces. The beams can work in bending
from the side forces. The braces take only axial loads.
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Figure 16: Truss-beam turboprop mount construction:

1 — front trunnion; 2 — front damper; 3 — link; 4 —
upper brace, 5 — beam; 6 — inner brace, 7 — bracket
8 — bonding jumper; 9 — brace-damper; 10 — nacelle

bulkhead; 11 — engine

The engine is mounted on four trunnions. The front trunnions
1 are inserted into dampers. With the ald of the beams and upper
braces the front trunnions transmit the loads to the engline nacelle
heavy bulkhead. The load from the aft trunnions 1s transmitted to
the nacelle heavy bulkhead by brace-dampers. The engine position
can be altered by adjusting the length of the inner braces 6 and
the aft dampers.

The mounting of the TJE on the flight vehicle can be accom-

plished with the aid of tubular frames, or — if the engine is mounted
on an underwing pylon or on the aft fuselage — with the aid of forked
fittings located on top of the engine case. Characteristic of the
TJE mounting is the presence of heavy rings on the engine itself.

The minimal number of heavy rings is two, one of which is primary.

On the primary structural ring are located the fittings which take
the loads Px’ Py, and Pz, and also the moments Mx and My; on the
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secondary rings there are rfittings which take the load Py and the
moment Hz. The TJE operates 1in a severe thermal regime, and as a

- result its case is subjected to considerable thermal expansion.
Therefore the engine must be mounted so that case thermal displace-

ments are provided for.

Figure 17 shows TJE attachment to heavy fuselage bulkheads.
Characteristic of this arrangement 1s its asymmetry. Within the bar
system consisting of the six primary bars 3, 4, 5 and 7, 9, 9 and
the single secondary bar 6, there 1s the plane element formed by
pars 1 and 2.

Figure 17. Mount for TJE jocated in wing root

The correct position of the engine on the airplane 1is achieved
py adjusting the lengths of the six primary bars. Each bar has a
rubber damper to absorb vibrations during engine operation.

of particular interest is the mounting of TJE located on pylons
of the aft fuselage (Figure 18). The pylon is an intermediate struc-
tural element petween the engine and the fuselage. Each engine 1is
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Figure 18. Mount for TJE on aft fuselage pylon:

a — pylon; b — joint between transverse beam and
main bulkheads;
1, 3 — cantilever beams; 2, 4 — front and rear
mounts; 5, 6, — fusglage bulkheads; 7 — spar;
— wWeb

attached at three points to the stamped and machined cantilever
beams 1 and 3, two which are attached on each side of the fuselage
in the plane of the forward and aft engine mount rings. The canti-
lever I-section beams, made from high-strength steel, form a box of
relatively small height. The upper and lower skins of this box are
made from steel and reinforced by stringers. 1In the aft part of the
fuselage there are two heavy machined bulkheads 5 and 6, fabricated
from a light alloy, to which transverse horizontal beams having the
steel spars 7 and aluminum alloy webs 8 are attached. Fittings

which take the loads Px’ P_, and Pz, and also the moments M M

y x* 'y’

and Mz, are installed on the front beam. Tne engine attach fittings

on the aft beam take the forces Py, P the moments My, Mz, and

z}
provide for thermal expansion of the engine. The mounting of TJE on
pylons below the wing is accomplished similarly.
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The designs of helicopter engine mounting systems are similar
to the airplane engine mounting systems. On the helicopter, provi-
sion must be made for adjusting the engine mount to align the engine
shaft with the transmission.

Strength Analysis

The engine mount must be analyzed for all the cases specified
by the strength norms, for which we must determine the loads corre-
sponding to the loading cases.

The radial PE frame (see Figure 14) is doubly statically in-

determinate, since it has two redundant members. In view of the
fact that it has a plane of symmetry, the analysis can be simplified:
all the locads are broken down into a group of symmetric loads and a
group of antisymmetric loads. The first include the loads which are
identical in magnitude and symmetrically located relative to the
plane of symmetry of the structure, and also the loads lying in this
plane. The second group includes the loads which are identical in
magnitude but are so located on the two sldes of the struectural
plane of symmetry that they become symmetric if the load direction
is reversed on one side of the plane of symmetry. In the symmetric
members, the stresses from the symmetric loads are equal in magnitude
and have the same sign, while in the antisymmetric members the
stresses are equal in magnitude and opposite in sign. On the basis
of this discussion, the frame shown in Figure 14 becomes a singly
statically indeterminate structure.

In determining the stresses in the frame members for the dif-
ferent loading cases, it is convenlient to carry out the analysis for
the symmetric and antisymmetric loads in general form. We first
take into account the action of the symmetric loads and then the
antisymmetric.
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In making the calculation for the action of both symmetric and -
antisymmetric loads, we must:

1) select the primary system;

2) determine the stresses Sp which arise in the members of the

primary system from the action of the given load;

3) find the stresses S1 which arise in the memb2rs of the pri-

mary system from unit forces applied along the directicn of the re-
dundant unknown loads in the cut members;

4) calculate the displacements in the primary system from the

formulas ,
S5t

.=Vl .

GlA el LF'

vs»sll
A”==AH'ET"

where ‘611 -— 1is the displacement in the Xy direction from X = 1;

l, E, P — are the length, material modulus of elasticity, and
cross section area of the member;
A, — 1s the displacement in the X3 direction from the

1p
given load;

5) solve the canonical equation

6,5, ’{'Azp'—"O;
bip.
§y= =52

6) find the total stress in the members by superposition

§=S,+8; X,

Prior to this we must calculate the cosines of the angles formed
by the rod directions and the coordinate axes:
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f rod Rod .
Rod jprojec- length, Value of cosine
tion m
on
jaxis, m
Ll l-].-‘_]:+l;+;i. ces (I, n-.'.:_ m(l.n-—“‘-'- m(l.n--‘{-

The analysis of the action of symmetric loads is performed as
follows. We select the primary system. To do this we mentally cut
the bars 1 - 4 and 1' - 4', Since the stresses in these bars are
identical in magnitude and sign, we denote them by Sl and direct them

away from the engine, considering the bars to be in tension.

We find the stresses Sp in the remaining six bars of the primary

system from the given load, assuming the bars to be in tension and
considering that the stresses are equal in symmetric bars. Writing
the equilibrium conditions, we have

IM,=—25..3_5005(3—5, ) A—P,h =0; (5)
X M5 =2{Sp2-1.c08(2—4, x) ¢+ Sp3—4)c0s (2—4, y) 6} —
.—Py@a+h)—P,c=0; (6)

XX=-~NS;,;-,,c0512—4, £) -~ S;135,¢08(2—5, 1)+
—S$:13-35,05(3—5, x)] +-P,=0. (7)

From (5) we find the stress Sp(3 - 5)

Pyh

s-u -3y = - o
pi=d 2% cos13—5, x)

We find the stress Sp(a - 1) from (6)

P, :-h ~Prc
Spz-n= 3T25(I—4, xc ~cos 13-4, y)a] *
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We find the last unknown stress S (

5(2 - 5) from (7)

0.5P, —8_,3__5; €98 (3—5, x)—S.19_, cOS(2—4, 1)
- x " Jp13-5) A2~ 4)
Soiz-s) cos (2—5, :

After this we must check the correctness of the problem 30lu-
tion. If the stresses in the bars are determined correctly, the sum
of the projections of all the forces on the y axis must be zero.

In loading the primary system by the unit forces s, = 1, we

1
assume the external forces P, and Py_are zero. Then the equilibrium

equations take the form

XM, = —2S)(3s5)cos3—S, 1) x+2:1-cos (1—4, ) d=0; (8)
% Ms_s =2[Si2— )08 (2—4, x) ¢+ Sua—q 08 2—4, y)al 4
+2-1[cos (1 —4, x) (c+ d) +-cos(1—4, y)a] =0; (9)
S X =2[S12-4)c08(2—4, x) + Sy2—s)c08 (25, x)+
+Si3-scos(3—5, x)+1-cos(1—4, )] =0.’ (10)

Solving these equations, we find

dcos(l—-l.x) .

cos (3—5, )% '.

. {c+d)cos(1—4, x)4acos(l—4,y) .
ccos(2—4, x)tacos(2—4,y) '

812405124, 1)+ 835, cos 3—5, x)—-cos (1—4, 1)

cos (2—9, x)

Si3--5n=

sl(?—()=

SI(?—S) = —

Tlie correctness of the solution is checked by vanishing of the
sum of the projections of all the forces on the y axis. We sum-
marize the results in a table which is used to calculate the coeffi-
clients 611 and Alp’ and also the actual stresses which arise in the

members from the symmetric loading

S.x, IS =Sp+5,X,

1, = sym

Rod

|
sp.Nis..N st spsyt

R
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The next step is to analyze the mount subject to the antisym-
metric loads Pz, "x’ Hy, Hz.

We take the same primary system as before. As before, we men-
tally sever the forward part of the powerplant and write the equili-
brium conditions for the severed part. We consider the rods to the
left of the plane of symmetry to be in tension, those to the right —
in compression. Satisfying the equilibrium conditions (XZ = 0,
xux = Q, tHy =) for the system, we obtain three equations with the

three unknown force factors Sp(2 - 4)° Sp(2 - 5)» Sp(3 - 5)° The

solution of these equations yields the expressions for determining
h
the unknown stresses Sp(2 - 4)* Sp(2 _ 5),Sp(3 - 5) (the technique

for formulating the equations and their solution is similar to that
presented earlier in examining the action of symmetric loads).

Then we load the primary system with the forces x1 = 1 and

calculate the stresses in the rods, assuming the external loads to
be zero. Satisfying the equilibrium conditions, we find 51(2 - 4)°

81(2 - 5)? 51(3 - 5)° We formulate an auxiliary table which we then

use to calculate the stresses in the rods

Rod | &« sz:&.N st | syse | s S =S _+S,X

antisym "p "171

We find the overall stresses in the rods when any arbitrary
loads act on the mount as the sum of the two stresses from the action
of the symmetric and antisymmetric loads

S=Sc.m+sac. (L1 0 (11)
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5 We note that (11) can be used only in those cases in which the '
stresses in the rods do not exceed the proportional 1limit, and none

of the compressed rods buckles. We assume that these conditions are

satisfied under the action of the operational loads. -

If individual rods begin to operate in the plastic deformation
region or the compressed rods buckle, the action of each such rod
on the mounting system is replaced by the force Si, equal to the

stress in the rod at which yielding of the material begins or the
| . critical force (in compression). In these cases the stress S1 is

et Ao bt ek e e et v n e -

considered a given external load,and the further calculation is made
using the method described above.

a8 ke AL A AR ke

o 3

The analysis of the truss-type TPE mount (see Figure 15) 1is : 7

made similarly. i f

The analysis of the truss-beam type TPE mount (see Figure 16)

can be made under the assumption that the beam 5 from the engine .
| trunnion to the attachment to the inner brace 6 is a rod. Since the ;
] rod 6 is not connected directly with the engine, the engine is

ke ot B et <5 em

mounted by six rods and the system is statically determinate. Writ-
ing the equation for the moments about the front engine mount trun-

S
3
3
1
J

nion, and also the sum of the projections of all the forces on the i
x and y axes, and equating the projections to zero, we can determine

5 the stresses in the rods and beam. The resulting stress in the beam

at the point where it joins the inner brace 6 1s resolved along two

directions — zlong the inner brace 6 and along the beam from the ;
3 brace attach point to the nacelle bulkhead. After this, tuese stresses 3

? are easily found. The beam works in bending under the action of the
force Pz'

R

The determination of the stresses in the members of the asym-

e i Ay

metric TJE mount truss (Figure 19) is somewhat more complex, since A

s this requires the solution of a larger number of equations. The j
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minimal number m of rods of a space frame with plane elements is
defined by the equation

m=6+3n"+2¢",

where n' and n" are the numbers of space and plane elements re-
spectively.

In the truss in'question n' = 0 and n" = 1. Therefore,the
minimal number of rods must be eight. In reality the truss has nine
rods. Let us cut the truss so that rods 2 - 2' and 2 ~ 2" remain
with the engine; then the truss wlll have a single redundant rod.
We can take any of the rods as the redundant member. If we assume
that rod 11 - 12 is redundant, we can find the stresses in the re-
maining six rods {1~ 8, 3 -2, 4§ -5, 10 -6, 9 -7, 9 - 13) of the
primary system resulting from the external loads. To do this we
must write and solve six equilibrium equations. Then we find the
stresses in the rods from unit load acting in the redundant rod,
and after this we find the overall stresses in the rods. Knowing
the stress in rod 2 - 3, we can find the stresses in rods 2 - 2'
and 2 - 2" by examining equilibrium of the plane element 2.

Figure 19. Computational scheme for asymmetric
TJE mount
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Powerplant Vibration

The engine and propeller are vibration excitation sources. The
vibration amplitude in certalin cases reaches a magnitude such that
it interferes with normal operation of the instruments and mechanisms,
and failure of structural elements may »ccur. Vibrations reduce the
service life and reliability of componeats and equipment, and may
give rise to fatigue failure of the structure. The englne creates
vibrations of two types: mechanical and sonic. The mechanical vibra-
tions are created by torque unbalance, unbalanced inertial forces
of the translating components, moments of these forces, and dynamic
unbalance of the rotating engine components. The propeller gives
rise to similar mechanical and sonic vibrations. The mechanical
impulses are caused by incomplete propeller static, dynamic, and
aerodynamic balance.

Propeller static unbalance occurs when the propeller center of
gravity does not coincide with its axis of rotation. The magnitude
of these impulses is determined by the propeller unbalance tolerance.

Propeller dynanic unbalance occurs when the centers of gravity
of the individual blades do not lie in the propeller plane of
rotation.

Aerodynamic unbalance occurs as a consequence of the fact that
the blades have different incidence angles and this means that they
have different values of the thrust, or when the blade centers of
pressure lie at a different distance from the axis of rotation.
Aerodynamic unbalance has a large magnitude on variable-pitch pro-
pellers when the blade rotation mechanism operates improperly.
Vibrations resulting from propeller gyroscopic effects arise during
propeller operation in flight. These vibrations develop during
curvilinear motion of an airplane with two-bladed propellers, because
of inequality of the moments of inertia of the propeller about the
principal axes. The influence of the wing on the propeller also
has an effect.
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The disturbing forces which arise during operation of the power-
plant are periodic, multiples of the rpm of the rotating engine com-
ponents and propeller. The structure executes forced vibrations
under the influence cf these forces.

Since several disturbing periodic forces usually act on the
mount, the displacements caused by these forces are the result of
superpnsing the displacements caused by each force individually.
Thus the relationship between the natural vibration frequency p and
the disturbing force frequency v is important.

The engine (propeller) vibration frequencies v depend linearly
on the engine rotor (propeller) rpm. The order of the harmonics of
the englne disturbing forces and moments which cause vibrations are:

for PE: %, 1, 2, %, a ; 1 (a 1s the number of ecylinders);

for TJE and TPE: 1, 2, ... The order of the propeller harmonics
for a k-bladed propeller are: 1, 2, ..., k, mk (where m = 2, 3, ...).
The harmonic order is defined in relation to the rotational speed of
the crankshaft (for the PE), turbine (for the TJE and TPE), and
propeller.

Most critical are the vibrations with frequeneies n and 2n
for airplanes with PE; n for airplanes with TJE; np and 2np for air-

planes with TPE (n and np are the rotatlional speeds of the engine

and the propelier.

The problem of vibrations caused by the aerodynamie action of
the propeller on the fuselage has become a critical area for modern
airplanes with TPE. These vibrations have comparatively hlgh fre-
quency and can lead to fatigue failure of various fuselage structural
elements, which is particularly hazardous for airplanes with pres-

surized cabins.
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Usually the engine mount natural vibration frequency lies in
the frequency range of the exciting vibrations, so that resonance
can occur. In themselves the engine exciting forces are of small
r2gnitude; however, a large dynamic effect is created at resonance.

To obtain minimal stresses in the engine mount and to avoid the
resonance zone,it is necessary that the powerplant natural vibration
frequency be lower than that of the exciting forces.

The engine with its accessories has six degrees of freedom:
translational displacement in the direction of the x, y, z axes and
angular displacement about these axes. Depending on the location of
the powerplant center of gravity and the engine mount center of
stiffness, the natural vibrations may be uncoupled, doubly-coupled,
and triply-coupled. Uncoupled vibrations arise when the powerplant
center of gravity coincides with the engine mount center of gravity.
Usually the vibrations are triply-coupled, and displacement along any
axis causes displacement and rotation relative to the other two axes.

The powerplant natural vibration frequency for vibration along
the axis is

p=y 5=,
where Ké — is the stiffness of the entlire suspension in the direc-
tion of the sought displacement;

M — 1s the powerplant mass.

The force which produces unit deformation in the directicn of
its action is called the stiffness.

The powerplant natural vibration frequency for vibration about
the axis is
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where R — 1s the stiffness of the entire suspension about the axis
of the sought vibration;
I — 1s the moment of inertia of the engine rotor relative to
the sought vibration.

Powerplant stiffness is different in different directions and
depends on the stiffnesses of the engine mount and the dampers; it

is found from the formula
KuKa

K.. y= K—._-E'-K‘- »
where Kpp — 1s the powerplant stiffness in one direction;
Km and Kd — are the stiffnesses of the mount and the vibration
damper in the same direction.

The shock absorption stiffness depends on the type of dampers
used and their arrangement relative to the powerplant center of
gravity.

Utilizing the resonance phenomenon, we can with the aid of a
vibrator, which is a dynamically unbalanced system mounted on the
engine, determine the powerplant natural vibration frequency experi-
mentally. As the vibrator rotates, umbalanced inertial forces de-
velop in the vibrator and are transmitted to the powerplant. Under
the influence of these vibrations, the powerplant begins to vibrate
with a frequency equal to that of the vibrator. The vibrations are
recorded on an oscillograph. On the basis of analysis of the vibra-
tion regimes,we can find the exciting harmonics, their order, the
source, and the resonant regimes. The vibration frequency at the
moment of resonance will then be the powerplant natural vibration
frequency.
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Engine Mount Damping

Engine mcunt damping is provided to reduce the harmful effect
of rowerplant viorations created by engine operation on the flight
venicle structure, and to reduce the forces transmitted to the
supports by reducing the powerplant natural vibration frecuency.
Even in thcse cases where there is no resonance, damping is used tc
reduce the fatigue loads in the mount and also the unpleasant sensa-
tions felt Ly the passengers and crew owing to the vibrations.

The basic technique for improving the damping is to increase
the ratio v/p. The essence of damping is that the engine connection
with the flight vehicle is not rigid, but rather by means of flexible

elastic elements, which reduce markedly the powerplant vibration
frequency.

Dampers can be installed both in the fittings which attach the
engine to the mount and in the fittings which connect the mount with
the airframe. The latter location of the dampers is not desirable,
since it leaves the mount in the sphere of influence of the exeiting
inpulses. In this connection the vibrational loads are inereased
and there is more danger of resonance for the mount. Moreover,
there 1is an increase of the distance between the dampers and the
engine center of gravity, as a result of which the dampers will
experience large static loads.

Damper-braces are sometimes introduced into the mount design to
provide damping. 1In some cases dampers are installed both at the
fittings attaching the engine to the mount structure and at the fit-
tings wnere the mount is attached to the airframe. This type of
damping isolates the airframe from the engine vibrations most
completely.

The introduction of damping may create conditions for free
vibration of the powerplant (permitting all degrees of freedom).
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However, during vibrations about the y and z axes precessional

e L —

vibrations caused by the gyroscopic effect of the engine rotor and
the propeller develop, and these are damaging to the propeller and
engine rotor. In this connection the torsional stiffness about these
axes must be reduced. The largest exciting impulses act along the y
and z axes and about the x axis. Therefore the most effective damp-
ing is required in these directions. In the other directions, the
permissible stiffness of the damping and of the dampers themselves
is several times less (up fo 10). Moreover, the mount structure
stiffnesses and natural vibration frequencies are different in the
different directions, which requires different damping stiffness

in the corresponding directions.

Rubber, for which the shear modulus Gsh is less by a factor of
6 - 10 than the compression modulus Gcom’ is used as the damper

elastic element. By using dampers with different thickness of the
rubber in different directions or foreing the rubber to work in shear
in one direction and in compression in another direction, we can
obtain the required damping stiffness in different directions.

Such dampers, as shown in
Figure 20, have different thick-
nesses of the rubber in different
directions. These dampers are
attached to the support ring of

the radial PE mount. They provide

large angular displacements about
the x axis, thus damping the
torque impulses, permit relatively

large displacements along the y Figure 20. "Sleeve" type
damper and its characteristic

and z axes, and small displace- curves

ments along the x axis. The rub-

ber works in compression in all

directions. This damper has the lowest stiffness along the y and
z axes and the greatest stiffness in the direction of the x axis.
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The damper stiffness is

K.g:‘_p-:lg,'

where P — 1is the acting force;
A — 1s the displacement.

We see from Figure 20 that the damper stiffness is not constant
but depends on the magnitude of the preload and is greater the larger

the preload.

Figure 21 shows the dampers of the TPE whose mount is shown in
Figures 15 and 16. The dampers are located in the plane parallel
to the engine shaft axis. In this case, in order to give the entire
system good mobility about the x axis and the highest possible stiff-
ness about the y and z axes, the lateral distance between the dampers

3 a)
1
é b)' 230 k] §7 0 3 0 ” 2 0\
; 2
A ™ 4 3
{ :
Figure 21. Dampers: ) :
a — front (disk): 1 — engine trunnion; 2 — washer; 3 — ;
body; 4 — damper disk; 5 — flange; 6 — sleeve; 7 — lock- :
washer; 8 — nut; 9 — sleeve damper i
] b — aft (brace-damper): 1 — fork; 2 — lockscrew; 3 — 2 f
body; 4 — nut; 5, 6, 9 — sleeves; 7 — damper disk; 8 — ;
ring; 10 — central rod; 11 — sleeve; 12 — lockwasher; 3
£ 13 — ear 3
| .%'
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is made as small as possible and the distance between the forward
dampers and the brace-~damper is made as large as possible.

The forward damper (Figure 21a) consists of three disks 4 and
a single sleeve-type damper 9. Each disk conslists of three washers
2, between which two layers of rubber are vulcanized. Two washers
are restrained in the.case 3; the third is seated on the damper.
The sleeve-type damper 9 consists of two sleeves between which rubber
is wvulcanized.

The aft damper (brace-damper) 1s assembled from three rubber
disks 7 (Figure 21b).

In installing the dampers, we must bear in mind that fuel and
oil have a damaging effect on the rubber used in the dampers. There-
fore the dampers must be enclosed in protective covers or cases. We
must also remember that the elastlic properties and strength of the
dampers decrease with temperature reduction and increase with
temperature increase.

Engine Nacelles

In order to reduce external drag and organize the air flow, the
engines are enclosed in nacelles, which create a smooth trarsition
from the engine to the airframe and protect the engine against
contamination.

The engline nacelle must provide alir to the engine with a uni-
form velocity field for normal engine operation and cooling, minimal
external englne drag, convenient access to the engine and the acces-
sories mounted on the engine for inspection, adjustment, and replace-
ment, and in addition should be light in weight.

The engine nacelle consists of the cowling and the body, which
form the structure. The cowling configurations may be of the frame
or panel type.
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In the frame types the strength and stiffness are provided by
the frame, to which are attached removable cover panels with thin
skin reinforced by stringers.

The panel type cowling consists of rigid panels wi.lch are
interconnected by tension latches and form a closed structural shell.
The load from the cowling is transmitted to the engine and through
the engine mount to the airframe. Simultaneous attachment of the
cowling to the engine and the airframe is not permitted. The stiff
cowl cover panels are hinged rather than removable. In the open
position the cover is heid by speclal braces. Sealling strips are

provided on the panel eZiges to provide tighter fit of the cover
in the closed pestition.

Every powerp.ant has several accessories which require access
during operation (-.i tank filler necks, drain cocks, and so on).
Small natches with removable or hinged cover plates are provided
in the panels for access to these components.

Of all the cowling elements, the highest loads are experienced
by the air intake, therefore it is usually a one-piece structure.
The engine nacelle has a firewall to isolate the engine hot sections

from the sections which are cooler but hazardous from the fire
standpoint.

The PE nacelle (Figure 22) consists of the propelle. spinner,
cowling, and body. The zowling is attached to the engine and con-
sists of the alr intake, front ring, and intermedliate and aft sec-
tions. The nacelle body takes the loads from the engine mount sys-
tem and transmits them to the airframe.

The TPE nacelle (Figure 23) consists of the propeller spinner,
cowling, and body. The propeller spinner serves to reduce the
external drag, shape the engine inlet duct, and protect the hub
against external damage. The engine cowling consists of the gearbox
fairing, air inlet, upper beam, and the lower and two side covers.
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Pigure 22. Piston engine nacelle:

1 — prop spinner; 2 — front cowl ring; 3 — intermediate
cowl cover; 4 — air intake; 5 — upper aft cowl cover;

6 — skirt; 7 — controllable flaps; 8 — body; 9 — fire-
wall; 10 — removable side cover of aft cowl; 11 — lower

cowl cover; 12 — side panel; 13 — intermediate cowl bulk-
head; 14 — 1lock

Figure 23. Turboprop nacelle:

1, 2 — prop spinner and gearbox fairing; 3 — cowl; 4§ —
body; 5 — aft section

The gearbox fairing, which is a continuation of the spinner, forms
the inner contour of the engine ailr inlet duct.

The inner side of the air intake forms the outer contour of the

engine inlet duct. The air intake bulkhead together with the skin

create the annular chamber of the alr intake anti-ieing system, which
is supplied with hot air from the engine compressor.
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The engine nacelle 1is attached to the wing and forms the
structural element of the engine mount.

The nacelle (Figure 24) of a TJE buried in the wing includes
tne air intake, intermediate section, cowl, and exhaust fairing. i
The air intake consists of stringers, frames, and skin. The inter- %
mediate section of the engine nacelle consists of a bcdy with covers '
and air ducts. The engine cowl 1s located aft of the wing rear spar
and 1s a continuation of the nacelle intermediate section. The ex-
haust fairing forms the smooth aft end of the nacelle and directs
the hot gas Jet away from the fuselage.

Figure 24. Turbojet nacelle:

1l — air duct; 2, 12 — front and rear spars; 3 — inter-

mediate section; 4 — oil tank; 5 — oil tank vent; 6 —

exhaust fairing; 7 — engine cowl; 8 — engine; 9 — oil

pump; 10 — drain tube; 11 — fuel-oll radiator; 13 —
stringers; 14 — air intake

Engine Mount Maintenance

During engine maintenance an inspection is made of the welded .
assemblies and safetying of all nuts, checks are made for scratches
and damage to paint finish, and absence of corrosion is verified.
During major overhaul of the engine mount, magnetic or similar in-
spection is used to find any cracks or microcracks. The mount must be
replaced immesdiately i1f crocks are found in the welded assemblies.
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Englne replacement is accomplished when the prescribed service
life runs out or in case of engine fallure. Safety rules must be
strictly cbserved during engine replacement.

Contact of oil, gasollne, or electrical components cannot be
permitted. When replacing an engine the pressurization, hydraulic,
and fuel system lines are disconnected, electrical plugs, bonding
wire, engine control cables, and the tallpipes are disconnected.
All tubes and electrical plugs must be covered after being discon-
nected. The openings in the engline must be plugged.

Prior to removing the englne,the fire shutoff valve is closed,
the remaining fuel 1s drained from the line downstream of the fire
shutoff valve. The oil is drained from the powerplant oil system,
then internal preservation is performed in accordance with the engine
maintenance instructions.

After this the engine is removed. If the powerplant has a
propeller, it is removed first.

External preservation of the removed englne must be performed.

The engines being installed must be 1n good condition, complete-
ly outfitted, and must have all the required documentation. Prior
to installation, the engine 1s depreserved and the accessories and
components are mounted on it. The allignment of the engine center-
line is checked against the leveling diagram.

After the first test run of a newly installed engine, the normal
powerplant postflight servicing operations are performed.

Engine alignment is accomplished by means of adjustable length

rods. Such rods have adjustable sleeves at one end into which fit-
tings are screwed. Each sleeve has an cuter right-hand and an inner
left-hand thread. The length can be changed during alignment by
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turning the sleeve in either direction. In so doing it is necessary
to be certain the brace adjusting sleeves cover the special inspec-
tion openings and marks.

After installing the engine in the proper position, all the
locknuts, dampers, and control rods must be tightened securely and
safetyed.

Dampers. The engine mount systems are removed and replaced by

new systems when their established service 1ife runs out. The
dampers are packed and stored in accordance with the zeneral in-
structions for rubber parts.

All dampers are subjected to tests for radial and axial loads
after a year of shelf storage, ané¢ the forces applied must cause
the corresponding deformations. The mag:itude of the residual de-
formations must not exceed the specified values.
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CHAPTER II

HYDRAULICS OF SYSTEMS

Graphical Representation of Systems

Drawings and their simplified and generalized versions in the
form of block, schematic, and installation diagrams are used for
graphical representation of systems. Such diagrams are drawn follow-
ing the rules called for by the Unifled Design Documentation System.

The block dlagram can be used to determine the basic components

of the system, thelr purpose and interconnection. The components
are represented in the form of rectangles within which thelr names
are placed, the connections are represented by lines, and the flow
direction is shown by arrows.

Schematic diagrams show the components and connections between

them, using the conventional symbols (Table 1) presented in standard
manuals and industrial norms. Sometimes the components are repre-
sented in the form of schematic cross sections.
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TABLE 1. CONVENTIONAL SYMBOLS ON SYSTEM i
SCHEMATIC DIAGRAMS : ;

i
Name Symbol Name Symbol . %
i
Transmitter: ! i
Pneudraulic P
accumulator level control:
capacitance ® ]
Tank (:::::) : é
- float ® !
Bottle i Restrictor —_—
Transmitter: () Air intake:
pressure from atmosphere :
£low () from engine QD*““" ;
Filler neck, D—
tenmperature (:) refueling fitting é
S LEETRIRG A, Differential regulat-| —4%° S
E ing valve (pl - P, >
% pressure: = const) & ' i
warning 3
~Dog— 3
; Cock %
] indicating |IF| ;
' Heater - :
flow o
. Flow direction: 3
1 : temperature 7t A
EJ liquiad —— i
1 level l/h %
air (gas) —— f
Nozzle manifold .__-_6 é
;.-( 43) g

(Table continued on following page)
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TABLE 1 (Continued)

Name Symbol Name Symbol
Valve : .
= ump :
check -Q“ P
general symbol O.
regulating:
normally closed u:] .
(drain) gear .@_
normally open [D Radiator &
(fi11 and
transfer) a2 Liquid-gas ‘_B::
limiting Lﬁt}m separator
Py < pmax)
] Hydraulic line
reducing R
(p, = const) —ta Filter -
Electric wiring —_—

The installation diagram 1s uted to determine the actual loca-

tion of the lines and connections between thre components. These
diagrams are drawn to scale in either rectangular or perspective
projections. The components are represented in the form of simpli-
fied geometric contours. If the installation diagram is not drawn
to scale, it is a connection diagram.

On colored diagrams the lines and components are colored just
as on the actual installation: fuel system — yellow; oil — brown;
alr — black; fire extinguishing — red.
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Hydraullc Resistance

The circuits through which the liquid (gas) travels consist of ;
components, lines, and fittings. They may be divided into simple f
and complex. We term those circuits which have a line of constant ;
4iameter without branches simple circuits, and those having a line :

of variable diameter 6r branches complex. We shall examine the

hydraulic resistances of the simple and complex circuits.

Simple Circuit

The hydrauliec resistance Aph to fluid flow through the circuit

is found from the formula
A, =8p,+ APy N/al, (12)

where Apfr — is the frictional resistance to fluid flow through
the line;
ApZ — are the local resistances.

The frictional resistance is found from the formula

Aptp'—;a'—‘:"-:: Nlmz’ (13)

where A —- 1is the frictional resistance coefficient;
— is the line length, m;
— 1is the line internal diameter, m;

is the fluid specific weight, N/m3;

— is the fluid velocity, m/sec;

— is the acceleration of gravity, m/sec?.

R < < Q w
|

For lines whose internal sectlions have arbitrary shape, we
define the hydraulic diameter dh

d,=i A, (14)
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where f — 1s the line internal section area, ‘2;

N — 1is the internal section perimeter, m.

The frictional resistance coefficlent A 1s calculated as a

funiction of the fluid flow regime, defined by the Reynolds number:

Fe = %9, where v 1s the kinematic viscosity, nzlsec.

If the viscosity is expressed in Stokes (cmzlsec) or in centi-

stokes (mmZ/sec), we must bear in mind that 1 mzlsec = 10'l St =

105 est.

Expressing the velocity V through the flowrate W and the line
internal section area f, we obtain

wdé
Re et

For a 1line with circular internal section

ai?
f=2 ».
Then
'Ve.{-=;g- (15)
and
[} 4
Re=dv’ (16)

For the laminar fluid flow regime, when Re < 2300, the fric-
tional resistance coefficient

A=—. (17
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For the turbulent fluid flow regime without account for line

roughness and heat transfer, for 4 - 103 < Re < 105, the frictionail
resistance coefficient

)
W
3

a2 (18)
5 . 6 .
If 107 < Re <5 * 10 , then
0.
= (19)
]
When 4§ - 103 < Re < § - 106 we can also use the Konakov
formula [34]
-
(1.611gRe—1.5)° (20)

Por flexible lines (hoses) the frictional resistar~e coefficient

Aflex is larger than for rigid lines, and it is usually assumed that
Y w134
The local resistances are calculated from the formula
Ap-=2§.% N/w?, (21)
where g; — is the local resistance coefficient.

The local resistance coefficients ;Z presented in Table 2 are

approximate values. For many components ;Z decreases with increase
of the fluid velocity (Reynolds number) (Figure 25). Therefore it

is more accurate to determine Apz from curves (Figure 26).

On the basis of (13) and (21), we can write (12) as

1y L] [{ 9 A V? 5
eh g W 3L I (A 44 ) =0 2) -
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TABLE 2.

LOCAL RESISTANCE COEFFICIENTS OF

COMPONENTS AND PITTINGS (REFERRED TO
VELOCITY AT THEIR INLET FITTINGS)

coefficient of fuel screen
versus flowrate
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= Component, fitting 9
Inlet to tank from line 1.0
N Exit from tank to line 0.5

Elbow, rounded (90°) 0.2 - 0.4
Shutoff cock 1.0 - 2.5
Check valve 1.7 - 2.0
Flowmeter 7.0 - 10.0
Flexhose connection 0.2 - 0.3
Self-closing connection 2.0 - 2.5
Tee 1.5 - 2.5
Elbow 1.2 - 1.3

1 Screen 1.5 - 2.5

| “ 1

y . kgf/t:a Ps
- \ a /
L))

: ‘ S~ 1

/ 0

‘ a2 m [ sec ST 0 B @ BHliters/min

E

Figure 25. Local resistance Figure 26. Hydraulic re-

sistance of fuel screen
versus flowrate




where ceq — 1is the equivalent hydraulic resistance coefficient for
fluid flow through the circuit.

This coefficient equals U

L=2$+30 (23)

Substituting (15) into (22), we obtain

b= B =iy, (24)
where
A g+l
=l _d =% (25)
T P
: The coefficient
= s Vil st
F Yo _vG bint.
o T8 @ (26)

is called the reduced hydraulic resistance coefficient. The physlcal

meaning of this coefficient is that it indlcates the hydraulic re-
sistance per unit line cross section area. The use of this coeffi-
cient is convenient for analysis of a complex circult.

In hydraulic calculations we often encounter the dynamic

pressure g _

1 1= (27)

which is also conveniently represented in the form

sl
q '=""’4TYW"

When necessary, the sum Aph + q can be calculated from the

formula
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where

Complex 01rcﬁit

Let us examine a complex circuit consisting of lines of dif-
ferent diameter connected in series (Figure 27). The flowrate
through each line is the same

"="='.=v.

To determine the circuit hydraulic resistance graphically
(Figure 28), we use (24) to find the resistances of lines 1 and
2 (curves Ap1 and Apz). FPor several values of the flowrates we sum

the hydraullc resistances of the lines by adding the ordinates for

the same abscissa. The resulting curye shows the overall value of the

hydraulic resistance Apz 5
s

er
Thus
Apzw=Apl+Ap’+"'+Ap‘
4
4p, . ap,
y—.b S 6—.H
Wy W
0
Figure 27. Series connection Figure 28. Graphical deter-
of lines mination of hydraulic resist-
ance for series connection of
lines
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or

ERE TV = WL W+

After cancellation,we obtain

=K th ..+ H,
ke =V B+hi+.. 1N (28) ’

For parallel connection of lines (Figure 29), the flowrate at

the branch point e¢quals the sum of the flowrates
w=w‘+w‘+--a+wP

To determine the circuit hydraulic resistance we plot on a
graph (Figure 30) the hydraulic resistance curves for each line
(curves Ap1 and Ap2). To combine the flowrates we take the flowrates

for several values of tht ‘ydraulic resistances and sum them by add-

ing the abscissas for the same ordinate. The curve Apz indicates
par

the value of the hydraulic resistance for parallel connectlion of the
lines. When adding the flowrates, we observed the condition that the
hydraullc resistances be equal

Apzn’ =Ap,=Ap,=A4p, = Bp.

‘o
-, . -
% Wewy
Figure 29. Parallel connec- Figure 30. Graphlical determina-
tion of lines tion of hydraullic resistance for

parallel connection of lines
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We obtain the flowrate from (28)

5 _ 1 /%
V= —T‘_i—d‘/y'

The condition for combining flowrates in the parallel connec-
tion case permits writing

R U A 4

After cancellation we obtain

LN T WU §

ke ky by - Ry
and finally
i
k:nap=_l_ _l_ _!_' (29)
n Tty

We denote p = %. The quantity p can be called the hydraulic

conductance. Then

Pipp=PrtPrtotpr (30)

We see from the condition of equality of the hydraulic resist-

ances that

et W =R yWi= R Wi ="k Wi,

nap

After transformations we obtain

ke W=k Wy =k Wy =k, W,

Consequently

kW = const (31)
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For the overall flowrate W = wl + w2 in the case of parallel

coniection of two lines and the reduced hydraullc resistance coeffi-
cienis k1 and k2 (hydraulic conductances Py and p2) of the branches

k.W. =-'kng = const or "p—." =PT = const.
Hence
!l:&:—k—.- -
s 08 M (32)

Writing the derivative ratios, we obtair

btk _ptp  VitW, W,
ks M L£} v’

and
itk _pitps  WitW, W
k| Ps V, W,

Then we can obtain the flowrate division between the branches

of the parallel junction in the form

W=t w0y, (33)
etk P +ps
Wy=—t_w=_P_w (34)

Ryt ke Pr+ps

Since we know how to find the reduced hydraulic resistance
coefficients for series and parallel junctions, there is no diffi-

culty in finding them for a circuit consisting of a mixed connection

o' lines (Figure 31). We draw the contour kbc’ enclosing the elements

kyp

the element ka {the designations of the contour and elements corre-

spond to the values of the reduced hydraulic resistance coefficients).
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The element ka and the contour kbc are connected in series,

so that
km='ﬂ-:+k‘-l-

We can urite for the contour

k, , as for a parallel connection,

be
the expression

k6.0="'——‘-

[} 1
L

The reduced hydraulic re-
sistance coefficient of the cir-
cuit for the given mixed .ine
Junction is

Figure 31. Mixed connection
of lines

k...=l/ K+ -

—
(;_‘ﬁ:) (35)

i

Inertial Pressure Losses

Inertial pressure losses Api arise in circuits when the flight

vehicle moves with the acceleration j. These losses for a line
segment can be expressed by the ratio of the inertial force mj to
the l1line internal section area f

TR e T e TS e 2
APu="F=% "7 N/m (36)

2
where m = = — 1is mass, N « sec”/m;

— 1is welght, N;
— 1is acceleration, m/sec
n = J/g — 1is the load factor.

2

-
]
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Replacing the fluld weight by the specific weight y and volume
E and representing the volume in terms of the 1ine length 7 and
internal cross section area f, we obtain

Ap.=c—’!=!.7-£ 37"'.

Under the influence of the load factors n, ng, n, the inertial

y
pressure losses will be

Ap, = X 'lx: o
Pe, = 17 2 (37)

Apu,=v(n,—-) 3’1, (38)
Ap,, =1, 2 s, (39)

where %1, 21, ¥'l, — are the total projections on the x, y, z axes of
all the line lengths, obtained with account for
the fluid direction of motion. Thus, for the
case shown in Figure 32, 'L, =y -,

The subtraction of one from
ny in (38) is explained by the

fact that ny = 1 in steady level

flight and there are no inertial

pressure losses.

The inertial pressure losses i il
are taken into account if the o -
/2] - My

fluid tends to separate from the
component (pump) which it is
entering, i.e., when the inertial Figure 32. Cases in which in-
forces are directed opposite the ertial pressure losses are con-
of the fluid sidered in selection of boost

direction cf motion i

at the inlet to the component in

question. In these cases the

magnitudes of the inertial pressure losses are always assigned a
positive value, regardless of the sign obtained in the calculation.
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Cavitational Phenomena

Cavitation 1s the process of vapor and gas bubble formation in
a low-pressure zone and subsequent contraction of these bubbles in

a high-pressure zone. -k

* The physical meéning of cavitation 1s that,when a liquid flows
through a pipe or flows past pump elements,a local pressure reduction
takes place to a pressure at which there is intense release of the
gases and vapors dissolved in the 1liquid (local cold ebullition). '
When the pressure is increased,the vapors and gases begin to dissolve :
in the liquid (condensation). The 1liquid rushes into the free space
which 1s formed. The condensation process 1s accompanied by hydraulic
impact. The number and force of these impacts are quite large for

"a single-component 1liquid (water, alcohol).

As a result of the impact loading, there is a reduction of the
efficiency of hydraulic machines and onset of cavitational erosion.
Cazes have been recorded in which the operation of marine propellers
and hydroturbines in the cavitational regimes led to their failure.

A

The nature of cavitational phenomena development for the multi-

' componant liquids consisting of light and heavy fractions (gasoline,

kerosene) differs somewhat from cavitation in the single-component
3 1iquid. The light fractions have higher values of the saturated
vapor pressure than do the heavy fractions; therefore the light
fractions boil first in the case of local pressure reduction, and
j then the heavy fractions boil. Upon increcase of the pressure
5 the vapors of the heavy fractlions condense first and then the vapors
of the 1light fractions. As a result of this the cavitation process
proceeds gradually, without impacts, in the multicomponent liquids.

Gusabils BN sl oan
b

hikiad Ll i g

Cavitation can occur in aircraft powerplant systems in con-
« nection with the external pressure reduction as the flight altitude
is increased. In the initial stage the vapor phase 1s represented

by fine bubbles (Figure 33a). Then the bubbles increase in size

"y
S
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and in a horizontal line they will travel in the upper part of the

cross section (Figure 33b). It is possible that the vapor and liquid
phases will separate (Figure 33¢) and the stream will split.

il R

Figure 33. Formation of two-phase flow (liquid and vapor)

The highest pressure of the vapors located above a liquid,
established during vapor release in a closed vessel at a given tem-
perature, is called the saturated vapor pressure and is denoted by

P+ For the single-component liquid this pressure depends only on

the temperature and physical properties of the given liquid and is
1nﬂependent of the volumetric ratio of the vapor and liquid phases.
The saturated vapor pressure of the multicomponent liquid depends
not only on the temperature but also on the ratio of these phases.
The saturated vapor pressure increases with reduction of the volume
fraction occupied bythevapor phase. 1In laboratory tests of aircraft

fuels a standard ratio of the vapor and liquid phases, equal to 4/1,
has been adopted and is denoted by Ptu/l‘

With increase of the liquid temperature, the saturated vapor
pressure of the single and multicomponent liquids increases; how- 4
ever the increase is different for different liquids. In order to 3
be able to characterize the saturated vapor pressure of a liquid : |
by a single number the temperature 37.8° C = 100° F has been

arbitrarily adopted. The pressure at this temperature is termed -

the Reid vapor pressure. ;

Cavitation phenomena in the fuel lines of aircraft powerplants
present more hazard with regard to stoppage of fuel flow to the
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engines than danger of line failure. This 1is associated with the
solubility of air in the fuel. In the petroleum fuels there is some
amount of air (10 - 20% by volume), which is directly proportional

- to the ambient pressure and inversely proportional to the fuel
specific weight, surface tension, and viscosity. Moreover, there
are also dissolved gases (propane, butane, and so on).

As the flight altitude increases, the atmospheric pressure de-
creases and the pressure in the fuel system tanks and lines decreases. ]
A large quantity of air and gaseous inclusions are released into the
space above the fuel and carry with them fuel vapors. If the ex-
ternal pressure is greater than the saturated vapor pressure of the
fuel, vaporization of fuel from the surface does not have any signi-
ficant effect on the size and rate of release of the air bubbles.

When the external pressure is lower than the saturated vapor pressure
of the fuel, internal vaporization — boiling of the fuel — begins.
The higher the saturated vapor pressure of the fuel, the earlier
boiling will begin.

The cavitation phenomena which occur in the liquid lead to
separation of the flow in lines into liquid and gaseous streams.
1 As a result the flow through the line is mixed, which leads to

pressure pulsations, oseillations, and interruptions in the fuel
supply which may result in involuntary shutdown of the engine.

1 Moreover, in the presence of cavitation the hydraulic resistance 3
increases and heat transfer decreases.

» +Sdi

Cavitation phenomena are nost frequently observed at the inlet

to pumps. The lower the inlet pressure, the lower will be the pres-
sure differential created by the pump and its output. The cavita-
tion characteristics of a pump are determined from the cavitation
curves.

The cavitation curves, obtained experimentally, establish the

relationship between the pump output (Figure 34) and differential

FTD-HC-23-374-71 75




WETTITHAE TR

pressure (%igure 35) and the pump inlet pressure. These curves are
gresented for a given liquid for several values of pump shaft speed
and temperature. If the pump output is being determined, a constant
differential pressure is maintained in the tests; to find the dif-
ferent'al pressure developed by the pump, a constant output is
maintained.

wg

L]
]
i
-
00 8 0@ w1 2 o

m.m/zﬂ;
-~ .

Figure 34. Pump cavitation Figure 35. Pump cavitation
curve for constant values of curve for constant values of
shaft speed, differential pres- shaft speed, output, and
sure, and liquid temperature liquid temperature

The inlet pressure 1s plotted along the abscissa axis of the
cavitation curves, so that increasing inlet pressures are plotted
toward the coordinate origin. Thus, the magnitude of the under-
pressure is plotted in the opposite direction (away from the origin).
This technique for laying out the abscissa axis scale means that the
nature of the curves will remain the same if the abscissa scale
shows the flight altitude as well as the pump inlet pressure. There-
fore the pump cavitation curve reflects its altitude performance.

With low inlet pump pressure the cavitation is so extensive
that cutoff of pump operation takes place — decay of the output and
differential pressure to zero. Theoretically this should occur at
an ambient pressure equal to the saturated vapor pressure. However,
in practice pump cutoff occurs at an inlet pressure greater than

the saturated vapor pressure. This is explained by the fact that the
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actual pressure of the liquid in the pump entrance chamber is less
than the measured inlet pressure by the magnitude of the hydraulic
resistance of the pump suction section. Moreover, in fuel pumps

the actual ratio of the fuel vapor and liquid phases does not corre-
spond to the standard 4/1 ratio for which the pump tests are
conducted.

The drooping branches of the pump cavitation curves cannot be
defined experimentally with sufficient accuracy, since the pump
operating regimes in this region are unstable and may become self-
oscillatcry. This 1s associated with the fact that random decrease
of the pump inlet pressure leads to reduction of the output, as a
result of which there is reduction of the velocity and the pump inlet
pressure increases. The latter increases the output and then the
pump inlet pressure decreases, which again leads to reduction of
the output.

In order to obtain the stable required differential pressures
created by the pump and an output at which normal liquid delivery
is assured, it is necessary to create at the pump inlet an excess
pressure which exceeds the saturated vapor pressure of the liquid.
This excess pressure is usually called the required cavitation

margin Apcav’ Consequently the pump noncavitation operating condi-

tion is

Psx 2> Pragi+8Py

The minimal required pump inlet pressure is

Paxqin =P1 41 +Apuanmm. (40)

The minimal required cavitation pressure margin depends on

the pump construction and location, amount of pump wear, pump shaft
speed, flight vehicle rate of climb, and air content in the fuel.
All these factors cannot be calculated exactly, and therefore the
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magnitude of the required minimal cavitation pressure margin is
usually indicated by %the manufacturer on the basis of tests. If

this value is not specified by the manufacturer, it can be established
in several ways.

1. The magnitude of the minimal required cavitation pressure
nmargin is taken from the cavitation curve, depending on the required
values of the output or dirfferential pressure created by the pump,
provided these values fall on the stable rather than the cutoff
segment of the cavitation curve.

2. %1e magnitude of the required cavitation pressurs margin
for centrifigzal pumps is found using approximate formulas, on the
basis that it can be expressed as a fraction of the differential
pressure App created by the pump

AP ansin™0 AP
where 0 — 1s the cavitation index.

The cavitation index for centrifugal pumps 1s a function of the

rotor specific speed ng

0=Aﬂ:”. (l"l)

By specific speed we mean the rotor speed of a reference pump

which is geometrically similar to the given pump and has dimensions
such that for a head of 1 m H,0 the output W is 0.075 m3/sec.

In hydraulics courses the expression for the specific speed is
given in the form

n, = 3,65 _S0nyW

(A_”e_)”‘ ’ (42)
L4

where n — is the pump rotor speed, rps.
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Substituting the value of the specific speed into (41), we obtain
6 = A=A 355@“1’?]"3_ 3,653 A (@0a)'3w23y

(Ap- 3/4 Apa
v O(W)‘I3 '-313
ST o
where
* Eﬁ— =365 A.

Then the required cavitation pressure margin of the centrifugal
pump can be expressed in the form

_ __10(60n)* 3 w23y
BPramin == 0 APy = = L HIx. (43)

The value of the cavitation specific speed suggested by

Professor Rudnev [49] is

C= 0/ 0aV WP | 562608/ F 4 g4 T
(8Pranmin) /¢ (Apﬁalmluf“ T
v

For centrifugal pumps with an axial prestage (ahead of the
centrifugal impeller), the cavitation specific speed varies from 700
to 2200 [8, 34]. To ensure reliable operation of aircraft power-
plant systems,we can take values of the coefficient C in the range
1000 - 1400.

Reduction of the required cavitation pressure margin is achieved
by reducing the pump rotor speed and pump output. The use of dupli-
cate pumps in some lines, in addition to reliability of the supply
in case of failure of one of the pumps, reduces the required cavita-
tion pressure margin for two pumps operating in parallel.

3. The statistical data of Table 3 are used. We see from
this table that with increase of the differential pressure created
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bty the pump the absolute magnitude of the minimal required cavitation
pressuare margin increases, but the value of the cavitation index

decreases.

TABLE 3. MINIMAL REQUIRED PUMP CAVITATION
PRESSURE MARGIN
Pump Differential Minimal Cavitation
Fump; type location pressure required index
KN/m2 cavitation o
pressure
margin
KN/m°
Boost and transfer| Wing 100 - 150 ic - 25 0.15 - 0.25
Bocst Engine 500 - 600 30 - 80 0.05 - 0.15
Fuel supply to
injection
nozzles Engine 6000 - 8000 | 150 - 300 0.02 - 0.05

Centrifugal Pump Characteristics

In addition to the cavitation curves (see Figures 34 and 35),

one of the basic characteristlics is the head curve, which estab-

lishes the relationship between che differential pressure created

by the pump and the output for constant values of nump shaft speed

and liquid temperature (Figure 36).

For centrifugal pumps with electric motor drive, we can define

the power required

Nump""",U W,
where I — is the current consumed, Aj;
U — is the voltage, V.
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The pump useful power 1is

M
lll-z
defined by the formula ot <
> N:mz"p-w w, - s \\
) d ™
2 g \‘ \\
where Ap_ — 1is expressed in N/m“. | “‘~\\ ~_
P ol Q
- ‘N\\
E The pump operating regime o \\\
_ is defined by the point of inter- “ AN i
: section of the head curve with x* N\
£
3 the line hydraulic characteristic. \E§ 3
0 oF W & 1 2 iIWidm’[sec

Different operating regimes can

i be obtained for a constant pump
; head curve by varying the line Figure 36. Head curves of
hydraulic characteristic (throt- centrifugal boost pumps:
tling), and for a constant line 1 — EtsN-45; 2, 3 — ETsN-T
and ETsN-10 (at rated condi-

hydraulic characteristic by tions) 3

varying the pump shaft speed j
(Figure 37).

Centrifugal pump output and differential pressure depend on
the rotor diameter d and shaft speed n. From the similarity formulas
for centrifugal pumps, we have

e w nd3

| v T
8p 4242

: X‘P_:.: ﬂ?d. )

Change of the rotor diameter leads to new values of the pump ;
weight and size. However, change of the shaft speed, within per- :
missible limits, makes it possible in many cases to use an available 1
pump. This property of the centrifugal pump is used for its
regulation.

Al i
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Figure 37. Centrifugal pump operating regime variaticn:

a — variation of line hydraulic characteristic; b —
variation of pump shaft speed

For ¢ = d

Hence

If the values of Apl and wl are known, by specifying the output

W we can find the differential pressure Ap and plot from these polnts
the curve of similar regimes (corresponding to the condition of con-
stant hydraulic and volumetric efficiencies of the pumps) in Figure
38, which shows the initial pump head curve.

The perpendicular dropped to the abscissa axis from the point
of intersection of the line of similar regimes with the head curve 1
yields the value W

for the shaft speed n This makes it possible

0 0’
to find the shaft speed ny which the pump must have to provide the

output wl and the differential pressure Apl.
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centrifugal boost pump for
N different rotor speeds;

\ga 1—mn,= 4800 rpm; = —

& T
KN/-Z | \l
-4 oy e g . 4 [ Figure 38. Head curves of
SECTTN
™

n, = 5560 rpm; 3 — curve
of similar regimes

4

‘ ] T T 39, 13 ﬁ)‘.-sl sec
Since
2 =71 then
fe (]
ny = % n,. (45)

The pump head curve for the shaft speed n, can be obtained by

scaling each point of the initial head curve using the formulas

W“nﬂ.wb:; (46)
s b
i Apu:‘l;-;:—) Apy,. (47)

For the case of parallel operation of several pumps the overall
head curve is obtained just as for the case of parallel connection

of hydraulic lines, i1.e., we combine the conductances for a constant
pressure (Figure 39).

Figure 39. Head characteristic of pumps
connected in parallel
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CHAPTER III

1
FUEL SYSTEMS
Fuel systems are designed to provide the required amount of
fuel to the engines. They are subject to the following requirements:
1. Reliable fuel supply to engines in all flight regimes.
1 2. Fire safety.
1 3. Tank capacity adequate for the required amount of fuel.
1 4, Automatic and complete fuel feed from tanks in given
1 sequence while maintaining the airplane center of gravity (c.g.)
! in an acceptable range.
1 5. Pressure refueling for flight vehicles with total tank
; capacity more than 6000 liters. .
k-
6. Fuel dumping in flight for vehicles having landing weight
or c.g. limitations, ;
. 2 i
é 7. Complete ground defueling capability. E
|
'; FTD-HC-23-374-71 84
2 a
A

AR R S e




n

8. Reliable and convenient monitoring of fuel system operation
on the ground and in flight.

P’.ton engines use B-70, B-91/115, and B-95/130 (GOST 1012-54)
gasolines. Some engines use SB-78 gasoline containing 20 - 25%
B-91/115 and 80 - 75% B-70 (TU4-60). Turbojet and turboprop engines
operate on kerosene grades T-1, TS-1 (GOST 10,227-62), T-5 (GOST
9145-59), T-6 and T-7 (GOST 12,308-66).

In analyzing the operation of fuel systems, we encounter the
following fuel characteristics: density (specific welight), saturated
vapor pressure, viscosity, specific heat, and thermal conductivity
(see Appendices 3 - 7).

The fuel system 1s a complex of subsystems: engine fuel feed,
fuel tank venting, automatic control of fuel flowrate, and fuel
measurement. The engline fuel feed system consists of circults which
provide for fuel supply to the engines, refueling, and drainage.

Engine Fuel Supply Circuits

Fuel Supply Schemes

The cholce of a rational scheme for supplying fuel to the
engines 1s affected by the flight vehlcle mission and configuration,
flight regimes, type and number of engines, grade of fuel used,
measures to ensure safety, flight ceiling, and flight vehicle
reliability. The problem in developing a rational scheme for feed-
ing fuel to the englnes lies in the need for locating a large amount
of fuel In a limited space, maintaining an established range of c.g.
variation, requirements for ensuring trouble-free operation of the
engines over a wide range of flight speeds and altitudes, and the
introduction of automatic equipment to provide a specified fuel
feed sequence and ménitoring fuel system operation.
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We shall examine some schemes used to supply fuel to the en-
gines (Figure 40). Fuel feed frcm the tank 5 by means of the pump 6

makes 1t possible to develop a sufficiently high pressure at the
inlet to the engine driven pump to ensure the required altitude per-
formance. The tank airspace is connected with the ambient air by
means of the vent intake 1. This system for feeding fuel from the

Figure U40. Fuel feed to engines

tanks is termed an open system. It 1s the basic system for use on
civil aircraft. The tank is filled with fuel through the filler neck
or fitting 4. The fuel level meter with transmitter 2 and indicators
3 is used to determine the amount of fuel in the tank and provide
emergency low-level indication.

The pumps which are used to feed fuel from the tanks and create

pressure at the inlet to the engine pump are termed the alirframe
boost pumps (ABP). The purpose of the ABP is to overcome all the

resistances along the path from the tank to the engine pump and pro-
vide the required pressure at the inlet to the engine pump. Multi-
stage boosting is used on the latest aircraft to provide reliable
fuel feed-to the engines. Usually a single airframe boost pump 6
and a single engine boost pump (EBP) 14 are used. In this case the
ABP provides the required pressure at the inlet to the EBP, and the

latter provides the required pressure at the inlet to the main engine
pump (MEP) 24.
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The advantage in feeding fuel from the tanks by means of ABP
is that the tanks are not pressurized and thelr welight can be kept
low. Fuel can be pumped from a tank located below the engine. 1In
many cases the ABP operating regime is regulated to maintaln the
required pressure. A definite sequence of ABP activation and de-
activation pérmits a programmed sequence of fuel feed from the tanks.
The power required to drive the ABP is one of the drawbacks in their
use. Increase of the thrust (power) of the gas turbine engines and
the corresponding increase of the fuel flowrate increase the power,
weight, and size of the ABP.

The pressure developed by the ABP must be greater than the
minimal acceptable value for which the pressure warning transmitter
7 is set. When the pressure 1is adcquate,either the red light 8

goes out or the green light 8 comes on at the pilot's instrument panel,

depending on the configuration of the system for indicating the
pressure downstream of the ABP.

The check valve 9 ensures the required direction of fuel flow.
For example, if there are two ABP in a single tank and one of them
fails, the fuel picked up by the other would return through the
inoperative pump into the tank. However, the check valve located
downstream of the inoperative ABP blocks fuel flow into the tank.
Check valves operate similarly when the fuel accumulator 10 beccmes
operative, when the crossfeed valve 12 is opened, and in other
cases. Air from the accumulator fuel chamber flows through the
restrictor 11 into the tank.

The fire cock 13 shuts off the fuel flow. The flowmeter trans-
mitter 15 provides an indication of the fuel flowrate on the indi-
cator 16, The fuel/oil radiator 17 is installed in the circuit to
cool the o0il using fuel as the coolant and at the same time provides
heating for the fuel. This improves atomization and protects the
filter 19 agalnst freezing. If less fuel flow is required to the
engine than for cooling the o0il in the fuel/oil radiator, part of
the fuel will bypass the radiator and return to the tank through
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the bypass line 18. The pressure warning transmitter 20 togethrer
with the indicator 21 provides indication of clogging (freezing)

of the filter 19. 'The pressure transmitter (or pressure switch) 22
sends a signal to the instrument 23, which indicates the value (or
presence) of the pressure ahead of the MEP. The pressure trans-
mitter 25 downstream of the MEP and the pressure gage 26 make it
possible to determine. the magnitude of the pressure at the inlet to
the nozzle manifold 27. ‘

Gravity fuel feed from the tanks (Figure 41) is possible but

relatively ineffective. This feed technique is used on aircraft
with comparatively low-power PE, where the required pressure at the
engine pump inlet is not high. On aircraft with engines developing
high thrust (power) gravity tuel feed from the tanks is used for
gravity transfer of fuel from a higher tank to a lower tank. This
is possible when the wing has positive dihedral.

Fuel feed from the tanks by expulsion can be accomplished by

compressed air or inert gases (F.gure 42). The tank air space is

3
4 2
3
Figure U41. Fuel feed from Figure 42. Fuel feed from tank by
aircraft tank: expulsion: _
1 — air intake from atmos- 1 — tank; 2 — fuel line to englne
phere; 2 — tank; 3 — fuel pump; 3, 4 — relief and check
line to engine pump valves; 5 — alr intake from engine

isolated from the ambient air (closed feed takes place). The advan-
tages of closed feed are: high flight altitude, absence of fuel

pumps on the airframe (and sometimes on the engine also), possibility
of pressure regulation, absence of venting system, no losses owing
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to fuel evaporation, and no energy expended to drive pumps. How-
ever there are significant disadvantages: heavy pressurized tanks
and low survivablility of the tanks when damaged. Fuel feed from
the tanks by expulsion is not used on today's civil aircraft; how-
ever in certaln cases pressurization of the fuel tank using a slight

excess pressure (15 - 30 KN/mZ) may be used. This excess pressure
is obtained from the ‘engine compressor (through a restrictor) or
from ram pressure.

Large tanks are required if the amount of fuel carried is large.
Difficulties in installing such tanks make it necessary to use small
tanks but their number increases correspondingly. In order to or-
ganize efficlent fuel feed to the engines with small hydraulic re-
sistances, low line weight, and to ensure the required range of
c.g. travel, the tanks are combined into groups, usually by connect-
ing them in series (Figure 43).

Thus a group of tanks can be con- 7 2 3 4 3
sidered as a single tank with '

baffles. ~¢ —"
. g 55:)

The tank on which the
boost pump 1s installed to sup-
ply fuel to the engines 1is Figure 43. Connecting tanks
called the service tank,and o9 G (EEHDE

1l — air intake from atmosphere;
the line running from the 2 — tanks; 3 — vent line;
4} — service tank; 5 — boost

service tank to the engine 1s
called the engine intake line.
The tank groups can, in turn,
be connected in parallel or series.

pump; 6 — fuel line

The fuel supply system with groups of tanks connected in

parallel (Figure 44) makes it possible to control fuel usage in

accordance with any program. The pump of one tank (one group) can
operate in a regime which differs from the pump operating regime of
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another tanik (another group). In this case the check valve located
at the pump with the lower operating regime closes and ensures fuel
feed only from the tank with the pump operating in the higher regime.
The survivability of the fuel system 1s better with this grouping of
tanks. This scheme involves the installation of a boost pump in each
group of tanks, which increases the structural weight and requires

a complex feed system.

The fuel supply system with groups of tanks connected in seriles

(Figure U45) is zonstructed so that the fuel feeds from each group
into a service tank, from which the fuel is supplied to the engine.
This scheme rermits reduction of the system welght, since fewer
pumps are requirea, the numberof lines is reduced, and a simple
control system can be used. However, the presence of the service
tank reduces the survivability of the fuel system.

In the fuel systems which feed the fuel from groups of tanks
connected in series, the fuel is transferred by gravity feed or by a
pump into the service tank. Gravity transfer or pressure transfer
lines are provided for these operations. The transfer pumps (TP)

Figure 44. Fuel feed to two engines with tanks
(tank groups) connected in parallel:

1 — tanks; 2 — boost pumps; 3 -— check valves;
4,5 — fire shutoff and crossfeed valves
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direct the fuel from one tank to another with only the pressure neces-
sary to overcome the resistance in the transfer segment. Therefore
these pumps produce less pressure differential than the ABP. This
reduces the weight and power required. A float-type level-limiting
valve is installed in the service tank to prevent overfilling.

Independént, centralized, and combined systems are used to supply
fuel to seyeral engines. The selection of the particular fuel supply

system depends on the aircraft layout and the number of englnes.

The independent systems (see Figures 44 and 45) supply fuel to

each engine of the alrcraft from definite groups of tanks.

Figure U45. Fuel feed to two engines with tanks
(tank groups) connected in series:

1 — tanks; 2, 5 — transfer and boost pumps;

3 — service tanks; U, 6 — safety float and

check valves; 7, 8, 9 — fire shutoff, tank
interconnect, and crossfeed valves

The centralized system (Figure 46) is arranged so that fuel

from a single service tank (or from several tanks through a selector
valve) is supplied to all engiues.

The combined systems are a combination of the independent and

centralized systems. Figure U7 shows a combined system consisting
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Figure 46. Centralized fuel Figure U7. Combined fuel feed
feed to two engines: to four engines:
1 — tanksj; 2, 5 — transfer 1 — service tanks; 2 — boost
and boost pumps; 3, 6 — tank pumps; 3 — check valves; 4, 5 —
shutoff and fire shutoff fire shutoff and crossfeed
valves; U — service tank valves

of two independent systems (left and right), but each of these
systems provides centralized fuel flow to both engines.

On aircraft with an odd number of engines the fuel flow to the
central engine, usually located in the aft fuselage, is provided by
the ABP of two jindependent systems. These pumps may differ in their
nead characteristics within their tolerance limits, which can lead
to different fuel flow to the center engine from the pumps of the
independent systems with tanks connected in series, and this then
leads to different fuel levels in the service tanks. A similar
situation 1is observed when opening the crossfeed valve and supplying
fuel from the pumps of the two independent systems to a single en-
gine. Even if the pump characteristics are the same, the fuel fiow-
rates from the two pumps will be different pbecause of the different
hydraulic resistances of the engine lntake lines.

FID-HC-23-3T4-T1 92




Pt R

e

Equalization of the fuel level in the service tanks of the
independent systems can be accomplished by gravity transfer if the
tanks are interconnected by a gravity crossfeed line (see Figure 45).
If the tank interconnect valve 8 is open, gravity crossfeed will
take place when the fuel level in one tank reaches a definite height
above the fuel level in the other tank.

The following measures are taken to improve the reliability of
the engine fuel feed system.

Fuel crossfeed to the engines is used on aircraft with several

tanks (groups of tanks) ard having two or more engines. The engine
intake lines are interconnected by a crossfeed line downstream of
the ABP (see Figures 44, U5, and %47). 1In case of failure of one of
the engines, with the crossfeed valve open fuel will feed to the
operating engihe not only from its own intake line but also from the
intake line of the inoperative engine. If the ABP of one of the in-
dependent intake lines fails, operation of the engine receiving fuel
through this line will be provided by means of the ABP in the other
intake line if the crossfeed valve 1s open. Therefore the possible
ABP output exceeds the maximal fuel flowrate of a single engine.
However, fuel will not feed from the tanks connected with the intake
line of the failed ABPF, and this affects the aircraft c.g. location,
flight range and duration. The crossfeed line can also be used to
equalize the fuel quantity remaining in the service tanks of the
independent engline intake lines.

Duplication of the ABP involves the installation of two pumps

operating in parallel, each of which has an output sufficient for
independent supply of fuel to the engines. When both pumps are
operating,each supplies about half the fuel flow to the engilnes,
which reduces the required cavitation pressure margin and lncreases
the ceiling. However, duplication increases the structural weight
and requires additional power to drive the pumps.
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Airframe boost pump reservation involves provision for activa-

tion of a second pump in case ore pump fails. The second pump may
have a different type of drive in order to improve the survivabllity
of the fuel system.

Pickup wells with check valves are used in the tanks to prevent

uncovering the ABP during airplane maneuvers and under the action of
accelerations. These wells create a reserve fuel volume as the fuel
flows away from the boost pump intake (Figure 48). Boost and trans-
fer pumps can also be installed in the pickup wells.

a)_ pep N0 b) N0 B

_

Figure 48. PFuel tanks:
a — without baffle; b — with baffle and check valve

When the pressure in certain segments of the intake line in-
creases above a definite value,the pressure relief lines bypass fuel

from the segment with the high pressure into a low-pressure segment,
for example into the tank (Fig-

ure 49). The pressure may in-

7
crease after shutting the engine
down with the fire shutoff cock. 51— $ P
In this case the flow of cold '
-t .

fuel termlinates, and as the fuel

is heated in the line segments
which pass near the still hot
engine sections, it expands and

Figure 49. Relief lines for
high-pressure fuel bypass:

1 — tank; 2 — boost pump;
causes deformation of the line 3, 5 — check and relief valves;
4 — fire shutoff valve
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eliements. Moreover, cocks with lever control of the shutoff sleeve
do not operate satisfactorily against high backpressure. Relief

of tha high pressure 1s accomplished by unloading valves, which may
be a separate unit or may be mounted on the check valves. The
simplest form of rellef is provided by a small orifice in the check

valve.

Components
Tanks

The tanks are designed to hold the required amount of fuel and
are subdivided into main, auxiliary, and external tanks. Depending
on the installation, the auxiliary tanks may be located inslde the
flight vehicle or externally, and the latter may be droppable.

The internal tanks are located in the fuselage or wing. On
the modern airplane the fuel weight reaches 35 - 50% of its takeoff
weight. 1In this connection the problems of fuel disposition must
be considered in selecting airframe size. Fuel feed from tanks
located in the thin tip portions of the wing is poor during maneu-
vers. Therefore maximal use must be made of the wing root sections.
Lonation of the engines and landing gear nacelles in this region of
the wing makes it difficult to locate the fuel there.

P The tanks are divided into flexible, rigid, and integral as
a function of the tank material and construction.

Flexible tanks are made from fuel-resistant rubber with an

outer layer of rubberized fabric (cord), kapron fabric, artificial
leather, or waterproof canvas. They either have no structural

members or their internal structural elements are not rigidly con-
nected witih the tank walls. Since they are located in a container,
they can withstand a small differential internal pressure but can-

not tolerate negative pressure.
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These tanks are widely used. They are easily ianstalled thfough
relatively small hatches and have high survivability. The tanks do
not: rupture in case of airplane impact with the ground, make tne best
use of the airframe volume, and are not sensitive to vibration.

These tanks are not difficult to fabricate and are lighter in weight
than metal tanks of the same volume. They have good thermal insulia-
tion qualities and this reduces fuel heating at supersonic flight
sSpeeds.

A-drawback of the flékible tanks is that they lose their elas-
ticity at low temperatures. This makes their installation difficult
under wintertime conditions (the tanks must be preheated using warm
air prior to installation) and leads to fuel leakage at points where
fittings are installed. Nor is it impossible that some amount of the
inner rubber layer may dissolve in the fuel. Therefcre the flexible
tanks must be f{lushed out periodically. Their outer layer will be
damaged by the action of fuel spilled during refueling.

Rigid tanks are usually fabricated frem sheets of the aluminum-

magnesium alloys AMn and AMnH (half-hard) and AMnO (annealed).
These sheets permit deep drawing, weld well, are elastic and quite
resistant to corrosion. The tanks consist of end closures, shells,
and an internal structure in the form of baffles to provide tank
stiffness and damp out fuel motion.

Usually the end closures and shells are welded together, and the
internal structure is riveted in place. There are openings in the
baffles to provide free flow between the tank cavities. The rigid
tanks are attached to the airframe structure by means of straps and
pads to reduce the effect of vibration and deformations of the air-
plane structure on the tahks. The considerable weight of the rigid
tanks, the difficulties involved in installing and removing the tank
from the airframe, and the poor resistarice to vibration limit thelr
application.
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The integral tanks are a variety of the rigld tank. The space

and structurz of the wing are used to form the fuel tank. Such

tanks have good weight characteristics (no special walls or closures)
and do not require any special installation and removal operations. i
Optima' use of tae wing volume increases thz capacity of the fuel
reservoirs. For these reasons the integral tanks are widely used.
A drawback is their susceptibility to thermal, aerodynamic, and
vibrational loads. Sealing is maintained by the use of sealants
which are resistant to heat, cold, and fuel.

The tanks are outfitted with the following equipment to provide
for operation of the fuel system: filler necks, sumps, drain cocks,
check valves, level limit valves, refueling receptacles, tank inter-
connections, venting, inerting, metering equipment, mounting flanges,
and pumps. Hatches with removable cover plates are provided for
tank inspection.

The fuel volume Ef required to fill the tank is
Er="G"‘+En o+ Enens
Ve B nen

where Gf — is the weight of the fuel requlired for flight with given
maximal range and duration with account for navigational
reserve for at least one hour of flight;
Yo — is the minimal specific weight of the fuel (at 45° C);

Eun — is the unusable fuel;

Eev — are the fuel losses by evaporation into the atmosphere.

The unusable fuel quantity arises as a result of the geometric
peculiarities of the location of the ABP on or in the tank. The
unusable fuel quantity increases when the pumps are located on the
tank walls, but must not exceed 1% of the total fuel quantity.

The evaporation losses depend on the type of fuel, the flight
time, and the design of the vent line external fittings. For
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kerosene these losses amount toc about 0.2 - 0.5% of the initial fuel
quan:ity per hour of flight.

The totai tank volume 1s

Eo = E'+ AE,'*' AEe.

where Aan — 1is the tank volume occupied by equipment (fuel quantity
transmitters, boost pumps, level limit and drain valves,
internal structure, and other equipment located inside

the tank). We can assume approximately that AEeq

amounts to 2 - 3 % of the total volume.
AEex - 1s the tank free volume required for fuel expansion as
it heats up (no less than 2% of the total tank volume).

For preliminary calculations we can assume that the total tank
volume Et ='1.05 Ef.

Fuel Lines

The fuel lines serve to connect the components of a given system
and transfer the fluid. ~“epending on the material, they may be rigid
or flexible. The lines are subjected to deformations and vibrations
as a result of airframe and engine components affecting the lines and
also as a4 result of hydraulic impacts and fuel pressure pulsations.
Lines fabricated from rigid tubing must have flexible segments to
reduce the vibrational input.

The rigid lines are fabrlcated from Dural, aluminum-magnesium
alloys, brass, and steel. The last 1s used in high-pressure lines
(fuel feed to the nozzles). For corrosion protection,the Al-Mg alloy
‘lines can be anodized and the steel lines can be zinc plated.

Flexible tubes (hoses) are used to connect rigid lines or in
areas where installation is difficult. In installing the lines, both
high spots where air can accumulate and bends which restrict fuel
flow and fuel dralnage from the line should be avoided. A small
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tubing bend radius increases the hydraulic resistance and the stress
concentration. It 1s recommended that bends be made sc that the
bend radius (along the tubing centerline) will be no less than three
times the tubing outside diameter. Elbows are installed at locations
where the tubing canncot be bent. Flex hoses, flared lines, and
nipple connections are used to connect the rigid lines with one
another and with the -system components. Flex hoses are connected
with one another by means of hose fittings. Tees and crosses are
used to interconnect several lines.

The tubing internal diameter is determined by hydraulic and
welght analyses of the line. The fluid flow rate must be restricted
in order to reduce the hydraulic resistance. The fuel flow velocity
in the lines which feed the fuel to the engines 1s in the range
of 2 - 5 m/sec. Higher veloclities are possible in the other 1lines.
Although high fuel flow velocities in the lines reduce the line diam-
eter and welght, they also cause large hydraulic resistances and
increase the statlic electricity charge. On the other hand, low fuel
flow velocities lead to large line diameters, which increases thelr
weight and creates difficulties in installation. '

The wall thickness should not be less than 1 mm for aluminum
alloy lines and 0.5 mm for steel lines. The calculated values of
the line diameter and wall thickness are adjusted to the dimensions
prescribed by GOST 1947-56 for aluminum and aluminum alloy tubing
(see Appendix 8) and GOST 8734-58 for seamless cold drawn and cold
rolled steel tubing.

Pumps

Hydraullc machines which transfer fluid with the required
pressure rise are termed pumps. The pumps used in the fuel systems
of aircraft powerplants are divided into vane-type and volumetric
pumps.
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~ this funnel. After passing

picked up by the axial impeller

" In the vane pumbs the rotating lmpeller 1mparts a high pressure
to the fluid and forces it into the discharge line with increased
velocity. Centrifugal pumps are a type of vane pump,

In the volumetric pumps the fluld 1s expelled under pressure
from the working chamber into the delivery chamber. These pumps
are divided into the piston and rotary types. 1In the rotary pumps
the fluld is expelled from the moving working chambers by rotating
displacement elements. The rotary vane pumps are of this type.

Usually the ABP and BP are centrifugal; the EBP may be centri-
fugal or rotary vane types. The advantages of the centrifugal pumps

are uniform output, minimal number of moving parts, absence of
valves, servicing simplicity, low weight and size, and low cost.

The disadvantages include 1ow'suction height, moderate efficlency
(usually no more than 0.6), and the possibility of flow interruption
because of cavitation at low inlet pressures.

The fuel entering the centrifugal pump passes through a screen
1 (Figure 50), which protects the pump against entry of mechanlcal
particles, prevents the formation
of a funnel (vortex fuel flow) -
at the inlet to the pump when
there is only a small amount of
fuel in the tank, and thus pre-
vents alr entrainment through

through the screen, the fuel 1s
2, which creates some head and

preswirl of the flow prilor to
its entry into the centrifugal

impeller. The anticavitation

qualities of the pump are thus Figure 50. Out-of-tank boost
pump {inoperative condition—

improved, since the axial impeller check valve 6 open)
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provides a pressure rise which compensates for the pressure decrease
at the inlet to the centrifugal impeller.

The impeller 3 may be of the shrouded, semishrouded, or un-
shrouded type. The choice of the particular type 18 determined by
the loads aeting. The check valve 6 is provided to reduce the %
hydraulic resistance of an inoperative pump. When the pump 1s ;
operating the valve covers the port 4 in the inlet part of the pump.
If the pump becomes lnoperative, the pressure falls off, tie valve
drops down, and part of the fluid passes through the port, bypassing
the impeller. Downstream of the impeller the fuel 1s directed into
the discharge chamber 5, where the kinetlc energy of the flow 1s
transformed into pressure energy and the fluld swirl 1s removed to
reduce the resistance. The discharge chamber is usually made in
“the form of a spiral or annular vaned diffuser. From the diffuser
the’flhid enters the 1line.

The centrifugal pump shaft drive may be electrical or mechanlcal.
The latter may be provided from the aircraft engine shaft or by a
hydroturbine or pneumoturbine. The electrical drive is lightest
for small ABP. Direct current at 27 volts is usually used to supply

the electric motors for such pumps. For welght reduction when using
more powerful ABP, it is advisable to go to three-phase alternating
current at 115/200 Volts and frequency 400 Hz.

The advantage of the alternating current motor is the absence }

of the commutator and brushes, whlich increases motor service life
E, and reduces the radlo interference level. The ABP with electric
rive can be located outside or inside the tank, or in the line.

AR AL A Y 17 AR K R W

The external ABP are mounted on the bottom or side walls of
the tank. The latter pump location makes better use of the space
surrounding the tank but leads to increase of the unusable fuel.

The out-of-tank pumps are mounted on the fuel tank so that the pump
case with electric motor attached to it is located outside the tank.
These pumps are very convenient in operation because of good access
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to the pump and electric motor. The electri: motors are equipped
with fans. If they have adequate cooling, the out-of-tank ABP can
operate at high outputs without overheating.

The in-tank pumps are mounted on the bottom of the tank (Fig-
ure 51). This pump location permits better use of the space around
the tank and reduces the unusable fuel. The location of the motor
in the fu~l, and in some cases fuel circulation around the electric
motor case, facilitates motor cooling. However, as the fuel is used
from the tank the cooling of the electric motor deteriorates. There-
fore extended operation of the in-tank pump without fuel is not
permitted. The use of integral tanks has led to the development
of submerged, wet-wing pumps. In these pumps the entire pump to-

gether with the discharge diffuser and electric power cable are
located inside the tank (Figure 52).

Figure 51. 1In-tank boost pump:

1 — body; 2 — screen; 3 —
BRI LA Figure 52. In-tank, wet-wing

boost-pump:
1 — body; 2 — annular channel;
3 — delivery line; 4 — elec-
triec motor; 5 — housing; 6 —
centrifugal impeller; 7 — axial
impeller
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Location of the boost pumps in the line, far from the tank,

has not been widely used. Their ceiling is low because the line

‘ segment from the tank to the pump offers hydraulic resistance.

E . Moreover, the air which is released at the pump inlet 1s not by-
passed to the tank,but is directed through the pump to the engine.

When necessary, the ABP may have different rotational speeds.
The different pump operating regimes (for example, standby, rated,
and overspeed) together with the use of check valves permit pro- i
3 ' grammed fuel feed in the case of parallel connection of groups of
E tanks in the engine fuel feecd system. Increase of the rotational
i speed of dc¢ electric motors with r-urallel excitation is achieved by
increasing the resistance of the excitation winding.

The standby pump operating regime is obtalned with two excita-
tion windings connected in parallel, which corresponds to connection
of all thne pins of the disconnect plug to the ship's electrical
system (Figure 53a). The rated pump operating regime is provided

a) re==<+<-=y bh)re~----= v C)r-====nq

(it Db |
- . e
[ —_—

Figure 53. Wiring diagrams ¢f boost pump electric motors _
for obtaining different regimes: !

a — standby; b — rated; ¢ — overspeed

& when using a single excitation winding by disconnecting pin 3 (Fig-
ure 53b) from the negative wire of the ship's electrical system.
The overspeed pump operating regime is obtalned by connecting an

£ additional resistor R in the excitation winding circuit, for which
pin 2 (Figure 53¢) 1is also disconnected from the negative lead of
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the ship's electrical system.
As this 1s done the ABP char-

9. T —F I,A
acteristics change (Figure 54). Bi/n2 - __:
[
The centrifugal EBP shaft I e e N
is driven from the engine shaft. Eat
The required rotational speed 1 il ~~
is obtained by means of a speed
reducer. These pumps are e O Isec
equipped with pressure regula-
tors to regulate the pressure Figure 54. Characteristics
with variation of the fuel g{fﬁggggg ggzi;egu?grg;:n
flowrate. curves are current consump-
tion):
The ABP shaft can be driven o = gtffégzérgpgzarated;

by a pneumoturbine by bleeding

ailr from the englne compressor

or by using the dynamic head of the relative airstream. It is
advisable to use ABP with air-driven turbine on aircraft with very
high fuel flowrates. The welight and size of the pneumatic turbine
drive are considerably less than for the electric motor drive. The
disadvantage of the ABF pneumatic turbine drive with air bleed from
the engine compressor is the fact that the pump cannot provide fuel
in the starting and idling regimes. To provide for operation of
the ABP with an air-driven turbine under these conditions use can
be made of air supplied from bottles, which are then refilled as
the engine comes into operation. Fuel may also be supplied under
these conditions by 2n electrically driven pump in parallel with
the air-turbine-driven pump.

The air bled from the engine compressor to the ABP pneumatic
turbine is at high temperature. Therefore careful sealing of the
ABP shaft and thermal isolation of the pump section from the turbine
are required. If the sealing and isolation are not sufficlent,
the fuel temperature will rise. Air bleeding also has an effect on
ehgine operation: the fuel flowrate ‘increases.
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The air-turbine-driven ABP using the dynamic pressure of the
relative sirstream is used ir emergency cases and in case of fallure
of pumps with nther types of drive. Such standby pumps are in-
stalled in the lower part of the wing. To activate the pump com-
pressed air 1s suppllied to extend the turbine unit into the alr-
stream. Such a drive cannot be used to provide continuous operation
of the ABP because of the wing frontal drag increase.

Hydraulic turbine drive of the ABP shaft avolds many of the
disadvantages listed above. When fuel 1s used to drive the turbine,
very simple shaft seals can be used and careful thermal lsolation
of the pump unit from the turbine is not required. Either the EBP
or the MEF .s used to supply fuel to the ABP turbine. To obtain

the required pressure {15 - 25 kgf/cmz) in the ABP hydraulic drive
turbine, a second stage providing suitable pressure must be avail-
able in the EBP or bypass of part of the fuel in the MEP must be
provided. The advantages of the hydraulic turbine drive are low
welght and size, fire safety, simplicity of construction, and
reliability in operation. The disadvantage lies in the necessity
to suppiy fuel under starting and idling conditions.

Operation of the ABP with a turbine drive is regulated by vary-
ing the flowrate and pressure of the air or fuel supplied to the
turbine.

For the centrifugal ABP with turbine drive, the air or liquid
flowrate wt required to drive the turbine can be found from the
formula '

A
Wy=—a_p
T Ay *

(48)

If we take the turblne and pump efficlency to be n, = "p = 0.7

and the ratio of the pressure rise created by the pump App to the

pressure differential Apt across the turbine to be about 0.05, we
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ind that the fluid flowrate in this case must be about ten times

less than the engine fuel flowrate ueng'

Fllters

To ensure reliable operation of the engine components, the fuel
must not contain mechanical particles. Therefore the fuel 1s care-
fully filtered, both in the aircraft fuel system itself and outside
this system (prior to fueling).

Filtration is accomplished by passing the fuel through a porous
materlal which retains the mechanical particles whose dimensions
exceed the dimensions of the pore cells. Thus, the cell opening
dimension characterizes the filtration capability. '

Alrcraft tanks are fueled with prefiltered fuel. The first
filtration 1s accomplished at the airfield dump felivery station
when filling the refueling trucks; the second filtration 1s accom-
plished in the fueling process through tanker filters having a
filtration capability down to five microns. Servicing of the air-
craft tanks with flltered fuel still does not ensure reliable opera-
tion of the fuel system components. Particles from the flexible
tanks, corrosion products from the lines and coOmponents, and bits
of rubber can get into the fuel. Therefore the fuel is filtered
once again on aircraft with PE and TJE and twice on aircraft with
TPE. This 1is explained by the constructional peculiarities of the
fuel equipment of these engines. On the TPE the fuel first passes
through a coarse filter with filtration capability down to 100
microns. Then it passes through the fine filter, which retains
particles of size greater than 8 - 10 microns.

T T ——

In order to ensure fuel supply to the engines, the filters are
equipped with bypass valves, which open automatically when a given
pressure differential across the filtering element 1s reached if it
becomes clogged or freezes overj; these bypass valves maintain the b
required fuel flowrate. With working pressure up to 3 kgf/cm2, the
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valve opens when the differential pressure reaches 0.4 - 0.6 kgf/cmz;
with working pressure up to 6 kgf/cmz, it triggers at 0.7 - 0.9
kgr/cmz.

The filtering elements are fabricated from screen or paper.
The screen material (GOST 6613-53) is nickel, brass, or bronze
wire. The screen number indicates the mesh clear dimension
(Table U4).

TABLE 4. CHARACTERISTICS OF FILTERING ELEMENTS

Screen
AFB-1K

wHeElell paper Nickel Bronze Brass

Particle Laminated

size, mm No. 004 No.004 No.0056 No.01 No.025 k
Cleaning  8-12 12-16 20-30 4o 56 160 280
accuracy,

i rm

The screen type filtering elements are made in the form ~.
frames having a cylindrical or star-shaped form, and also in the
form of plate-type perforated disks. The paper filtering elerments
are made from AFB-1K paper, treated with an alcohol solution of
bakelite lacquer (grade A). To increase the surface area the paper
is gathered into folds which are supported by a metal frame.

Filter selectlon is based on curves of the hydraullc resistance
as a function of the flowrate (see Figure 26).
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Fuel Accumulators

Fuel accumulators provide short-term fuel supply to the EBP in
the case of riearzero and negative load factors and when the fuel
uncovers the ABP during aircraft rolling and sideslipping, and also
provide for separation of air from the fuel. They may be designed
with a floating piston or a membrane (Figure 55). The latter are
encountered mor~ frequently, since
they are lighter in weight (they
can be made in spherical form).

A check valve 1s located at
the fuel iniet into the accumu-

lator. In the case of nearzero
or negative load factors, when
fuel is not supplied from the
tank to the ABP, the check valve Figure 55. Fuel accumulators:
closes and the fuel which is in 1 — piston; 2 — membrane
the accumulator fuel chamber is

supplied to the EBP under pressure.

After termination of the action of these load factors the ABP sup-
plies fuel through the open check valve into the accumulator and to
the EBF. The fuel accumulator must be installed close to the ABP
and the check valve. As the accumulator is filled with fuel, the

air which is released is diverted through the vent line to the tank
or to the vent manifold.

Analysis

Basic Data

The design problem includes determination of the system line
dlameters, selection of the ABP and BP, finding the volume of the
fuel accumulators and the celling with the ABP operating and not

operating, selection of the tank thermal insulation, and strength
analysis of the tanks.
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In the design analysis the given fuel system operating condi-
tions (fuel flowrate and temperature, flight altitude and speed)
are used to find the line diameters and select the ABP and other
components which provide the fuel supply to the engines. 1In the
check analysis the available components and lines are used as a basis
for making a check: does the given system provide the specified
operating conditions. Both forms of analysis are used in designing
systems for supplying fuel to the engines.

Fcr the calculation we need to have the following basic data:

schematic of system for supplying fuel to the englnes;
design flight regime parameters;

fuel flowrate versus flight altitude;

characteristics of the fuel being used;

head and cavitation curves of the ABP and EBP.

The analysis of systems for supplying fuel to the engines is
made for the segments from the tanks to the EBP. The latter (to-
gether with components located downstream of them) have already been
selected by the engine manufacturer to support the operation of the
MEP. The technique presented can also be used to select the EBP.

We analyze the line segments which are in the least favoratle
conditions for supplying fuel (with respect to line length and
relative height of one component above another). Therefora the fuel
system schematic must give an idea of the length of the lines and
the height of the components. On the basis of the necessity to
examine the least favorable conditions, we take the case in which
the fuel tank is nearly empty (i.e., the fuel level in the tank

can be neglected).

The calculations are made for several regimes. We must check
the operation of the fuel feed lines under the most severe operating
conditions. Such conditions are the takeoff ground roll and accel-
eration of the aircraft to the lift-off speed, lift-off and climb
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at'takeoff power, level flight at tue design crulsing altitude. The
load factors are taken from the aerodynamic analysis. If these data
are not available, for civil aircraft we can take: ny = 4 and -1.
n, =% 0.3; n, = 0.

The engine fuel flowrata as a function of fiight altitude

(Figure 56) is indicated in the engine cahracteristics. The required »
englne operating regimes are determined in the aerodynamic analysis.

In calculating the ceiling of civil alrcraft with ABP operating, it

& recommended that the nature of the fuel flowrate variation be

taken along the curve abcd, so that takeoff power is used on the

segment ab and rated power is used on the segment cd, while in calcu-

lating the ceiling with the ABF not operating it is recommended that

the ceiling be calculated using curve abef, where crulsing power is

used on the segment. ef.

The design fuel temperature for subsonic aircraft is usually
45° ¢, since in this case the saturated vapor pressure of the fuel
has the greatest effect. However, for flight vehicles with long
iines it is also necessary to make the calculation for a temperature
- cf minus 60° C, since in this case the hydraulic resistance may be
‘ the decisive factor. For supersonic aircraft the design temperature
E of the fuel in the tanks is selected after analysis of the thermal
2 isolation of the fuel tank walls. Thick thermal insulation layers

N ANk AR U At 8 B e w2

?. 3 ~\\L\\\\J\\\\ Figure 56. Relative engine
E_ . \5\\$\\\ fuel flowrate versus flight
. = ' *ﬁ;ssk\\i altitude and power: s .
1 c N t§§§g 1 — takeoff; 2 — rated;
3 — cruise
0 F L3 [ [ 0 1 nam
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make it possible to have comparatively low fuel temperature in the
tanks, but leads to increased weight. Thin thermal insulation leads
to high fuel temperature in the tanks and deterioration of the
operation of the boost pumps and the engine feed manifold. Thus,
the choice of the design fuel temperature in the tanks of a super-
sonic airplane is ‘made with account for the welghts of the tanks,
pumps, and lines, and the power required to drive the pumps.

Boost Pump Selection and Determination of Engine

Feed Line Diameter

The selection of the ABP and the determination of the line
diameters are made for the maximal fuel flowrate through the engine
feed line. For airplanes with gas turbine engines the design alti-
tude is H = 0, and the design flight condition is takeoff.

To obtain the computational formulas we write the Bernoulli
equation for the section P-P (Figure 57), located just downstream
of the ABP, and the section E-E, at the inlet to the EBP

"V ’ Wi
Apn+=2-Fynts = Pup + 50 +Ya+ AP0 (%9)
where ApP — 1is the pressure rise across the ABP;
V, and V., — are the fuel velocities at P-P and E-E;

P E
Yp and yg — are the heights of sections P-P and E-E;

Ping — is the EBP lnlet pressure.

In (49) all the terms represent pressure expressed in Newtons

per square meter.

The minimal pressure rise which the ABP must develop is

yi-y? 0
Apnminzpull min "t V1 _n;; - Ga—72) e '\l’r"‘ Apu' el
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Figure 57. Computational dlagram for engine fuel
feed lines;

1 — air intake from atmosphere; 2 — tank; 3 —

airframe boost pump; 4 — check valve; 5 — fuel
accumulator; 6, 8 — fire shutoff and crossfeed
valves; 7 — englne boost pump

To ensure cavitation-free operation of the EBP, 1t is necessary
that

Posamin =Prant Apmnn:x mine (51)

Substituting (51) into (50) and replacing Aph by its value
from (24), we obtain

vi-vi
Apnmin=pi 4/I+Apnummmin+7’-‘ % (52)

—(n—yd v+ k!’ur Y. W;"ln + Ap,.

If the line internal diameter is constant along the length of
the engine feed line,the fuel flow velocities are also constant.
ve - V2
Then the difference of the dynamic pressures Yp ——— = 0. For
2g
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different values of the line internal diameter, we use the condition
of a constant value of the fuel velocity through all the lines.
Then (52) cgn be written in the form

Apnmia=pPran +AP|':mym ...—()’n-—}'nh'--l'Ah‘l'
+ ‘ngwgaﬂ k:n "'A+B.:aﬂ (53)

where A — 1s a quantity which 1s independent of the line dliameter;

2
B — is the coefficient of Kline'

These coefficients are found from the formulas

.A’:Pl 4II+AP:fa:nll,’x mln-(yn—yﬂ) ?,+AP.'. (Su)
B=c2y, Wiee (55)

In calculating the reduced hydraulic resistance coefficient of ;
the line elements using (26), we must know the line diameter. To :
find the latter we must know for the given fuel flowrate the value :
of the fuel flow velocity, which in turn depends on the line diam- i
eter., Then we assume values of the velocity on the basis of sta-
tistical data in order to obtain the solution. A more exact solution
can be obtained if we use successive approximations of a grapho-
analytical technique.

If there are several engines and service tanks with ABP, various
versions of the fuel flow through the engine feel line and, corre-
spondingly, different values of the reduceq hydraulic resistance
coefficient kline are possible. By examining three possible

fuel feed versions: single ABP to two engines (with crossfeed valve i
open), single ABP to a single engine (with crossfe=d valve closed),
and two ABP to a single engine (with the crossfeea valve open), we
can establish that the first version is the design condition.

Fuel supply from a single pump to two engines. If there is a

failure of the ABP of a single independent engine fuel feed line,

FTD-HC-23-374-71 113




it is necessary to supply fuel to the engine from the pump of the

other independent line and open the crossfeed valve. In place of
" independent lines supplyling fuel to the engines we obtalin central-

ized fuel supply by a single ABP to two engines along a b;anched : .
line which includes the crossfeed llne. Thus, in finding the dia-

meter of the engine feed manifold lines we also determine the dia-

meters of the pipirg in the crossfeed line. While prior to opening ¥
the crossfeed valve the maximal fuel flowrate through the ABP was

W it will now be wdes = 2wen

ek o M

eng’ g’

In those cases in which the ABP supplies not onrly the fuel
supply to the EBP but also coouling of the oil in the fuel/oil
radiator, operation of the hydrauliec turbine drive of the ABP itself,
opening and closing the propulsive nozzle eyelids, rotation of the
compressor inlet guide vanes, filling the accumulator fuel chamber
{(the flowrate through the ABP 1s more than the fuel flowrate re-
quired by the englnes and part of the fuel is bypassed back to the
tank), it is necessary to make the calculation using the increased
fuel flowrate we

Wz . V;zl + an+wl. »

where wby —— 1s the flowrate in the bypass lines;

wa N -—— is the fuel flowrate to fill the accumulator fuel
e chamber.

When the crossfeed valve is opened in case of failure of the
ABP of a single Independent iine and fuel is crossfed, the design
value of the fuel flowrate 1is

‘VPMN = 2Wn =2 (‘Vn- + Wncp+ Wa. M2

Let us examine the graphoanalytical solution of the problem
of determining the engine feed line diameters and selecting the AEP.
We take several valuss of the line internal dlameter da on the seg-

ment a (see Figure 57). This makes it possible to use (16) to find

114
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the Reynolds numb2r. Then for the turbulent flow regime, which is
usually encountered, we can use (18), (19), (20) to find the fric-
tional resistance coefric{ent A. Knowing the length of the segment
a and the local resistance coefficients for this segment, we can use
(23) to find the equivalent hydraulic resistance coefficient ceq'

We calculate the reduced hydraulic resistance coefficient ka for

segment a using (26). Taking the value of the fael velocity V to
be constant through all the lines, we write

V=£7:=w.m-;v. ai’, (56)
T adl T add T adl T mdd
Then
dy=4, g% (57)
where W, = Wgeg = 2Wg-

The relation (57) makes it possible to find the values of
kb’ kc and then use (35) to find kline' Since the fuel accumulators

are usually located near the engine .eed line, the hydraulic resis-
tance of the ling leading to the accumulator can be neglected and

we need consider only the local branching resistance. If the fuel
accumulator is installed far from the feed line, this branch line
must be consideread.

Using (53), we can plot a graph of the variation of the minimal
pressure rise AprninWhich the ABP must develop as a function of

the diameter da (curve U4 in Figure 58). We need one more equation

to solve the problem with these two unknowns. The ABP head curve
can be used to represent the missing equation in graphical form.

Knowing -the fuel flowrate wdes’ we can use the head curve of

the selected ABP (curve 2) to determine the pressure rise created
by the boost pump, which is equal to the minimal pressure differentlal
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ﬁequired for the feed line, and

the corresponding diameter d_. ‘”]Z a

po g a ",-z
Using (57), we Jotain the dia- L

) N | —
meters of the other line seg- -
w o > - -’

ments. The resulting calculated _,_J i
line diameters are adjusted to 20 ,} ==
fit the standard line sizes : ! 5}
available (Appendix 8). o & ¥ & 4 u;ii;’:“: /sec

If several types of ABP

are available, different versions Figure 58. Airframe boost pump
selection and determination of

of the choice of the required 1ine diameter :

ABP pressure rise and line dia- 1, 2, 3 — ABP head curves

! meter are possible. Here we (ETsN-45, ETsN-T and ETsN-10

at rated power operation; 4 —
must bear in mind that large minimal required ABP pressure

line diameters lead to increase

of the plping weight and small

diameters require large ABP pressure rises and correspondingly high
¢ power to drive the ABP shaft. An integrated analysis of all these

' factors makes 1t possible to arrive at the optimal solution for the
given conditions. When the head characteristics of the avallable
pumps do not satisfy the required flowrate and pressure values, a
neWw pump must be ordered or the available pump must be modified (see
Chapter 1I),

After selecting the ABP and determining all the line diameters,
we can plot the manifold characteristic curve (curve 2 in Figure 59).

apy,
i KN/m

Figure 59. ABP head curves and
characteristics of engine feed

manifolds with crossfeed valve

o . open and closed:

v} -

S e LT
" 05 he K820 4 Wirtm /sec 1 — ABP head curve; 2 — cross-
feed valve open (centralized
supply to two engines; 3 —
crossfeed valve closed (inde-
pendent feed)

L
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4
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Then its intersection with the head curve of the selected ABP (curve
1) corresponds to the design fuel flowrate value 2He. With the

crossfeed valve closed (curve 3) and the fuel flowrate “e’ there

will be additional excess pressure at the inlet to the EBP.

Transfer Pump Selection and Determination of Transfer

Manifold Line Diameter

The calculation is made for the maximal fuel transfer rate from
Tank 5 (Figure 60), equal to the maximal flowrate from the service
tank 1. It is clear that in this
case the maximal flowrate will
occur with the crossfeed valve
open in case of failure of the
ABP of a single independent
line. For airplanes with gas
turbine engines the design alti-
tude H = 0, and the takeoff
flight regime is the design

condition. Figure 60. Computational dia-
gram for fuel transfer manifold:
1 — service tank; 2, 4,— boost
We write the Bernoulli and transfer pumps; 3 — safety
equation for the section A-A, float valve; 5 — tank

located just downstream of the
BP of tank 5, and the section
B-B at the inlet to tank 1

»V,

2
2" + Ya ?1 = P-xs +

Appy +
v2
+!'2""‘5+}'871+AP.-+ Ap,,

where Ping — is the pressure at the tank inlet.

The minimal pressure rise which the BP must develop is

APt min == Poxg ain (= ya)vei Ap.-+Ap,. (58)
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' To ensure fuel transfer the minimal pressure at the inlet to
tank 1 must be

P
Pu,, <=,
TunFa (59)

where P — is the closure force acting on the valve;
Fv — 1is the valve area.

Therefore we can take p = 0.
min

Substituting (59) into (58) and replacing Aph by its value
from (24), we obtain

. (60)
Apm{ win (,V; —’A) =t AP. + c’.k:ar ¥ vzm = A‘+ D. .":.ﬂ
where
Ay=(yg—y )0+ A0, (61)
B,=c*, V:lﬂ - (62)

Selection of the transfer pump and determination of the transfer
manifold line diameter are also accomplished graphoanalytically (see
tne preceding analysis). The calculation is facilitated by the fact
that the transfer manifold is usually a simple line. The required
minimal BP pressure rise is less than the ABP pressure rise.

For the valve to be in the closed position’it is necessary that
G,i>Ap, F,,

where Gf — 1is the weight of the fuel in the float volume;

i — 1s the gear ratio of the lever arms from the float
to the valve;
Apop -~ 15 the differential pressure on the valve required

for opening.
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The maximal value of the differential pressure will occur for
W =0. Then
Apor max = Apn.q,‘-_.— A,

The minimal value of the fuel weight in the float volume

8p,pmaxFu ° Apﬂl‘l‘r.g"'“
Grmin=— = P

F,.

The minimal float volume

© Gygin BPpy _"‘l
Egta= —— "': F,. (63)

Determining Diameter of Gravity Transfer Manifold Line

The gravity transfer manifold (Figure 61) makes it possible to
accomplish fuel flow by gravity. This line can be considered a
transfer manifold without a pump. Then (60) can be written in
the form

(VA= Y6) ¥y = Ay hSy, WP,

The difference ht of levels is required for fuel gravity

transfer

A 1 2 8
hyseyy -yp =~ EEEEEE

TR

If we neglect the magnitude Api of the inertial pressure losses,

the required fuel column height is

h,=c=lz'\v'=c-,-§{vrt. (64)

Assuming values of the gravity transfer manifold line diameter
and the flowrate through the line, we can for a specific manifold

(for definite values of line lengttr and local resistances) use (6U4)
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Figure 61. Computational diagram
for gravity transfer line:

ly, 3 — tanks; 2 — tank inter-
connect valve

to plot curves of manifold diam-

s ' Y7
eter as a function of flowrate ‘ | “ l iy
and fuel column height (Figure 62). up R y
iz \ ' 1iters/sec
In order to obtain weight A
relationships, we assume that P .
gravity fuel transfer must occur 4 5 O N
at a definite fuel weight Gp ¥ o 0 0 ow

in one of the tanks. Then the Figure 62. Determining gravity

volume of this fuel is transfer line diameter (example)
G,
E;::;f.
The volume Ef is in turn connected with the tank area Ft and
the fuel column height by the relation Ef = Fthf‘
The available fuel head at which transfer must begin is
) ~E_ O
b Fo wFs’
hence
Gf"""?rpohr=?r‘p6c”%'m (65)

Figure 62 also shows curves of the fuel welght at which gravity
transfer begins as a function of the fuel columa height fcr a defi-
nite fuel grade and different tank area.

Specifying the fuel welght at which its gravity transfer must
begin and knowing the tank area, we can finc¢ the fuel column height
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in the given tank. From this value and the required flowrate, we
find the required gravity transfer line diameter.

Determining Fuel Accumulator Volume

The total volume of the fuel accumulator is made up of the vol-
umes of the fuel and alr chambers. The accumulator fuel chamber
volume is found from the condition of short-term provision of fuel
flow from the accumulator to the engine with the flowrate "acc’
equal to the engine fuel flowrate plus the flowrate through the by-
pass manifolds W'

eng
- Es _3
WQJ==WQ.=;; n /sec
where Euse — 1s the useful volume of the accumulator fuel chamber,
m3;
Tais — is the time during which the required fuel flowrate
is provided, sec.
Hence

‘Ell:'- '-‘07;. T’ “l'.

On the basis of the specified time for providing the flowrate
wéng from the accumulator, we can find the useful volume of its
fuel chamber.

After depletion of the fuel from the accumulator, the ABP must
supply fuel flow to the engine, fuel bypass, and filling of the
accumulator fuel chamber

W, = Wit W, y= W, +22,

where W_, and T.,,, — are the fuel flowrate to fill the accumulator
chamber and the time required for filling.
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Then

The air pressure P, supplied to the accumulator &ir chamber
must be somewhat less than the fuel pressure Pg- When the air

pressure p, > pf,ruel will feed from the accumulator.

To find the total accumulator volume Eo,we express the useful

accumulator volume (Figure 63) in the form

where El and E2 — are the accumulator volumes for the air pressures
Py at the initiation of fuel filling and Py

at the end of filling.

Assuming that the air expansion and compression process is

isothermal, we can write the relation Elp1 = E2p2 = Eop0 = Ep; then

D e oD

where Pg — is the accumulator
pressure when it is
charged with air

Figure 63. Fuel accumulator
only. operation:

a — initiation of fuel filling;

b — end of filling; ¢ — fuel

expulsion when its pressure de-
creases

Usually Pg = Pp- Then

we obtain
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The pressure Py 1s somewhat less than that developed by the ABP
because of hydraulic losses in the segment from the pump to the
accumulator.

To determine Py We write the elementary energy (work) dA in
the form
d.4=pdE=E.p.%.

Integrating in the limits from E2 to El‘ we obtain
E,
A==E.p.lne—: = E.p. ln::‘_-
for Py = Py

A=E.p,ln-¥:.-’-.

Assuming that the pressure by and total accumulator volume EO

are given, we can find the optimal pressure ratio ;g’ which will
1

correspond to maximal energy storage. To do this we equate the
derivative to zero

Then

Consequently

(%)m = (?;)m=e=2.72.

Using this relation we find

=5 _
E’ ‘“'2.72 - '0'367El'
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Expression (66) can now be rewritten as
E. == E‘— E' - E'-—O.WEI ﬂo.m..

Taking El = Eo, we obtain Euse = 0, 663 Eoﬂ Therefore

By o= S8E, (67)

Celling of Fuel System with Inoperative ABP

The fuel system ceiling is the highest aircraft flight altitude
to which the required uninterrupted fuel supply to the engines is
provided. High flight altitude affects the operation of the fuel
system components because of cavitation phenomena. The use of ABP
makes it possible to obtain sufficlient pressure at the inlet to the
EBP and the required fuel system ceiling, but when the ABP fails
{(1s turned off) the ceiling will be low.

Uninterrupted fuel supply to the engines with the ABP inopera-~
tive must be provided for subsonic aircraft with the engines operat-
ing from idle to takeoff power at flight altitudes up to 2000 m and
at idle power up to the cruising altitude of 8000 m.

Let us examine a very simple fuel system in the form of an
engine feed manifold with inoperative ABP (Figure 64). We write
the Bernoulli equation for sections T-T and E-E

+ \ ". . ?7 y;‘__ r’v}l . A +A
Py-t! u:-ﬁv'*' V5 0ei- ’2‘—"Pnn + Yiv: - % + Pt Pas (68)
where Py — is atmospheric pressure;

VT — 1s the rate of lowering of the fuel level in the tank,
which can be neglected.

Solving (68) for Py and using the fact that the maximal flight

altitude corresponds to the minimal value of the pressure Py ’
min

which will occur at the minimal pressure required Pin , other
Emin
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conditions being the same, we obtain

v
Pyt min=Prsy min T AP+ P#"" Ap,—s—Yy) Vs— AP (69)

“n (69) all terms are pressures expressed in Newtons per
square nmeter,

Knowing pHmi , from standard atmosphere tables (Appendix 2)
n

we can find the fuel system ceiling. This solution of the problem
corresponds to the check calcu-
lation. In the design calcula-

1 tion the required flight alti-

tude and the corresponding Py

are known. Then (69) can be
0 solved for the required pressure
“ at the EBP inlet.

We can see from (69) that

igure 64. Computational dia- the following factors affect

: gram for determining ceiling the ceiling of the fuel system
3 of fuel system with ABP R
E inoperative: with inoperative ABP:
: 1 — air intake from atmosphere;
2 — tank; 3 -— inoperative ABP; minimal pressure required
4 — EBP at the EBP inlet;
& hydraulic resistances;

inertial pressure losses;
relative positioning of the tank and the EBP;
excess pressure in the tank.

The minimal pressure required at the EBP inlet is determined

by the condition of cavitation-free operation using (40) and depends
on the saturated vapor pressure pg 471 and the minimal required

cavitation pressure margin Apcav . The use of fuels with high
min
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saturated vapor pressures and the choice of EBP with high required
cavitation pressure margin lead to a low ceiling. Therefore, to
reduce the pressure required at the EBP inlet it 1s desirable to
have a fuel with low saturated vapor pressure, prevent fuel heating
in the tanks and lines, and choose an EBP with low required cavi-
tation pressure margin.

At quite large fuel flow velocities the hydraulic resistances

reduce the ceiling. They are found using (24). When the ABP are
inoperative we must include in the magnitude of the line hydrauli.
resistances the additional resistance which arises as the fuel
flows through the ABP

Aprnn n = GV..

The value of the coefficient a depends on the construction of
the ABP. For preliminary calculations we can assume that a =

1.2 - 100 N - sec®/m3.

The following measures are recommended to reduce the hydraulic
resistances: use fuels with low viscosity, install as few components
as possible in the feed manifold segment from the tank to the EBP,
run lines of minimal length and large bend radii, use ABP with an
annular inlet check valve, which reduces the hydraulic resistance of
the inoperative ABP.

In calculating the ceiling,the inertial pressure losses are not

taken into account. We consider steady flight without acceleration.
If the ABP are not operating, in accordance with the flight operating

manual the crew must fly the airplane without developing accelera-
tions.

In modern aircraft the relative positioning of the tank and

the EBP has very little effect on the fuel system ceiling. The
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aircraft configurations lead to relatively small vertical distances
between the tank and the EBP.

Excess pressure 1n the tank leads to increase of the fuel
system ceiling. The permissible magnitude of the excess pressure is
iimited by tank strength and for subsonic flight vehicles usually
does not exceed 30 KN/m2.

To find the ceiling using (69) it 1s more convenient to write
it in the form

Pymia™ ?, 1,4 + Apﬂll;l min —(}'sf‘)’p‘) ?r"‘h%;ﬂ"'(‘" kz ?1+ a)W’.z
=A, 4B, WL | (70)

where A2 — is a quantity which 1is independent of the fuel flowrate;

82 — is the coefficient of w2, which depends on the fuel
flowrate.

The quantities A2 and B2 are found from the formulas

Ay=prant8Pus n o™ ()’sj“‘yn)Vf‘Apm" (71)
B,::c’k’;y,+a. (72)

Since (70) takes into account the required minimal value of
the pressure at the EBP inlet with regard to the condition for
cavitation~free operation, it can be caliled the equation of per-
missible fuel flowrate for cavitation~free operation with in-

operative ABP.

In (70) there are two unknowns: Py and W. The problem is
min

solved graphoanalytically using the second equation in the form of
the required fuel flowrate as a function of the flight altitude.

We assume in the present case that the fuel flowrate corresponds

to the takeoff flight regime from sea level to 2000 m, and to the
cruising regime above 2000 m (see Figure 56, curve abef). In
Figure 65, curve 1-2 is the variation of the required fuel flowrate
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Figure 65. Determining ceiling of fuel system with
ABP inoperative

W as a function of flight altitude when the fuel is supplied through
an independent engine feed manifold. Jurve 4 correspcinds to (70)
and shows the permissible fuel flowrate wper on the basis of cavita-

a2 : %
% tion-free operation of the fuel system. The operating point, located
at the intersection of curves 1-2 and 4, indicates the fuel system

celling Hl'

The calculation sequence is analogous to that used above and
amounts to the following. We take several values of the fuel flcw- ;
b ) rate in the region of intermediate flight altitudes and determine
' the Reynolds numbers; then we find the frictional resistance coeffi-
cient A, and equivalent g and reduced k hydraulic resistance coeffi-
cients. Assuming initially that Apex = 0, we use (71) to calculate

the value of A2 and use (70) to find the values of PHmin for several s

1
assumed values of weng'

Using standard atmosphere tables or curve 3, which relates air
pressure and flight altitude in the standard atmosphere, we plot
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curve 4 of the permissible fuel flowrate for cavitation-free opera-
tion of the EBP.

If the ceiling Hl is lower than 8000 m, excess pressure must i

be provided in the tank. The magnitude of the required excess

pressure 1is

where Py and P3oo0 — are the alr pressures in the standard atmos-
L phere at the altitudes H, and 8000 m.

Ceiling of Fuel System with ABP Operating

The determination of the ceiling of the fuel system with ABP
operating reduces to determining the ceiling of the ABP themselves.

We write the Bernoulli equation relative to the fuel level in
the tank, section T~T, and the ABP inlet, section P-P (Figure 66)

1 *V
Put BPust Ys Vet 75 =Puua F ¥t B0, + T + 0y (73)

We assume the fuel flow velocity
VT in the tank to be zero. We also
neglect the hydraulic resistances
and inertial losses. Then the

minimal value of Py is defined

by the formula

Py mln‘== Puxnt min — (}’s"‘}'n) v‘r—_Apl‘nd'

Figure 66. Computational

Neglecting the quantity dlagram for determining

(yT - yP) Yp and using (40) for ceiling of fuel system with
‘ ) ABP operating:

cavitation-free pump operation, 1 — air dntaie from atfios—

we can write (73) in the form phere; 2 — tank; 3 — ABP

Primin = Pt 471 +BPuasn win—APus’ (74)
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From analysis of (74) we can find that the saturated vapor
pressure of the fuel, the magnitude of the excess pressure in the
tank alr space, and the maximal required boost pump cavitation pres-
sure margin affect the ceiling of the fuel system with operating ABP.
In determining the cavitation pressure margin required we must con-
sider that the alrcraft rate of climb also affects cavitation in
the fuel systems.

The welight of the air dissolved in the fuel *< proportional to
the alr pressure above the fuel (Henry's law). During climb the
weight of the alr dissolved 1n the fuel decreases in proportion to
the pressure reductiorn in the fuel tank. The excess alr 1s released
in the form of bubbles, which gradually leave the fuel. If the air-
craft rate of climb is low the air pressure rat¢ of decrease is also
small and the alr escaping from the fuel has no warked effect on the
operation of the ABP and the fuel system feed manifold.

High aircraft rate of climb, particularly at high flight alti-
tudes, and the marked reduction of the alr pressure lead to large
amounts of excess alir in the fuel, which is not ghle to escape from
the fuel. The result is transient boiling of the fuel. In this case
the fuel entering the ABP 1s supersaturated with air, which leads
to vortex formation, earlier onset and development of cavitation in
the pump, and entry of alr into the feed manifold. The latter may
create fuel pressure fluctuations associated with the peculiarities
of two-phase liquid flow. Therefore, in the case of large vertieal

speeds (Vy > 10 m/sec) at high altitudes it is necessary to increase
tne value of the ABP minimal cavitation margin by the magnitude
Sp and determine it from the formula

cavg

Ap;l'!n min=— ‘AP...;“ min + op“'no ( 75 )

For centrifugal ABP according to (143)

10(602)*/2 w*/3 ¥ 2
Apn“ﬂ min = cin N/m

where n — is the pump speed in rps.
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It has been established for these pumps that
80 cun =438, (V,— 10) igV, y/n?

where kp — 1s a coefficient account for the saturated vapor pressure
of the fuel.

This coefficient is defined by the formula
k'ai-l-”-‘o"(p,qi-—m. (76)

In (76) the values of Py /3 2are given in Newtons per square
meter.

Then (75) can be written as

. 4/3 gy2/3
AM_'.=LOM_C_".3!__"+48!'(V'_ lo) lﬂv' “IH’. . (77)

If the fuel system ceiling is higher than the alrcraft aero-

dynamic celiling, then Vy = 0 and Gpcav = 0. Therefore the ceiling
P

calculation should initially be made without account for Vy. If as

a result of these calculations the fuel system ceiling is lower than

the aerodynamic ceiling, then we must determine &p The values

cavP‘
of Vy are taken from the aerodynamic analysis. To simplify the cal-
culations we can use constant values of Vy at the maximal possible

flight altitude, which was determined earlier without account for Vy.

Replacing (77) with (74), we obtain the values of the ceiling
with account for Vy

Pht min™= Py 41+ 48k, (V,— 10) IgV,, —Ap 5+

10(60n)* 3 w23y - _
+ o = At B W N,

(78)
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where

Ay=pip +BE,(V,~ 1018V, Apy u/n?; (19)
i 10 (60x)* 7
By~ per (80)

Formula (78) is the equation of the permissible fuel flowrate
for cavitation-free operation of the fuel system with ABP operating.

In (78) there are two unknowns: pg ., and W; therefore the

problem is solved graphoanalytically. We assume that the fuel flow-
rate at altitudes from sea level to 2000 m corresponds to takeoff
power and abov- this altitude to rated power (curve 1 in Figure 67).
If we plot on .ue figure the

curve of permissible fuel wio)
flowrate for cavitation-free w/ s::_..;‘...z —t X
operation of the fuel system : '\\

with operating ABP (curve U4),

its intersection with curve 1
indicates the ceiling H2.

The calculation sequence 1is

the same as in calculating

the celling with inoperative
ABP.

Pigure 67. Determining ceiling
of fuel system with ABP operating:

To determine the ceiling

1 — required engine fuel flow-
of the fuel system in the rate at rated power with cross-

feed valve closed; 2 — same,
case when the crossfeed valve with crossfeed valve open; 3 -
is open, after failure of the alr pressure in standard atmos-

phere; 4 — permissible fuel flow=-
rate for cavitation-free operation
feed line, we draw curve 2 of ABP

ABP of a single independent

corresponding to the increased
fuel flowrate. The new design
indicates the fuel ceiling H3, which will be lower than the

ceiling H2.
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Selection of Tank Thermal Insulation

and Tank Strength Analysis

Flight of a supersonic airplane is accompanied by increase of
the temperature of its surfaces and the fuel as a result of aero-
dynamic heating (in flight), radiation of the sun, earth, and atmos-
phere, heat influx from the operating engines, electronic and other
equipment, and also the temperature rise of the fuel in the pumps
and as it flows through the fuel/oil radiators. When the fuel and
the fuel system components are heated some of the thermal energy is
transformed into radiant energy, and this propagates into the sur-
rounding space. The rest of the thermal energy goes to increase the
heat content of the fuel and thus increases its temperature.

When fuel is stored aboard aircraft, the maximal temperature
rise 1is observed in the summertime In the southern regions of the
USSR, where the air temperature may reach 45° C. If we neglect the
thermal insulation effect of the aireraft skin and tank walls, the
maximal design temperature of the fuel at sea level can be taken
as 45° C.

As the fuel temperature is incveased it oxidizes intensely, and
as a result there are formed insoluble deposits and resins which
clog the filtering elements and disrupt normal operations of the
engline fuel system. For example, deterioration of fil*erability
occurs at a temperature of 160° C [59] for T-5 fuel.

Increase of the fuel temperature leads to increase of its
saturated vapor pressure. A fuel with low saturated vapor pressure,
T-5 and T-6 for example, must be selected for reiiable operation of
the fuel system at high flight speeds. In order that T-5 fuel not
boil at an altitude of 18,000 m, it is necessary that its tempera-
ture in the absence of excess pressure in the tank not exceed 110° C,

and with an excess pressure of 30 KN/m2 this temperature must not

exceed 165° C (Figure 68). Considering the possible fuel temperature
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rise along the line from the EBP to the nozzles, the maximal per-
missible temperature of this fuel in the tanks must be 110 - 120° C.

We see from Figure 68 that
the use of differential pressure
in the fuel tank can increase the
maximal permissible fuel tempera-
ture. But the magnitude of the
differential pressure is limited
by tank strength. Therefore the

use of thermal insulation to re- Figure 68. Temperature of
boiling initiation for T-5

duce the heat influx into the fuel as a function of flight

"fuel is more efficient. altitude and differential

pressure in tank

4 In the approximate selection

of the tank thermal insulation

we can neglect heating from external radiation, heat flux from the

operating engines (and equipment), and radiation from the aircraft
i skin. This makes it possible to examine the heat transfer process ;
E accomplished only by convective heat exchange and thermal conduction. §

The maximal amount of heat is transferred into the fuel in the i
course of the entire flight for the full tank case, for example, a
standby tank group or a service tank. As the fuel level in the tank
lowers an airspace is formed above the fuel, which serves as an
3 insulating medium and reduces the heat transfer into the fuel.

Since the forward, aft, and end walls of the tank also have an air
insulation layer, we can neglect the heat transfer through these
walls.

The process of heat transfer into the fuel (Figure 69) can be -
written in the form

Aty (81)

at’ :

Q =KS (tn. c"'tr) =0 Ep‘l‘
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where Q — is the heat flux, J/sec;
K — 1is the heat transfer coefficient, J/m2 - sec - deg;

S — 1is the area of the upper and lower surfaces of the
2

tank, m;
tbl — 1s the air temperature in the boundary layer, °C;
tf — is the fuel temperature in the tank, °C;
co — 1s the fuel specific heat, J/kg * deg;
E — 1is the tank capacity, m3;
Pp — is the fuel density, kg/m3;

T — i3 the time, sec.

If we consider only the heat transfer from the air to the air-
craft skin and the thermal resistance of the insulation (neglecting
the small thermal resistance of the wing skin aad the tank wall),
the heat transfer coefficient is expressed as

K= T‘l“TJInz'sec'des' (82)
=t

Figure 69. Diagram for calculating heat transfer
into fuel in aerodynamic heating case

where a — 1s the coefficlient of heat transfer from the air to the
alrcraft skin, J/m2 - sec ° deg;
§ — 1s the thermal insulation layer thickness, m;
A — is the insulation thermal conductivity, J/m - sec -+ deg.
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On the basis of (81) and (82) we obtain the equality

""""::& 1
K=z s =
Stha. ot ""‘__n_+_3"
e A

Hence the thermal insulation layer thickness is

115l e—ty) |
't Py ar

The magnitude of the air temperature in the boundary layer with
account for the Mach number, equal to the ratio of the flight speed
to the speed of sound, is found from the formula

ts, o=t +273) 1+ 0.2 M% —2T3°C,

where ty — is the ambient air temperature, °C;

r — is the recovery factor.

Por the turbulent regime (Re > 0.5 - 106) we assume that r =
0.89 and for the laminar regime r = 0.85.

The calculation is made for a constant temperature Tf = 45° ¢

of the fuel in the tank. 1In actuality the heat influx is less be-
cause of the fuel temperature rise.

With fuel temperature variation from 45 to 90° C, its specific
heat changes very little (see Appendix 6 ) and can be taken constant
in the caleculation.

Atf
The permissible value of IXE depends on the flight duration 1t

and the maximal permissible fuel temperature tf (Figure 70).

The value of the ccefficlient of heat transfer from the air to
the wing skin is found from the formula which is familiar from the
heat transfer course
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u=§-'-;l Jlnz-sec-deg.
where Nu — 1is the Nusselt number;
1l — 1s a characteristic dimension, in tne present case the

tank width, m.

Considering the upper and lower surfaces of the tank as flat
plates, to determine the Russelt number we use the c¢riterial equa-

tion Nu = 0.032 Reo'8, in which the Reynolds number is defined by

the formula

Reé=!L.
v

The values of the thermal conductivities (which depend on the
temperature) are given in Table 5 for temperatures from 50 to 100° C.
In selecting a material for thermal insulation we must take into
account the requirements imposed on this material: small value of
the thermal conductivity, low density, sufficiently high mechanical
strength, chemical stzbility, low hygroscopicity, ease of handling,
high phase transformation tenhiperature, and low cost. On the basis
cf the next-to-last requirement the direct use of certain materials
with quite low value of the thermal conductivity (cork, cardboard)
is nct possible. Therefore it is advisable to use a multilayer in-

sulatio~ whose surface layer can &
withstand high temperatures, while 't gﬁﬁ 77 :
the other layers are made from mm‘-"* ' 2
materials with lower values of the 1
thermal conductivity. 50 :
. L
The most acceptable materials g f thr

for thermal insulation are the

metaloceramic coatings, consisting
Figure 70. Determining per-

of metallic oxides, caroides, missible fuel heatlng rate as a

nitrides, borides, silicides, and function of its maximal permis-
sible temperature and flighe
duration
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TABLE 5. CHARACTERISTICS OF THERMAL INSULATION MATERIALS

Thermal Density,
Material Afog?:?::zfggé 0, kg/m3 -
Cork sawdust 0.031 350
Glass wool 0.074 410 -
Slag wool 0.085 429
Sole leather 0.163 1,020
Linoleum 0.186 1,300
Asbestos 0.193 580
Rubber 0.232 920
Carbon steel 58.150 7.850
Aluminum 203.000 2.700

the refractory metals, and also certain types of glassplastics based
on the phenolformaldehyde, silicone, and peclyester resins.

The thickness of the insulation layer must not be too great;
otherwise the structural welght increases.

The thermal conductivity of air is very low (at a pressure of

100 KN/m2 and temperature 100° C, A = 305 - 10‘" J/m + sec - deg).

Therefore an air interlayer between the tank and the aircraft wing
skin (if it can be provided) is the most effective and lightest-
weight thermal protection.

The tank strength analysis is made like that of thinwalled

vessels.

The required tank wall thickness § is found from the formula

8 ::i ) 6..'. ,-u'
204
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where f — is the safety factor (1.5 - 2.0);

Apt — 1s the maximal differential pressure on the tank wall,
which depends on the pressurization pressure Apex and

the maximal inertial pressures Ap,, N/m. The design
value of Apt should not be less than 15 KN/m2.
1 — is the tank width or height (maximal value), mm;

Cult — is the ultimate strength of the material, N/m2.

The inertial pressures are determined as the maximal permissible
load factors for the given aircraft with the tank full. For civil
aircraft the design coefficients will be ny. Then for a tank with

neight h the inertial pressure on the bottom of the tank is Api =
y

nyhyf. The values of py; may amount to 40 - 60 KN/mZ.
y

Providing Fuel Supply to Engines at High
Flight Speeds and Altitudes

Flights of supersonic airplanes at speeds twice that of sound
and at altitudes above 15,000 - 16,000 meters complicate the opera-
tion of the fuel system to a considerable degree. As a result of
fuel heating there 1s an increase of its saturated vapor pressure,
which reduces the fuel system ceiling. Flights at high altitudes,
with low atmospheric pressure, are also accompanied by significant
fuel evaporation. At the high flight speeds the temperature of the
unwetted tank walls may reach the fuel spontaneous ignition tempera-
ture, which reduces flight safety. The shift of the center of pres-
sure of the aerodynamic forces during transition from subsonic to
supersonic speeds leads to disruption of airplane trim and deteriora-
tion of the stability and controllability.

To improve the fuel system ceiling by reducing the saturated
vapor pressure of the fuel, we must reduce the fuel temperature.
For this purpose it is desirable to fuel the tanks of the supersonic

FTD-HC-23-374-71 139

s b A Pt i it




airplane with cold fuel. Moreover, coolers (turbine or other types)
may be used fo cool the fuel in flight, and the use of fuel feed
systems with serles rather than parallel connection of the tank
groups 1s possible since the long residence time of the fuel in the

tank from which it 1s last used leads to increased fuel temperature
rise.

The service tank should be located in the least heated part of
the airplane, and the fuel should be used first from the tanks which
are heated most, Realization of these recommendations is made dif-
ficult by the requirements for maintaining the airplane c.g.
location.

The use of heavy fuel grades with lower saturated vapor pres-
sure (types T-5 and T-6) and degassing of the fuel improve the
operation of the fuel system at high flight speeds. Fuel degassing

is performed with the aid of vapor-air separators (centrifugal or
the settling type). The operation of the centrifugal vapor-air
separator is based on the difference of the gas and liquid fuel
specific weights when their mixture is imparted a rapid rotational
motion. In this process the gases are easily separated from the

liquid. The operation of the settling-type vapor-air separator is
also based on the difference of the specific weights of the gases
and the liquid fuel, but in this case the liquid is not given a
rotational motion: rather the liquid settling principle is used.
The simplest technique for separating gases from the fuel is to
pump it along a closed circuit with a low pressure segment.

In addition to controlling the magnitude of the saturated vapor
pressure of the fuel, steps can be taken to reduce the ABP cavita-
tion pressure margin. To do this it is necessary to reduce the
centrifugal pump impeller speed and output, and use pumps with good
anticavitation properties.
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Incfeaselpf the differential pressure in the tanks aids in
increasing the fuel system ceiling. If the tanks are pressurized
by inert gases, thls also reduces evaporation losses and improves
fire safety.

To ensure airplane stability and controllability during transi-
ion from subsonic to supersonic speeds and vice versa, use 1s made
of trim fuel transfer, in which the center of gravity is shifted to

f

follow the movement of the center of pressure. For this purpose the
airplane must be equipped with a c.g. controller for determining the

c.g. location in flight and a transfer controller, whicli obtalns

signals concerning the center-cf-pressure location and the magnitude
of the flight speed, which affects the center-of-pressure position.
After comparing these signals the controller automatically transmits
a command to activate the fuel tank boost pumps if necessary. After
acceptable relationships between the center-of-pressure and center-
of-gravity locations are reached, the pumps are deactivated.

In order to provide effective fuel transfer trimming, the tank
groups must be located in the forward and aft sections of the fuse-
lage, and speclal transfer manifolds with minimal hydraulic resist-
ance and powerful boost pumps (high output) must be used.

Refueling Manifolds

Refueling Techniques

Refueling of the tanks may be accomplished by either gravity
or pressure. In gravity type refueling the filtered fuel from the

<

refueling unit is fed through a flexible hose and the delivery
nozzle directly to the filler neck. The filler neck is located in
the upper part of the tank, from which the fuel (in the case of

& grouping of the tanks) flows by gravity through connecting lines or
flanges into the other tanks. The filler necks must permit the use
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of fueling nozzles of the dimensions specified by international
standards. ~The time for filling all the tanks of the aircraft must
not exceed 10 minutes.

Gravity fueling has the following disadvantages:

long fueling time owing to the low fuel fiow velocity through
the tank interconnecting lines and the additional time required to
prepare for fueling (opening and closing the filler_heck caps, drag-
ging up the delivery hose, turning on and off the refuelling ﬁnit
pump) ; ' '

positioning of servicing personnel at the filler necks, usually
located on the upper surface of the wing. This requires the per-
sonnel to get up on the wing, move around, and get back down, which
requires ladders, walkways, and long hoses. Movement of the ser-
vicing personnel and dragging of the hoses leads to damage of the
wing finish. In the wintertime movement over the icy wing surface
is hazardous for the personnel;

fuel evaporation and fire hazard;
entry of moisture and dirt into the tank.

The drawbacks of the gravity refueling system are eliminated
when using pressure fueling. In this case the filtered fuel from

the fueling unit 1is fed through a flexible hose to the tank fueling
receptacles. Thls permits a high rate of fuel flow through the fuel-
ing manifold and the tank interconnect lines.

The flow rate during refueling must be at least 1500 liters/min .
through each refueling receptacle at a pressure not exceeding 4.5

e b e L 4TS

kgf/cmz. The refueling receptacles and delivery hose nozzles are
made to dimensions specified by international standards. :
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Pressure fueling is accomplished through one or two fueling
» . > receptacles; therefore this type of fueling can be termed "central-
;zéd“. To reduce the length of the delivery hoses, and for con-
¢ ‘.wvenience in servicing, the fueling receptacles are located on the
underside of the aircraft and this type of fueling has been termed
"underwing fueling"”. 1in view of the high fuel flowrate, the con-
- siderable increase of the length of the entire refueling circuit,
and the presence of several controlling devices, the hydraulic re-
sistance of the refueling manifold is high. Therefore high pressure
differentials must be supplied by the refueling unit pumps. This
] has led to the appearance of the term "pressure fueling".

Pressure fueling also has some disadvantages:

e e s (a8 g &

increase of the structural weight as a result of installation
! of the fueling system equipment in the airplane;

e e

equipment complication (presence of controlling and protective
devices); ;

impossiblility of complete fuel servicing of the tank because
of actuation of the 1limit level valves. Therefore arrangements for
gravity fueling are also provided.

Pressure fueling can be accomplished using various schemes.
One such scheme is shown in Figure 71. Fuel enters the refuel mani-
fold through the fueling receptacle 1. Switches are activated to
' open the fueling valves 2. The

valve positions are indicated
by lights.

After tne tanks 3 are filled
with fuel, the inductive level

transmitters 5 send signals for

automatic closure of the refuel- Figure 71. Pressure fueling
manifcld

ing valves. In case of inductive
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sensor malfunction there are float type level switches which back

duplicate the commands for closure of the refuellng valves. In

case the valve fails, there are safety float-type level valves U

which prevent overfilling of the tanks and fuel spillage through the .
vent lines. The vent valve 6 is provided for pumping the fuel from
tne hose. Indlicators showing the fuel guantity in the tanks may te
located on the refueling panel. Manual control of the refueling
6peration is provided in additionto automatic control.

*

fiJ

The tank refueling order may be either concurrent or sequential.
Sequential fueling of the tanks requires more time than does con-
current fueling. Hewever, sequential fueling offers the possibility
of filling only certain required tank groups rather than all the
tank grcups. The hydraullic resistance of the paralliel manifold
branches is lower in concurrent fueling than in sequential fueling.
This makes it possible to use lower-power pumps in the fueling units.
However, selective filling of any one group of tanks is impossible
in this case. When using concurrent fueling of the tanks it is
possible that they will become full at the same time or at different
times.

System Components

The filler necks for gravity tank refueling consist of open-

ings in the tank or in a refueling pipe, which are covered by caps.
A screen may be installed inside the filler neck to prevent entry

of foreién objects into the tank. 1In some cases the filler neck

1s surrounded by a scupper with a tube through which any fuel which
is spilled during fueling is drained to the ground.

Many aircraft use filler necks with a qulck-removable plug to

~

reduce vehicle skin friction and for convenience in servicing.

Refueling receptacles of various types are used. The primary

(2]

element of the receptacle is the valve, which is opened by the nozzle
on the refueling unit delivery hose.
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Level sensors provide a signal to close the fueling valve when

the tank is filled with fuel. The sensor float r;ses and breaks the
electrical circult which holds the valve open.

Level valves are required to shut off fuel entry into the tank

if the "shutoff" valves do not activate. They are installed in each
tank group being refueled.

The refuel valves onerate at high pressures. Therefore they

are usually of the disk type. The Jdisks may displace under the
action of a screw driven by an electric motor or under the action
of a lever mounted on the shaft of an electric actuator.

Analysis

In making the design calculation of the refueling manifold, we
start from the given refueling duration and the known volume of the .
tanks being filled. After selecting the refueling manifold layout,
we can determine the line lengths and magnitudes of the local re-
sistance coefficients. Ve then need to find the line diameters for
known characteristics of the refueling urit pump or select the pump
for given values of the refueling manifold line diameter.

The check calculation is made for a specific aireraft type. 1In
this case the line diameters and other geometric characteristies of
the refueling manifold must be known. The unknowns are the refueling
time and the magnitude of the pressure differential App which the

refueling pump must develop in this case.

Figure 72 shows the computational scheme for sequential fueling.

The number of tanks (tank groups) may vary. The line lengths 1,
local resistance coefficients £, and tank volumes E are known. Let
us assume that the fuel first enters tank 1, fills it, and then
enters tank 2.
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Figure 72. Sequential

fueling scheme Figure 73. Determining theoreti-
cal flow rates for sequential
fueling

We shall describe the tech-
nigue for the check calculation. The total duration of the sequen-
tial tank fueling will be

N

T=5%+%t+...+7

where 11, Tss ./., 11 — are the fueling durations of the corre-
2 sponding tanks.

The tank fueling duration is

E;
==,
=y,

and the total fueling duration is

b . E & 84
v, TV "'+w,' S

Since the volumes El’ E2, 000 g E1 of the tanks being filled are

known, to determine the fueling duration we need to have the values

of the fuel flowrates W W ceey W To find these values we

1’ "I1° i
must calculate the hydraulic resistances of the refueling manifolds
using (24) and plot in Figure 73 their dependence on the fuel flow-

rate. The values of the specific weight are determined for the
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lowest fuel temperature. Considering the thermal insulation of the
storage tanks and the temperature rise of the fuel during pumping,
the design fuel temperature may be taken equal to minus 50° C.

We also plot on the figure the refueling unit pump head curve
with account for the resistance of the delivery manifold in the
segment from the pump to the fueling receptacle, and the pressure
required to supply fuel from the pump to the fueling receptacle.

The projections on the abscissa axis of the points of inter-

section of the curves indicate the values of HI, "II’ 00 g "1' Then

we can calculate the durations Tys Tos eees T and the total fueling

1
duration r.

In the design calculation we specify the fueling duration T

for a tank of capacity Ei and find the flowrate

E;
V.==7:.

After this the determination of the fueling manifold line dia-
meter and the pump selection are made similarly to the procedure
; described in determining the engine feed manifold line diameter and
selecting the airframe boost pumps.

In the case of concurrent refueling with nonsimultaneous filling

of the tanks, as certain tanks are filled the refuel vaives block

the entry of fuel, while topping of the other tanks will continue.
Initially, when fuel is entering all the tanks, the computational
scheme corresponds to version A in Figure T4. Then fuel starts to
flow into the tanks in accordance with version B. Let us examine
the check calculation procedure, assuming that tank 1 is filled
first and then tank 2.

B AP
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The total fueling time is

o Ay
T=ta+4m, (85) T A p

y |

where 1, — is the fueling time l ! ‘ 2 l

for tank 1 with fuel ot i d
feed in accordance kp

B o,
with version A

E .
t‘SVA—':,

AtB — is the time for top-

ping tank 2 with fuel Figure 74. Concurrent fuel-
ing scheme with nonsimultane-

HEE i EEELUHETS ous filling of tanks

with version B

AE' E'-l'A '”0
Ats = == v .
Wpae B

To solve the problem we must find the flowrates wAl"’ HAZ"’

WBZ"using the following procedure. Drawing contours on the compu-
tational diagram (Figure 75), we find for fueling version A the
reduced hydraulic resistance coefficient of the fueling manifold,

using Formula (35) for the mixed line connection

1
Rapp— —
hl- ',:2. *—k,‘

The notations for the con-

— . »2
'!:A"'k:.-.:lr R 21+

tours and elements correspond
to their reduced hydraulic re-
sistance coefficients.

If refueling of all tanks
is accomplished through a

single recertacle, then we must
Figure 75. Determining reduced

hydraulic resistance coefficient
of complex manifold:

-

I — tanker

examine the corresponding con-
figurat .on (Figure 76) and find
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Figure 76. Determining reduced hydraulic resistance
coefficient of complex manifold when aircraft 1is
fueled through a single receptacle

the w7alue of the reduced hydraulic resistance coefficient

kA=kL=}/k:!+('.—.§£)"

Taking various values of the flowrate W, we use (24) to find
the manifold hydraulic resistance ApA (see Figure 75). The inter-

section of the refueling manifold hydraulic resistance curve with
the refueling unit pump head characteristic (referred to the point
vhere the refueling receptacle 1is located) makes it possible to find

the fuel flowrate WA = wAl, and the pump pressure rise App.

For parallel connection of the element kl" and the contour

k2,2 we have the condition wAl' = wAl“ + WA2'2'

On the basis of (33) and (34) we can find the flowrates

t,.
"y - == _—2—,—_ W .;
St
. K
Waze=Wara= ) __Way-.
Ky ¥h,-

Examining refueling configuration B, we establish the relation

for the reduced hydraulic resistance coefficient kg = ki' + k2, 5
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and find the hydraulic resistances ApB. We obtain the value of

the flowrate Wy = Wp,, = Wg,n graphically (see Figure 73).

In the design caleculation we know the total refueling time and
the refueling time for each refueling version. Knowlng the tank
capacities, we can calculate the required flowrates. The line dia-
meters can be found by the method described for finding the diameter

"

of the engline feed line and selection of the boost pump.

Concurrent refueling with simultaneous filling of the tarks is

a particular case of the problem examined above. Now ATB = 0 and

the time for filling all tanks and each tank individually is

fr_—.fA:-.('.—:tz-:.zE_—:é;"_E!. (86)

Let us find the condition under which simultaneous filling of
the tanks is possible. The fuel flowrate for each manifold branch
leading to a tank will be wln, w2". Since

(mB g B E _E _3E
! ” : 2° then vl' V,- "
or
-
W, SE Wa; (87)
7,. .- E2
W, E Wa. (88)

Consequently, for similar filling the flowrates must be pro-
portional to the tank capacities. Then

vy =SE=Evgy (1 _ G (8

Since for a parallel connection the product of the reauced hy-
draulic resistance coefficient by the flowrate is a constant quantity
[see (31)], we can write kl"wl" = kz,ng,.
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Using (87) and (89), we obtain

Ey NE -F
k.—_‘_!/ '_:k :."-:——‘_ .
g Taske S5y Wa

2]

Then

%1 £, =22 (L E—E). (90)

Consequently, in the case of simultaneous filling for parallel
connections the condition that the product of the reduced hydraulic
resistance coefficients by the tank volume being filled be constant
must be satisfiled, i.2.,

RE = const. (91)

In the design calculation we must start from the condition (91).
Taking several values of the line dlameters, we can calculate the
corresponding values of the reduced hydraulic resistance coefficients
of all the elements of the refueling manifold and compare them with
the required values, which are found from (90)

The technique for selecting the reifueiing unit pump 1s the
same as that described in examining sequential refueling.

Drain Manifolds

Drainage Techniques

Fuel is drained with the airplane on the ground through the
o8 tank and manifold drain cocks in order to perform major maintenance
E and certain inspection operations. Fuel dumping in flight is pro-
1 vided on certain types of alrcraft when their landing weight is
: greater than the permissible value. Dumping may also be used in

emergency cases to change the ceinter of gravity.
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Fuel drainage can be accomplished by gravity, using pressuriza-
tion, and witn the aid of pumps. The use of a particular technique
depends on the configuration of the aircraft ang the location of
tanks and engines. The fuel in tanks located far from the engines
is drained by gravity or préssurization. 1In order to reduce the
fire hazard, the fuel must be pumped from tanks located near operat-
ing engines to a safe dumping location, for example at the wingtips.

¥

Figure 77 shows a typical
fuel draining arrangement. The
fuel drains from tank 5 through
the valve 6 by gravity. Prom
tank 1 the fuel 1is pumped to¢ the
wingtip by the pump 2. During
¢raining, the dump manifold
valve 4 is closed.

Figure 77. Fuel dumping
manifold

Analysis

In the check calculation we
determine the time for draining the fuel from tanks of known capa- -

city E for given dimensions of the drain manifoldq lines and known
bump characteristics

E
ta'—o
Wep (92)
where wav ~— 1s the average fuel flowrate, which must be no less

than 1500 liters/min for tank capacities up to 10,000
liters; 1700 liters/min for tank capacities to 20,000
iliters; and 2000 liters/min for tank capacities greater
than 20,000 liters.

Let us examine the Calculation of fue] dumping in flight by *
gravity from a tank of arbitrary shape (Figure 78).
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The fuel flowrate from the

tank W = g—f-, then

de
de=-- (93)

The volume of a fuel element

in the tank can be expressed

through its area F and height dy

dE=—Fdy. (94)

Figure 78. Gravity fuel
ing
The minus sign is taken

since dy is a negative quantity
during fuel dumping for the selected direction of the y axis.

Substituting (94) into (93), we obtain

df:-d—a =—-—F—d—’—-
| 4 | 4
hence
_‘_,.__’_“._d_)_’
| 4

dump~-

For a tank in the form of a parallelepiped F = const. For a

tank of arbitrary shape we can determine the average area

E

T e em——

SRUY -y

Then, after changing the limits of integration

Y
d
w=ra L.

Y

The fuel flowrate through the drain line is

V=V,
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where £ — 1is the area of the drain line;
V — is the draining velocity.

This velocity is found from the formula

V=eV2
where ¢ — is the velocity coefficient; for short lines ¢ = 0.82.

As a result we obtain

Y :
"=Fe’ -—=’—”; —".—.
Y V%) Vy
s Yo
Calculation of the draining time reduces to solving the problem

of discharge from a tank with variable head. Performing the inte-
gration, we find

=

91'21 ’ '—'(Y;'-x ~¥7)

After substituting the values ¢ = 0.82 and g = 9.81 m/sec2,
we obtain

1=055 (Y'r'. V7,) sec. (95)

If fuel draining is accomplished by pressurizing at the dif-
ferential pressure Apdiff’ then the energy height of the liquid

column is increased by the magnitude Apdiff/yf' Then

c >y 6
t=055F’(l/ L p,,,,, l/}'z‘l- Ap;:’ ) sec. (e

When gravity draining fuel from a tank with a short line we can

assume that Yy = y3 = 0. Then

FTD-HC-23-374-71 154

ot o L T A i e e ANk

AR AA R it Kt £ s o bt i



-—055 }’\7, sec.

Replacing t

we obtain the.  draining time
Fo» ] /[ E_ _0s8
t=0.55—--’ / —-’” =_-_.’ VETC' sec. (97)

In the design calculation we determine the dimensions of the
drain line for a given draining time.

For gravity draining

and for pressurized draining

I=?—3—5(‘/ ,+—’1’—“——L/y,+ "’“)

When pumps are used for fuel draining (the ABP are usually used

for this purpose), in the check calculation we wish to determine the
draining time for given values of the drain manifold diameters and
known boost pump characteristic.

Taking various values of the flowrates wav, we calculate the

Reynolds number, the frictional resistance coefficient A, the equi-
valent ceq and reduced k hydraulic resistance coefficients, and

finally the hydraulic resistance Apman'

The intersection of the hydraulic resistance curve with the
boost pump head curve (Figure 79) indicates the operating point and

the corresponding value of the draining flowrate wav.
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The draining time 1s found
from (92) as a function of the
KN/m
value of wav' \\\\

§ \

¥

In the check calculation
we start from the given drain-

Y s e ST S
ing time and find the values /,/’>§<
of the drain manifold diameters al — ; N
(assuming that the boost pump 2~ { \\u
(] [ X ] 1506 a5 wy g
is already selected and its m" /sec

" head curve is known). The re-

quired flowrate is found from Figure 79. Determining fuel

the formula wav = %‘ This flowrate when dumping using ABP:
1 — ABP head curve; 2 — hy-~
value is 1laid off on the boost draulic resistance of dump line -

pump head curve. The remainder
of the sclution 1is analogous

to the solution of the problem of finding the engine feed line
diameters.

Fuel Tank Venting Systems

Configurations

The purpose of the fuel tank vent system is to maintain the
pressure in the tank air space within limits which will provide
reliable fuel feed to the engines and permit refueling and fuel
dumping. As fuel is used from a tank it is necessary that the tank .
be filled with air or inert gases. If this is not done 1t becomes
difficult for the fuel to flow from the tank and tank collapse may
occur. During refueling of the tanks, particularly pressure re-
fueling, it 1is necessary to provide the possibility for the air to
leave the tank. Otherwise air blocks will form and deformation of
the tank 1s possible.
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The open fuel tank vent system 1s designed so that the tanks

are connected to the atmosphere through external vent line fittings
(see Figures 64 and 66). 1In some cases the vent fittings are located
in a high-pressure region or are made to face into the airstream.
This arrangement provides pressurization of the tank and creates a
pressure higher than atmospheric in the tank air space.

- a

On aircraft with a large num ) — —<
ber of fuel tanks, venting is ac- (' 4) (; ‘)_
complished by means of individual * *

or collective connection of the b) _
tanks to the atmosphere (Figure

80). When using individual con- 0 ?l +l <
nection of the tanks with the ( ‘) ( )
atmosphere, the weight of the * * -

vent system lines is less but
the pressure in the tank air
space may be different in the

different tanks. When collective Figure 80. Fuel tank venting:
a — individual; b, ¢ — mani-

manifolding of the tanks to the folded venting with series and
atmosphere is used, the line parallel connectlons
welght will be somewhat less than

wnen usling individual venting but

the pressure in the tanks 1s more uniform.

In order to provide venting of a completely filled fuel tank
and prevent loss of fuel, the vent line 1is attached to the tank at
the highest point. The external fitting of this line 1is usually
located near the upper part of the aircraft so that dirt will not
get into the fuel system along with air when the alrcraft is on
the ground.

Looped segments are used in the lines to prevent loss of fuel
through the vent lines during aircraft maneuvering. However, fuel
collects in the lower parts of these looped segments. In order to
recover the fuel, small vent tanks or tank compartments are sometimes
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installed, and when these are overfilled the fuel is automatically
pumped back intc the tanks.

On some types of aircraft which have considerable wing dihedral
the vent lines are duplicated tc provide better venting reliablility.
One (rrimary) vent line 1s connected to the highest point of the
tank; tne other (secondary) line is connected to another part of the
tank and somewhat lower. If during aircraft maneuvers tne higher
point of the completely filled tank is lowered and venting through
the primary line becomes ineffective, the secondary line provides
venting. The installation of a check valve in the looped secondary
vent line prevents fuel loss when the tank is completely full.

When necessary, a minimal pressure in the fuel tank vent system
is provided by installing vacuum-relief valves, which open and permit
air to enter the system when a slight suction develops (0.02 - 0.05

kgf/cmz). These valves are located inside the wing. If the external
fitting freezes over, these valves open and provide venting.

The airstream ram pressure depends on the air mass density Pa

and the flight velocity V

]
q=-&§L-Nuﬂ.

At low altitudes even at subsonic flight speeds the magnitude

of the ram pressure reaches 50 - 60 KN/mz, which may be excessive.
To limit the magnitude of the ram pressure, relief valves are in-
stalled in the venting system or the degree of utilization of the
ram pressure 1s altered. The magnitude of the air ram pressure used

to increase the pressure in the tank air space is
pq_‘k? 9.

where k, — is the ram pressure utilization coefficient, which de-

¢
rends on the bevel angle ¢ of the end c¢f the vent line

exteraal fitting: k¢ z ¢cos 1.5 (00 - ¢°).
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The maximal ram pressure recovery will occur for the fitting
4 which faces directly into the stream (Figure 8la). If the fitting
is beveled (Figure 81b), the ram pressure recovery will decrease.

At subsonic flight speeds the air pressure dowmstream of the
vent line external fitting is

Pa=PutPy=Pytka

At supersonic speeds a normal shock forms ahead of the vent line
external fitting, and as a result the differential pressure in the
tank air space may exceed the allowable value. In order to reduce

Figure 81. Vent line external fittings:

a, b — for subsonic alrcraft; ¢ — for supersonic
ailrcraft

this pressure use is made of rellef valves or through-flow external
vent line fittings (Figure 8lc). As a result of air flow through

: section e the pressure at supersonic speeds 1s reduced, while at

' subsonic speeds the pressure will be adequate as a result of throt-
3 tling of the velocity at the diffuser section d.

The closed fuel tank venting system is provided by pressurizing

the tanks with air or gas. The tank air space is not open to the
atmosphere. The excess pressure may be created by supplying air
from the engine compressor, alr or inert gases from on-board bottles,
r i or from a special system.
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Although the closed venting systems make it possible to maintain
the required pressure in the tank air space, the complexity of the
equipment of these systems, the considerable welignt of the components,
and poor self-sufficiency (ir the case of on-board pressure sources
in the form of bottles) are disadvantages, and therefore such sysrems
have not been widely used on civil alrcraff flying at altitudes up
to 13,000 m. 1t is possible that such systems will find application
in providing fuel tank venting at higher altitudes, wh<re the atmo-
spheric air density 1s very low.

The comblned venting system differs from the open system in that

differential pressure in the tank may be obtained by pressurizing
the tanks by air bled from the engine compressor (Figure 82). An
assembly of relief and check valves provides automatic switchover of
system operation to that pressurization source which creates the

required pressure.

Figure 82. Fuel accumulator pressurization and
combined vent system:

1 — air intake from atmosphere; 2 — check valve;

3 — pressurization safety valves for tank and

fuel accumulator; 4 — tank; 5 — ABP; 6 — fuel

feed line to engine; 7 — fuel accumulator; 8 —

restrictor; 9 — reducling valve; 10 — compressed
air intake from engine
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Two types of relief valves are encountered: those which provide
a constant differential pressure at all aititudes and those wuich
provide a constant pressure at flight altitudes near ti.e design
altitude (Figure 83). Air/air radiators are sometimes installed to
cool the air coming from the compressor.

Py
lﬂl‘ﬂ\\\- )
Pigure 83. Pressure variation in \\\\\
tanks: w0 h

1 — with constant pressure differ- \ \\
ential at all altitudes; 2 — with \\\\:\\v/'
constant pressure at flight alti- “% < ‘;’r
tudes near the design altitude; \*<*§_
3 — air pressure in standard at- 3

mosphere 0 = y -

Analysis

Open System

The calculation of the open fuel tank venting system reduces to
determining the vent line external fitting bevel angle and the line
diameter.

The vent line external fitting bevel angle can be found from
the formula

Pq .
arccos k. arCCosS — 8
e Q) ® e —— (98)
@ TS 90 — deg.

In order that the pressure in the tank air space not be exces-
sive, the value of the ram pressure ( is taken for the limiting per-
missible flight speed vmax PN 52 Fo.» airplanes with gas turbine

engines, which fly at high speeds, the design values of q will be
at sea level at the speed V_._ . For airplanes flying at super-
maxmax

sonic speeds we must determine the maximal value of g for several
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aititudes with account feor the speed limitations based on Mach num-
ber and temperature.

The design cases for determining the vent line diameter are: *
fuel dumping from the tank, pressure refueling, airplane emergency

descent.

Fuel usage from the tank when fuel is fed to the englines takes

place with comparatively low flowrates, and the calculated vent iine
diameter will be small. Therefore the calculation should be made
for the fuel dumping case for those airplanes which are eguipped for
dumping fuel in flight (the flowrate in this case 1s far greater
than the flowrate to the engines).

Let us examine the tank which 1s most distant from the vent
iine external fitting (Figure 84). Examining the sections P-P and
T-T {probe and tank), we can write the Bernoulli equation

2
Y5 \ ap, .40, .. (99)

Pyt et Yn¥a= Pyt Mg T Vg ¥+

Here the subscript a applies to the air.

Neglecting the quantities
Gl Ap. »° (}'s""yn) 7.

and solving {(99) for the pressure Py» We obtain

pqr:“\p'u:,é‘!-Apr.l'

i.e., the ram pressure required to overcome the hydraulic resistance
and creatz the differential pressure in the tank. .

Substituting in place of Apha its value from (24) and taking

wa = wf = W, we find 4
'P¢= Apuﬁ +cti we Yar
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hence PtV b
(d ok &

Then . -7"——'—-
FIR VA Lude W
o (100)
If the vent 1line is a complex line with variable air velocity, the
equivalent hydraulic resistance coefficient should be written in the

form )
w=3u(3) - (3)" (201)

Since in order to determine the vent line diameter we need to
know the values of the equivalent hydraulic resistance coefficient,
which depend on the unknown line diameter, the problem can be solved
by successive approximation.

It is recommended that a serles of dlameters dass be assumed in

order to simplify the calculation. After determining from (100) for

each value of dass the available diameter davail’ we plot the curves

(dass) (Figure 85. Drawing the straight line d =

of d avail

avail = T

dass’ at the points where it crosses the curves d £(d ) we

avail ass’.

S

{020 / KN /2
' 40 J—

Ii, —— § 15
b

l = 0 15
Z 3 4 b |~

10

L : =1
Figure 84. Diagram for analysis L0 IS W
of vent line during fuel usage
from tank:
_ . Figure 85. Graphoanalytical
. alr é"ﬁf?ia£§°m atmesphere; method for determining vent line

diameter when using fuel from
tank
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find the values of the vent line

dlameter. e 7
35
Figure 56 shows typical values .
of the vent line diameters “or »
dumping fuel in flight as a func- sp 3
tion of the differential pressure i 'l -
; (curve 1). To obtain large dif- 0 5§ 0 8psKN/m"
: ferencial pressures it is neces-

sary tc have large vent line

diameters. On the basls of the Pigure 86. Determining vent
line diameter:

resulting differential pressure,

< AP 1 — when using fuel from
we obtain the required vent line tank; 2 — when pressure re-
diameter. fueling

During pressure fueling the fuel enters tank 1 (Figure 87) under

pressure, and the alr escapes through the vent line to the atmo-
y sphere, Writing the Bernoulll equation .or sections T-T and P-P,

we cbtain
: . AL
% | pﬁ’T'Ap.,o'*'ys?u—-— .28 =
[ : W (102)
1 H =pH'rYH?n+'"'2g "-’pr.'+“\p-.|'

deglecting the quantities

2
YaVT

and Ap __, and solving (102)
ca

2g

for the differential pressure in

the tank, we find

X v.llz
i AP,y 55 Apr. oF 7—11 - (}'5'—}'") Vo
g Pigure 87. Diagram for analy-
sils of vent line during pres-
sure refueling )
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Neglecting the guantity (yT - yP) Y, and replacing
A S L

Apl’--."- 2‘ "‘
we obtain
S+ )W
,qh,g._ﬁ:%g_Jh"
) hence

R
o+ )Tty
d=y =5 (103)

Formulas (100) and (103) for finding the vent line diameter
have the same form; therefore the solution of this problem is analo-
gous to that of the preceding problem (Figure 88).

Figure 86 shows the typical dh?"‘\~ T
variation of vent line dlameter ] IPusg=2,5% 7,42
S S

for pressure refueling as a func-

tion of the differential pressurec 35

in the tank (curve 2). Large vent

line diameters must be used to 30 [/
15

prevent high differential pressures
in the tank.

0 B 30 35 40 dyy,mm
During airplane emergency

descent the atmospheric pressure Figure 88 Graphoanalytical

increases rapidly, and an ade- method for determining vent
line diameter for pressure

‘ quate amount of air must be let refueling

into the tanks sn that they will
not collapse as a result of the
difference between the pressures outside and inside the tanks.

In this case the vent line diameter can be found from the formula
suggested by Polikovskiy [42]

Dl s L e
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where E_ — is the total tank capacity, mS;

Vy — is the emergency descent vertical speed;

V — is the horizontal flight speed.

For c¢ivil aircraft the emergency descent vertical speed is com-
paratively low and the calculated required vent line diameters ob-
tained in this case are not always the governing values. For acro-
batic aireraft which permit steep, even vertical dives, this case
is usually governing.

Combined System

Analysis of the combined vent system (see Figure 82) reduces
to determining the relief valve pressure setting, selecting the re-
ducing valves and restrictors, finding the llne diameters and the
maximal required air mass flowrate from the engine to pressurize the
tanks and the fuel accumulator.

The service tank pressurization relief valve pressure setting
Aptv is determined by the magnitude of the permissible differential

pressure in the tank: B8pg = BPgipe pone

The fuel accumulator pressurization relief valve setting Apav

must be calibrated to the pressure
Apu.a = I'\pa. a +Apr.u >Apx.6'

where Apaa — is the pressure in the accumulator air chamber;

Aphv —~- 1s the hydraulic resistance in the segment from the
valve to the accumulator air chamber.

In case of ABP failure the fuel accumulator must provide an air
pressure Apaa on the membrane equal to the required fuel pressure.
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On the basis of (53), we have

Ap-. 3 =pl ) +Apl-:ln"_1_ “4._(yl—y.l) "l’+ Apl. 7+

-;:' C2 k:dl‘ ?f (WI. + “7"’)2 HI".

where Y, ~Yg — is the accumulator height above the EBP, which can
be taken equal to Yp — Vgs

kman — 1s the reduced hydraulic resistance coefficient
of the engine feed manifold in the segment from
the accumulator to the EBP.

Knowing the value of the air pressure downstream of a given
engine compressor stage and the relief valve pressure setting, we
select the reducing valves and restrictors which provide the required
pressurization differential pressure. Knowing the pressure losses in

the pressurizing manifold segments, we find the line diameters from
the relation

An ‘:_-c!.;_’ihz._,

dj

diet/ CLin?
! Apri

The required air flowrates are as follows.

hence

The volumetric air flowrate required to expel the fuel from
the accumulator is

‘Va = Wnn + wluc-p = W:\ M¥sec.
The mass fldwrate is

G,=W,v, N/sec.
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The specific weight of the air is

Pe.a
=3 el N',“"
T ReTs

where Ra — 1s the gas constant of air, J/kg - deg;

Ta — 1s the air temperature, °K.

The alr pressure P.a is found from the relation

p-. '.=P”+AP. L

The volumetric flowrate when the air is bled into the tank
through the accumulator pressurization relief valve is

==_l_l/,i§ﬁﬂszﬁde

hidd ck, s

where ke -—— 1s the reduced hydraulic resistance coefficient of the

line segment from the accumulator pressurization relief
valve to the tank.

The mass flowrate when the air is bled into the tank through the
accunulator pressurization relief valve 1is

1
Gctp = Wnp?- = E V(Apx. 2 —'Apx. 6) L5

The volumetric air flowrate for pressurizing the tank is equal

to the fuel flowrate Wt = weng. Then the mass flowrate is G, =

t
wengya' The maximal required engine air flowrate for pressurizing

the tanks is

Gmn:: Ga -+ Gc'rp + 66 = (“7; + WM) + c_lk; V (Apx. 2 Apx. 6) T
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Fuel Contrecl System

Control of the fuel system involves activating the equipment
wnich creates the fuel flow and organizing the direction of this
flow along the required path.

Organization of the fuel flow direction is accomplished by cocks
and valves. The difference between these devices is that cocks re-
quire controls wnile valves operate automatically when the definite
conditions for which they are set are reached. '

The cocks and valves are required t»o provide sealing in the
ciosed position, fast actuation, and low hydraulic resistance in the
open position.

With regard to purpose, cocks are divided into shutoff and

selector types. With regard to construction, they come in a large
number of varieties. They may be of the plug, sleeve, disk, plunger,
and other types (Figure 89).

With regard to purpose, the valves are divided into check,

relief, reducing, unloading, vent, disconnect, and so on. Valves
actuate after aisruption of the balance between the force acting on

[] l C)
212/7 7, 1% 27 g [}
. Y zzzr 78 A\l &77 LI
N TN AN - Py
‘ // ' nr // /Al ]
' |
~ -/
d e)
) - ‘ < . } . ‘ . \ ,!

Figure 89. Types of cocks:
a — plug; b — slide; ¢ — disk; d, e — poppet
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the valve from the liquid or gas and the force acting from the
spring, aneroid capsule, valve weight (ball, plate), moment of pen-
dulous weight, float 1ift force, and so on (Figure 90).

Figure 90 : Types of valves:

a — ball; b — pendulous; ¢ — spring; d — elec-
tromagnetic ; e —— poppet; f — float

Control of the fuel system components may be direct or remote.

Direct control is used for opening and closing cocks. This

type of control is rarely encountered at the present time, since
for actuation in flight the cocks must be located in the cockpit in
a2 place convenient for control. Direct control intended for opera-
tion on the ground (fuel draining) is used far more often.

Remote control makes it possible to control from the cockpit

pumps or cocks located at a considerable distance and in locations
with difficult access. This control may be electric, pneumatic,
hydraulic, or mechanical. The command for actuating the remote
control is given manually or automatically.

If we examine present-day manifolds for feeding fuel to the
the engines when using the open . 7stem to vent the fuel tanks, we
find that the devices which create the fuel flow are the boost and
transfer pumps.
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The design of the equipment for controlling the boost and
transfer pumps depends on the type of pump drivc. Pumps with elec-
tric motors are actuated by means of switches in the electrical cir-
cuit. Pumps with pneumatic and hydraulic drive are actuated by
creating pressure in the supply line and connecting this line with
the pump. The latter operation is achieved by actuation of a cock.
The emergency turbopumps which are airstream driven require that the
turbine be extended into the airstream, which is achieved by pneu-
matic control or some other technique.

Electric control of pumps and cocks is widely used. The low

weight of the control lines, fast response, and possibility of auto-
mation are the advantages of this type of control. The disadvan-
tages include fire hazard and dependence on electric power sources.

When manual control of a fuel system component with an electric
drive mechanism is used, switches are used to apply current to the

electric motor, which rotates the pump staft or performs the required

operations to actuate the cock.

The large numher of boost and transfer pumps on the modern air-
plane and the necessity for following a definite program of fuel
feeding from the tanks have led to automatic control of the pumps.
Sensors of the automatic control system are located in the fuel
tanks for this purpose. When they are actuated they send a signal
to relays, which then direct current to the controlling contactors.

The sensitive element of the automatic control for the fuel
sequencer with electric actuator is a float-type inductive sensor,
consisting of a coil and a float. The coll is hermetically sealed
and has an open magnetic circuit. The float has an iron base — a
sleeve which serves to close the coil armature. When the float
descends into the sensor coil field the magnetic circuit closes and
changes the inductance of the coil, which is connected to an elec-
trical bridge. The brid,;» balance is disrupted and a potential
difference appears across the ends of the diagonal and is directed
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to the excitation winding of a high-sensitivity relay. The latter
actuates and its contacts close or open the power circuit to the
boost pump contactor winding. Control of the cocks for supplying
fuel or air to the vumps with hydrauiic and pricumatic drive can be
performed similarly.

If the sensors are located in the fuel tanks in the sequence
corresponding to the fuel usage program, and 1f the sensors, relays,
and punmps are connected into a single system, we obtain a system
for automatic fuel sequencing.

Pneumatic control 1is quite safe with regard to fire hazard but

leads to considerable plumbing weight and has large lag. Therefore
it is usually used as an emergency control in case of electric
pewer failure. It has been widely used for in-flight fuel dumping
manifolds, when compressed air opens the dump cocks and valves, and
has also been used to extend pump turbines into the alrstream.

Hydraulic control is basically similar to pneumatic control.

However, if ¢the aircraft engines and their compressors are not
operating use of pneumatic control is possible if there is pressure
in the ship's system bottles cr from ground power units, while in
the same cases hydraulic control is possible only from ground power
units. Hydraulic control is used for regulating fuel transfer into
the service tauk.

Mechanical control is sometimes used for manual remote opening

of a cock. The cock is actuated by mezns of cables or push-pull
rods. Such control can be realized if the controlled component is
not located far from the cockpit. Drawbacks of this type of control
are friction of thz transmission cables on the pulleys, bending of
the rods, the large force required to actuate the cock; this type of
control is very rarely encountered today.

FTD-HC-23-374-71 172

e e N = B B s e Ly it AT TR




Operational Monitoring Equipment

Mcnitoring of fuel system operation consists in providing the
crew with the required information on control actuation and system
3tatus. One of the objectives of this monitoring is to verify pump
speration and cock position. Another monitoring objective is to
assess the systen status with regard to the basic parameters: fuel
pressure, fuel flowrate and fuel remaining.

-3

o}

ks

reviae monitoring of fuel system operaticn there are indi-
cators for cock vositions, fuel pressure, fuel guantity remaining,

®
pressure gages, fuel flowmeters, and fuel quantity gages.

The positicn of direct-control cocks 1s determined from the

position of the cuntrolling lever. Electrical indicztion is provided
for cocks which are2 remotely controlled. Limit switches are mounted
on the coc¢ck and after 1ts'opening or closing they direct 2 signal to
2 light of prescribesd color. Usually cock opening is indicated by

a white or yellow light, closing by a red or blus light. However,
sometimes the opening of certain cocks, the crossfeed for example,

is indicated by a red iight.

Pump activation is verified by the pressure differential creztzd,

wnicn 1s Getermined by pressure gages. In manyv cacses the exact vzlue
of the pressure is not of any interest, and it is cnls necessary to
be sure that the pressure corresponds to the permissible range. Then
pressure switches are installed and connected by an electrical cir-
cuit with a light. Actuation of the pressure switch makes the 1light
come on (green light) or go out (red light). At the present time

use is made of standardized pressure switches (SPS and SPSA) which
respectively open or close the electrical circuits after the given
differential pressure is reached in the manifold.
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Fuel quantity gages and fuel flowmeters are used to measure

the fuel quantity. The existing flow quantity gages are divided

into float and nonfloat types, depending on the principle used in
the pickup unit. The indications of the fioat type correspond to
the quantity of fuel of a single grade at a definite temperature in
level flight. During aircraft maneuvers such fuel quantity gages
may give very large errors, since inertia forces act on the float
and the fuel mass. If the fuel density varies, the degree of indi-
cation error varies. Therefore change of the fuel grade and tem-
perature ieads to different indications.

The nonfloat fuel quantity meters may bte electrical-capacitance,
wltrasconic, or isotopic. The electrical-rapacitance types are most
widely used. Their operating principle is based on transformation
of a ncnelectrical quantity (varying fuel level in the tank) into an
electrical quantity — electrical capacitance, with the aid of capa-
citive transducers. With variation of the fuel level in the tank
there is a proportional change of the capacitance of the condenser,
since the dielectric constant of air is approximately half that of
the fuel (kerosene). The condenser capacitance change causes a
potential difference to appear in the bridge diagonal, which is -
transmitted to an electronic amplifier and the indicator. The indi-
cations of the fuel level transducers are also transmitted to the
low-fuel~level warning lights.

The electrical capacitance fuel level gages are simple in con-
struction and have high reliability. Moreover, they can be used to
measure the fuel weight, since the dielectric constant of the fuel
depends on its density. However, the error of these fuel guantity
gages in flight 1s comparatively large, since the inertia effects on
the fuel mass lead to variation of the fuel level in the tank.

Flow meters may be totalizing or instantaneous. The former

measure the fuel quantity supplied to the engine from the moment the
engine 1s started or the flowmeter is activoted. If the indicator
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¢f tne totallizing flowmeter is set to a position corresponding to
the quantity of fuel serviced into the portion of the fuel system
being metered (this can be done from the indications of the fuel
guantity Zace), then the difference between the serviced fuel
quantity and the quantity used indicates the fuel remaining. Con-
sequently, the totalizing flowmeter duplicates the indications of the
fuel quantity gage. This facilitates troubleshooting. Since the
fiowmeter indications are independent of aircraft attitude and
maneuvers, it is a more accurate instrument than the fuel quantity
gage. The 1nstantaneous flowmeters indicate the magnitude of the
fuel flow per unit time. This makes it possible for the crew to
Judge the engine operating regime. Such flowmeters are often used
together with the totalizing meters.

With respect to sensor operating principle, flowmeters may be
of various types, but the most widely used are the velocity meters,
in which the rate of rotation of an impeller located in the stream
is proportional to the liquid velocity and the corresponding flow-
rate, which makes 1t possible to determine both the instantaneous
fiowrate and the total fuel consumption.

Operation
During fuel system operation the following basic functions are

performed: servicing the tanks, draining the fuel, and maintenance
of the fuel system.

Servicing the fuel tanks is an important, laborious, and lengthy

operation in preparing the aircraft for flight, and in certain cases
determines the time required to prepare for flight. Operational
reliability of the fuel system components depends on the fuel quality
(absence of water, mechanical particles, and so on). Problems in
fuel system operation have a direct effect on engine operation and
flight safety. The fuel quality is checked when it is delivered to
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the field, during storage in stationary reservoirs , right on the
field prior to servicing, and after servicing the aircraft.

Fueiing iIs accomplished with the aid of stationary or wnobile
equipment, which must have the proper filtering, water separating,
intake, and delivery equipment. Personnel of the airfield servicing
crew verify the technical condition of the fueling equipment before
beginning servicing from hydrants or prior to departurs of mobile
fueling trucks from the fuel storage area. FPrior to pumping fuel
from the storage reservoirs to the delivery hydrants, or prior to
filling the tankers, checks are made of the fuel quality in accord-
ance with the requirements of government standards. The fuel is
certified on the basis of laboratory analysis.

Prior to beginning the operation of the delivery hydrants or on
arrival of the tankers on the field, the fuel quality and the condi~
tion of the fueling equipment are checked by the servicing crew shift
foreman. During the field inspection a check of the certificate
is m3de to be sure the fuel corresponds to the specifications and
cperating instructions for the given aircraft type, and also the
instructions on use and inspection of fuels, lubricants and special
fiuids, and the condition of the fueling equipment and filters is
checked. After this a fuel sample is taken from the delivery hydrant
or from the tanker sediment drains (after it is allowed to stand for
at least 15 minutes) and a check is made that the fuel is clean. The
sample or sediment is pcured into a clean glass vessel in order to
detect the presence in the fuel of water, ice crystals, or mechanical
particles.

Water may be present in the fuel in three forms: Free, emulsi-
fied, and dissolved. When fuel containing any free or emulsified
water is agitated, the acids and alkalis present in the fuel dissolve

#*
Translator's Note: The Russian word used here is "lavboratory", but
reservolr seems to be more correct.
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in the water and the fuel becomes turbid. HMore effective 1s the
determination of these contaminants using potassium permanganate
(KHnOu). After several gralas of KHnOu are dropped into the fuel

it will take on a violet color if thare is free or emulsified water
present. To detect dissolved water, use can be made of a composition
consisting of one part copper sulfate (CuSOu) and two parts potassium

iodide (KI). If water 1s present, after several grains of this com-
rosition are dropred in the fuel it will tuke on a yellowish color.

If the results of the field check of the fueling equipment and
the fuel quality are positive, the inspector signs the certificate
permitting fueling to proceed. Prior to fueling the flight engineer
or the aviation technician checks the fuel grade required for the
giver engine, the presence on the certificate of the servicing crew
supervisor's signature, the condition and cleanliness of the delivery
nozzles, readiness of the fuel system to receive the fuel, and then
takes the necessary safety measui’es (grounding the aircraft and the
fueling units, taking the usual fire protection precautions).

Each alrcraft type has 1ts own specific fueling order, which
is a functicn of its center of gravity location and maximal unioad-
ing of the wing in flight. Usually the tark fueling sequence is the
reverse of the fuel usag®? sequence. Considering the possible fuel
expansion if heating takes place, part of the tank 1s left unfilled.
The serviced fuel should be allowed to stand for no less than ten
minutes, after which the sediment is drained from the aircraft tanks
or groups of tanks and the fuel c¢leaniiness is checked. This same
operation is performed during the preflight inspection.

If it is necessary to drain the fuel from the tanks on the
ground, the vessels used for dralning are connected with the tank
drain cocks by means of flexible hoses. The boost and transfer
pumps can be activated and the drain vessel can be connected with
the manifold drain cock to accelerate fuel draining. The fuel drain

sequence on the ground should correspond to the fuel usage sequence
in flight.
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Maintenance of the fuel system on the ground and in flight

involves performing all the operations specified in the maintenance
regulations and the flight operations and pilot's manuals for the

given alrcraft type. All the components and connections must be .
inspected carefully. Particular attention is devoted to the absence
of fuel leaks, since they lead to significant lcss of fuel and may
cause fires. Vibration, corrosion, deformation of fuel system ele-
ments under dynamic loads, poor assembly, and loose ccnnections can
be factors leading to loss of sealing of the lines and components.
The mcuntings of the components and the connections must be checked
and if necessary steps must be taken to eliminate any leaks.

Flusning of the fuel filters is one of the most frequently
performed periodic operations. At low temperatures the moisture
present in the fuel (particularly in kerosene) crystallizes and de-
posits on the filter walls, which leads to reduction of the fuel
flow capacity and even termination of fuel flow. Improvement of the
fuel filterabi’ ity at low temperatures is achieved by the use of
additives, which prevent separation of ice from the fuei. 1In the
wintertime it is desirable that the fuel tanks always be filled
when the aircraft 1s on the ground, since when flexible tanks are
not completely full frost forms on their walls and can then get into
the fuel and clog the filter.

At high temperatures (above 100° C) the existing grades of
kerosene oxidize Iintensely, as a result of which insoluble sediments
and resins form in the fuels and can clog the fuel filters and dis-
rurt normal operation of the fuel system components. Microcontami-
nants present in the fuel have an influence on the formation of
sediments. Improvement of the prefiltering on the ground leads to
a considerable reduction of sediment formation.

Cleanliress of the vent line external fittings must be care-
fully checked. Clogging of the vents can occur as a result of entry

-

of dirt, mud, snow into the vent or because of freezing.
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During engine operation a check is made of the operation of
cocks, boost and transfer pumps, fuel pressure, transfer, and low-
level warning 1ights, pressure gages, fuel quantity gages, and

flowmeters.

If the boost pumps fail (for example, if the electric system
stops) flight is possible at moderate alcitudes (up to 8000 m)
without developing lcad factors on the airplane, at cruising power,
and witn smooth movements of the engine power lever.

In case of shutdown of some engines or failure of the boost
pumps in cne cection of the manifolds which provide the fuel supply
to the engines, if there 1is a crossfeed valve it 1is used in accord-
ance with the fuel system operating instructions.

A large increase of the fuel consumption on the fuel quantity
gage without the samé indication on the flowmeter indicates & leak
in the segment from the tanks to the flowmeter. A considerable
difference in the fuel flowrate of one of the engines, observed on
poth the fuel quantity gage and the flowmeter (1f this is not an
instrument error), jndicates fuel leakage in the segment from the
flowmeter to the engine. 1In this and other cases steps are taken
as specified in the flight operations handbook and pilot's handbook
for the given aircraft type.

The boost pumps are turned off only after the engine rotor comes
to a complete stop to eliminate the possibility of air lock forma-
tion and pump seizure becauseé of the absencé of lutrication (vy

the fuel) of the engine pump elements.
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CHAPTER 4
OIL SYSTEMS

Powerplant operating reliability depends to a considerable
degree on the lubrication conditions of the engine rubbing surfaces
and adequacy of the heat removal from the engine assemblies and parts.
Lubrication of the moving engine joints is necessary to reduce fric-
tion and wear of the parts, protect them against corrosicn, remove
the heat released during friction, and also to carry away the solid
particles which are formed between the rubbing surfaces. Failure of
the oil supply, even very brief failure, leads to engine overheating,
damage to the engine bearings, binding of the gas turbine engine
rotor or breaking of piston engine connecting rods.

The 0il in powerplants is also used as the working fluid of
various automatic devices: mechanisms for changing propeller blade
angie, fuel contrcllers, governors, and so on. The modern aircraft
0i1 systems are exclusively of the circulating type. The systems
include provision for filtering and cooling the o0il and preparation
for the next cycle. The grade of 0il used is determined by the loads
on the lubricated parts, their operating temperatures, and the type
of bearings used.

Tiransition to supersonic flight speeds, increase of the bearing

loads, and also increase of the turbine inlet gas temperatures lead
to considerable increase of the temperature of the engine assemblies
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and parts. Under these conditions the low-viscosity mineral oils
vaporize and oxidize markedly. The vaporization leads to increased
01l viscosity and makes engine starting difficult at low temperatures.
0il oxidation leads to the appearance of a large amount of sediment.
These factors have forced the use of synthetic oils to lubricate the
engines of supersonic airplanes. The synthetic oils include many
esters, silicones, and some other substances.

The engline lubrication system consists of two segments: external
and internal. The external section is a component part of the power-
plant equipment; the internal section is part of the engine itself.

We shall examine the operation of the external segment of the oil
system, since the arrangement and operation of the internal segment
are examined in engine design.

Requirements

1. Provide reliable oil supply to the engine in ail engine
operating regimes over a wide range of flight speeds and altitudes
and ambient temperatures.

The operation of the oll system is monitored on the basis of
011l pressure and temperature. The pressure is used to assess indirec-
tly the amount of oil entering the engine. For most engines the oil
pressure at idling speeds is 2-2.5 kgf/cm2, while at normal operating
speeds it is 4-6 kgf/cm2. The oil temperature characterizes the heat
release rate of the engine parts. On the basis of satisfactory vis-
cosity, the upper permissible temperature of the mineral oils is in
the range 70-80°C at the engine inlet and 100-120°C at the outlet.
The lower inlet oll temperature limit depends on the engine type and
the o0il grade used. Thus, the modern turbojet engines operating on
low-viscosity oils can be started without preheating at ambient
temperatures down to 25-30°C. In those cases in which high-visccsity
o0il is used, starting the engines at these temperatures without pre-
heating is not permitted.
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2. On an alrcraft with several englnes each powerplant must
have its own independent o0il system. This makes for a more compact
system, reduces line lengths, and increases engine operating relia-
bility.

3. Possibility of cooling the o0il with minimal power expendi-
tures on oreration of the cooling systems. If oll radiators are
provided in the system, special devices must be used tv maintain the
0il temperature in the specified limits automatically.

4. Possibility of accelerated oil warmup. The warmup time
depends on the amount of o0il circulating in the system. This time
must not exceed the time ftor the engine to warm up prior to advancing
to hizh-power operation.

5. Absence of 01l loss through the vent and overfilling of the
engine with o0il in all engine operating regimes on the ground and in
flight.

6. Exclude the possibility of oil leaking from the tank into
an inoperative engine.

7. Adeguate strength, vibration resistance, and sealing of the
lines and their connections, and alsv low hydraulic resistance of the
0il system components.

8. The oil quantity in the system must be sufficient to provide
for maximal duration flight with the maximal possible engine cil
consumption. For aircraft with piston and turboprop engines there
must also be an o0il reserve for feathering the propellers.

G. Provide minimal oil consumption in flight. The o0il consumpfion
of the gas turbine engine 1s due primarily to loss of the 1ight frac-
tions through the breather into the atmospher: and oll leakage through
the seals. In the piston engines o0il is also burned in the cylinders.
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For ithe modern gas turbine engines the o0ll consumption is low and
amounts to about 1.5-3 kgf/hr. In the piston engines the oil con-
sumption depends on the engine power and lies in the range of 10-15
grams/hp-hr.

10. Provide reliable removal of mechanical particles and gases
from the oil. This is accomplished by the use of filters and air
separators in the o0ll system. The filtering elements must have the
filtering capabllity defined by the specifications for the given
engine type and a contaminant capacity sufficlent for operation with-
out cleaning for the time period specified in the maintenance regula-
tions. The filter design must provide speclial valves which bypass
the o011l through the filter without prefiltering in case of premature
clogging of the filtering element.

11. PFire safety, which is provided primarily by tightness of
the system. Mor<over, the modern gas turbine engines are equipped
with special systems which supply an extinguishing agent into the
engine (into the reduction gearing case and the oil passages) in
case of powerplant fire.

12. During filling of the system with oil, air locks must not
form in the lines and components, since they can lead to engine
fallure.

13. Provide free access to the individual components, the
possibility of measuring the oil quantity in the tank on the ground
and in flight, fast servicing and complete draining of the oil from
the system. The o0il system must not interfere with the conduct of
inspection, installation, and removal operations.

14. The o0il system lines and fittings must be colored brown
with arrows to indicate the 0il flow direction.
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0il Operating Conditions

One characteristic of piston engine construction is the presence
of rubbing surfaces of large area, on which the specific pressures
amount to 250 kgf/cm2 or more (in sliding bearings, for example, the
pressures reach 600-800 kgf/cmz). This leads to high heat transfer
into the oil, which leads to the necessity of high oil flowrates
through the engine (50-70 liters/min).

Oils with viscosity of 20-22 ¢St at 100°C are required in order
to ensure liquid lubrication of the friction joints under conditions
of high specific pressures and high temperature, and also to provide
good sealing of the clearances between the piston and cylinder.

If the viscosity is not sufficient, a liquid oil layer may not
be retained 1n the clearances and this leads to intens?fied wear of
the parts. Moreover, the oil bypass into the cylinders increases,
with a resulting increase of o0il consumption and intensification of
scale formation. In connection with the high temperature ccnditions
in the piston group zone during operation of the piston engine, con-
ditions are created which are favorable for intense lacquer formation.
The appearance of lacquer on the inner and side surfaces of the piston
causes deterioration of its thermal conductivity and piston ring
sticking. The loss of ring motility lead. to more intense penetra-
tion of o0ll into the combustion chamber and of the hot gases from the
chamber into the crankcase. Because of this there 1s a decrease of
the engine power, lncrease of the englne temperature, contamination
of the oll, possible breakage of piston rings, burning and sticking
of the pistons, and connecting roa failure.

Excessively high oil viscosity 1s also undesirable, since this
increases the friction forces and causes increased power loss during
engine operation. At low temperatures high oll viscosity makes
starting of a cold englne difficult, and after starting the oil flow
is slow and oll spray formation detericrates. ¥Fresh oil does not
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reach the friction joints quickly enough and the oil which is in the
clearances is heated by friction and flows away. O0il starvation,
increased wear, and binding of the englne friection surfaces take place.

The MS5-20 and MK-22 petroleum base o0ils have been found most
acceptable for ensuring reliable lubrication of the piston engine
under these severe operating conditions. These o0ils mix with one
another in any proportions.

Characteristic of turbojet engine lubricetion is the fact that
the 0il is not in direct contact with the combustion zone, as it is
in the piston engine. The combustion chamber walls of these engines
are not in contact with the lubrication system; therefore there is
no burning of the oll and its consumption will be determined primarily
by the oil losses through the engine breather system.

In these engines the primary form of friction 1s rolling
friction. Therefore the power expended in overcoming the friction
forces is not large. The specific pressures are much lower in turbo-
Jet engline bearings than in the plston engine, and therefore low-
viscosity oils can be used (MK-6, MS-6, MK-8). There 1s no need to
circulate a large quantity of oil to remove heat from the bearings,
since the amount of heat released is small.

In addition to the bearings, in the TJE the oil provides
lubrication for the geared accessory drives, where the oil operating
conditions are comparatively light because of the low specific
pressures in the gears and the low sliding speeds.

In some TJE designs the front compressor bearing is located
in the diffuser inlet duct. Its temperature may be below freezing,
while the turbine bearings are heated by heat transfer to them from
the engine hot section.

The turbine bearings are heated not only during engine operation
but also after engine shutdown, when oil flow for cooling the bearings
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and air flow for cooling the turbine are not available, and the heat
from the engine hot section i1s communicated to the bearings for some
time period. This circumstance must be taken into account in selec-
ting the oil for lubricating gas turbine engines.

Turboprop reduction gearing transmits a large amount of power
and the gears require abundant lubrication. This leads to the use of
high-viscosity oil. Problems in using high-viscosity c¢ils are reduc-
tion of the propeller blade angle rate of change, difficulty in
starting the engine at low temperatures, reduction of fuel controller
regulation sensitivity, and so on. In this connection there are oll
systems in which the reduction gearing 1s lubricated by high-viscosity
0il while the engine= is lubricated with low-viscosity oil.

The use of separate oll systems complicates the engine
construction; therefore a single oll system is usually used and a
mixture of oils with high and low viscositles is selected for lubri-
cation. With increase of the englne power or with increase of the
specific pressures on the gear teeth, the amount of high-viscosity
oll in the mixture must be increased.

Technigues for Removing Air Inclﬁsion from Oils

The primary cause of disruption of normal oll system operation
is saturation of the 01l with alr. Under normal atmospheric condi-
tions the oil contains 8-10%7 by volume of air in solution. Atomiza-~
tion of the oil during lubrication of the bearings and numerous
drives and transmissions leads to mixing of the oil and air. The
result is the formation of an air/cil emulsion, which is then drawn
out of the engline by the scavenge pumps. For reliable removal of the
oil from the engine sumps the output of these pumps must be greater
than that of the pressure pumps (Figures 91 and 92). This further
saturates the oll with alr, since the pumps draw out a large amount
of free alr and gases in addition to the emulsion. The alr which is
thus mixed with the o011l 1s in the suspended state in the form of
bubbles. In the components of the scavenge circuit (pumps, radiator)
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FPigure 91. Output of OMN-30 oil Figure 92. Output of OMN-30 oil
pump assembly. pump assembly. 1 - scavenge
1,3 - pressure stage with re- stage; 2 - pressure stage with
lief valve blocked and adjusted; relief valve adjusted.

2 - scavenge stage
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the air bubbles are broken down and part »f the air 1s further
dissolved in the oll because of the high pressure in the scavenge
circuit. The large bubbles rise as the oll enters the tank. Since
the pressure in the tank 1s lower than in the scavenge line, the
dissolved air separates from the oil in the form of very fine bubbles.
However, the rate of rise of these bubbles 1s small and they are not
able to escape into the tank alr space.

Studies [20] have shown that for a constant bubble diameter its
rate of rise 1s inversely proportional to the oll viscosity, while
the rise time is directly proportional to the viscosity (Figure 93)
and the height of the oil level in the tank.

The oil residence time in the tank has a significant effect on the
amount of air which gets into the system suction line. It 1s obvious
that only air bubbles whose diameter is such that thelr ratc of rise
is greater than or equal to the oil lowering rate can escape 1nto the
tank alr space. In the single-contour oll systems of turbojet power-
plants the rate of oll lowering rate in the tanks liles in the range
of (3—5)'10_3 m/sec. Calculations made for the MK-6 oil (Figure 94)
show that for these lowering rates and an oil temperature in the tank
of 70°C the minimal diameter of the rising bubbles will be 0.14-0.18
mm. Alr bubbles of smaller diameter cannot rise to the surface, and
they flow together with the oll to the pump.
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Figure 93. Time required for Figure 94. Boundary between diam-
separating air versus bubble eters of air bubbles which rise
dlameter for oil temperature (zone A) and remain in the oil
50°C (curves 2,4) and 100°C (zone B) as a function of oil

(curves 1,3). settling rate in tank.

:us the amount of air entering the suction line depends on the
0ll grade and temperature, pressure in the scavenge manifold, oil
residence time and level in the tank, and the size of the air bubbles.
The more air there is pumped from the engine along with the oil, the
more air there will be in the suction line. With increase orf the
oressure in the scavenge line and reduction of the oil viscosity, the
air solubility in the o0ll increases and therefore the smaller is the

fraction of the air which escapes during the time the oil stays in
the tank.

With increase of the flight altitude the pressure in the tank and
at the pressure pump inlet decreases. The volume of the air bubbles
present in the oil increases and the amount of oil entering the pump

decreases. Moreover, the presence of the air bubbles increases the
line hydraulic resistance.

Special measures must be taken to reduce the percentage air

content in the oil. Thus, in order to reduce mechanical breakup of .

the oil and 1ts mixing with air it 1s advisable 1n the design of the
internal portion of the engine o0il system to locate the sumps and cil
drain paths in reglons remote from the rotating parts. Since increase
of the difference of the scavenge and pressure pump outputs leads to
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increase of the air contént in the oil, this difference should not be
made too large. This condition cannot always be satisfied; however,
the ratio of the output of the scavenge pumps to that of the pressure
pumps can be reduced to 2.5-3 by rational location of the pumps,
sumps, and oil drain paths.

Centrifugal air separators — centrifuges — are used to ensure
the most complete removal of air from the oil. With a properly
selected centrifuge the air content in the oil can be reduced to 4-5%.
Among the other techniques which aid in reducing the air content in
the oil, one worthy of special attention is the use of special addi-
tives (usually of silicone origin) which reduce the surface film
strength, intensify the coagulation of fine bubbles, and make it
easier for the bubbles to rise to the surface.

Airplan_e Powerplant 0il System Configurations

Two types of o0il systems are most widely used at the present
time: single-contour and double-contour. The first are used pri-
marily on aircraft with PE and TJE; the second are used mostly with %
TPE. The single-contour oil system (Figure 95) has the following
0il circulation scheme: tank-engine-radiator-tank.

The line from the tank to the pressure pump 1s called the
suction line. This segment must be as straight, short, and large in
diameter as possible.

To improve the pressure pump operating conditions, which 1s
particularly important during starting with cold oil, the tank should
be located above the pumn and as close as possible to the pump.

Since filters in the suction line inerease the line resistance markedly
and thereby reduce the ceiling of the oil system, their installation
here should be avolded, in spite of the advantages from the viewpoint
of protecting the system against dirt and other mechanical particles
which may get into the tank.
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Figure 95. Schematie of single-contour
0il system: 1 - tank; 2 - centrifugal
breather; 3 - pressure pump; 4,5 - temp-
erature sensor and indicator; 6 - filter;
7,8 - pressure sensor and indicator;

9 - engine; 10 - scavenge pump; 11 - air
separator; 12 - radiator.

The o0il system segment from the pressure pump to the scavenge
pump is the internal engine circuit. 1In this segment the oil, after
cleaning in the filters, provides lubrication for the engine rotor
bearings, various drives, and in many cases 1s used as the working
fluid in automatic devices. Additional cleaning of the oil is
accomplished by filters installed ahead of the nozzles which direct
the o0il to the bearings, in the automatic regulators, and other
accessories. Sometimes screens are installed at the oil exit from
the engine to protect the scavenge pumps against entry of mechanical
barticles. The appearance of metal chips on the surface of these
filters 1s usually the first indication of abnormality in engine
operation.

A shutoff valve which opens at a pressure exceeding the oil
static head at the pump inlet is frequently installed downstream of
the pump to prevent oil leakage from the tank through the clearances
of the pressure pump iInto an lnoperative engine. 0il temperature and
pressure sensors are installed in the internal engine circuit.
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The portion of the system from the scavenge pumpes to the oil
tank is termed the scavenge circuit. This part of the system includes
the radiator, air separator, and other devices used to prepare the
0ll for the next usage cycle. The centrifugal air separator 1is _
usually installed ahead of the radiator. This 1s done because thel
alr separation process is facilitated in the hot oil, and also the
radiator heat transfer is improved if the oil flowing through it has
had the air inclusions removed. Moreover, the centrifuge creates a
head sufficient to overcome the hydraulic resistances of the radiator
and other components installed in the scavenge circuit.

On some powerplant types the oil flows to the compressor inlet
case struts and to a special engine oil spacer prior to entering the
radiator. In the struts and spacer the oil 1s partially cooled by
the air entering the engine and is then directed to the fuel/oil
radiator, from which after being cooled it enters the tank. On some
aircraft types with turbojet engines fuel-oll assemblies are used.
In the case of thls assembly, which i1s at the same time the oil
reservoir, there are usually installed the fuel-oil radiator, the
fuel and oil filters, devices for oll pickup and providing breathing
for the tank. Thils arrangement makes it possible to provide in a
single assembly oil cooling, fuel filtration, and also continuous
supply of o011l to the engine pumps during various ailreraft maneuvers
and action of negative load factors.

The basic circuits of the double-contour oil system (Figure 96)
are analogous to those of single-contour systems. The difference
between these systems is that in the double-contour system there is
a boost pump (makeup pump) and two oil flow contours: primary and
secondary. Up to 90% of the pumped o0il circulates through the pri-
mary contour (pressure pump-engine-scavenge pumps-centrifuge-radiator-
pressure pump) and only 10% flows for heating through the secondary
contour (radiator-oil tank-boost pump). In this case all the oil
pumped through the englne passes through the centrifuge. The o0il is
directed through the secondary contour into the tank only after it
leaves the radiator. The diameter of the orifice in the secondary

191

FTD-HC-23-374-T71

A

AU 5 £ mintC, 0 S N




Figure 96. Schematic of two-contour oil system:
1 - tank; 2 - makeup pump; 3 - check valve; 4,5 -
temperature senscr and indicator; 6 - pressure
pump; 7 - filter; 8,9 - pressure sensor and indi-
cator; 10 - engine; 11 - scavenge pumps; 12 -
alr separator; 13 - radiator; 14 - orifice; 15 -
feathering pump
contcur 1s selected to bypass the optimal amount of oil. This oil
and the oil consumed during engine operation flows from the tank into
the primary contour (to the inlet to the pressure pump) with the aid

of the boost pump.

Since not all the oil in the tank circulates through the engine,
its warmup is accelerated and the time required to prepare the air-
craft for flight is reduced. A second advantage of thils system 1s
the possibllity of obtaining a higher ceiling than for the single-
contour system. iIncrease of the ceiling is obtained by installing
in the suction line a bocst pump, which maintains a definite differ-
ential pressure at the pressure pump inlet, which eliminates the
formation of air locks at the pump inlet.

A modification of the double~contour oil system is the short-
circuit system (Figure 97). In this system there is no orifice (see
Figure 96) or line segment between the radiator and tank. In the
short-circuit system the oil, bypassling the tank, circulates along
the contour: engine-radiator-engine. The oil systems of the I1-18,
An-10, and An-24 airplanes use this configuration.

The initial filling of the double-contour and short-circuilt
systems with oll, and also replacement of the oll consumed by the
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Figure 97. Schematic of short-circuit oil system:
1 - tank; 2 - makeup pump; 3 - check valve; 4,5 -
temperature sensor and indicator; 6 - pressure
pump; 7 -~ filter; 8,9 - pressure sensor and indi-
cator; 10 - engine; 11 - scavenge pump; 12 ~ air
separator; 13 - radiator; 14 - feathering pump.

engine, are accomplished from the tank by the makeup pump 2 (see

Figure 97). The pressure pump 6 supplies o0il through filters to
lubricate the engine.

b

The return oll 1s directed by the scavenge pumps 11 to the air

it bk i A

separator 12. After removal of the a‘r the o0il is directed to the
radiator 13, and then after cooling 1t enters the o1l pressure pump.
The centrifugal air separator creates an oil head at the inlet to the
pressure pump and backpressure at the oil outlet from the boost pump.
When the o1l pressure at the entrance to the pressure pump rises above
0.8 kgf/cm2, the makeup pump relief valve opens and the excess o0il is
returned to the suction line. When the oil pressure at the inlet to
the pressure pump drops, the makeup pump begins to replenish the
system with the required amount of oil. The alr separated from the
0il in the centrifuge is directed into the tank. In the double-
contour and short-circuit oil systems of airplanes with TPE the suc-
tion line pickup fitting 1s not located at the lowest point of the
tank, but rather somewhat higher, which provides a reserve o0il supply
for feathering the propeller. i

TP

Properly designed tank venting must be provided to ensure normal
operation of the oil system. Depending on the air separation technique
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used and its efficiency, the oil tank may be connected through the
vent line to the atmosphere or to the engine breather system. Tank
venting through the engine is widely used, since this eliminates oll
loss from the tank into the atmosphere and reduces entry of dust and
moisture into the tank. ' |

Such systems; operate particularly well when the tank is vented
to the atmosphere through a centrifugal breather qunted on the engine.

Sometimes the oil tank vent line is connected to special oil
recovery (vent) reservoirs, from which the air flows through the
vent lines to the atmosphere and the oil drains into the engine sump
or into the o011 tank. The installation of such vent reservoirs is a
good means for eliminating o1l loss through the vent during negative
load factor conditions. However, their use is limited because of the
welght increase and the increased oil system complexity.

It is advisable that the oil tank vent lines be brought out to
a warm area (for example, into the radiator duet) in order to avoid
the danger of freezing. Rellef valves are sometimes installed on

the vent line inside the cowling in order to improve vent system
reliability.

Regardless of the oll system configuration, 1t includes elements
which provide for servicing, draining, and monitoring the oil quantity.

The oll lines are installed with adequate slope to the drain
valve to provide for rapid draining of the oll. Particular attention
is devoted to draining the oill from the engine sumps, oil tank, and
01l radiator. 1In designing the drain devices steps should be taken
to ensure that the oil does not come into contact with the electrical
wiring, engine hot parts, and tires.

Characteristics of Hellcopter Powerplant 01l Systems

Hellcopter powerplants have two independent lubrication systems:
one to supply oill to the engine and the other to lubricate the
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Figure 98. Main transmission oil
system: 1 - pressure pump; 2 -
"hot" compartment; 3,4 - oil-in
temperature sensor and indicator;
5 - filter; 6,8 - pressure sensor
and indicator; 7,9 - o1l sump
temperature indicator and sensor;
10 - scavenge pump; 11l - sump;

12 - radiator; 13 - "cold" sump
compartment.

gearboxes. The schematic of the helicopter engine lubrication system
does not differ in any essential way from the single-contour alr-
plane powerplant oil system examined above. The MS-20 or MK-22 oils
are used for helicopters with piston engines, while the MK-8 (MK-6,
MS-6) oils are used for helicopters with gas turbine engines.

The main rotor transmissions have a high reduction ratio, since
they reduce the engine rotor speed to the required main rotor speed.
The transmission lubrication system has certain peculiarities in
connecticn with this situation, and in connection with the type of
transmission and the power transmitted to the main rotor.

If the power transmitted to the maln rotor is not large, the
lubrication system consists of a sump which acts at the same time as
the o1l reservoir, a pump, screens, and spray nozzles. There are
usually no external oll lines or radiators. The oil is cooled in
the transmission sump by air flowing around it from a special fan.

- Transmission of high power through the reducing gears makes it neces-
sary to have external oil system components and the oil is cooled in
air-oil wradiators.

Transmission lubrication 1s accomplished as follows. The
pressure pump 1 (Figure 98) picks up oil from the "cold" compartment
13 and supplies it to lubricate the transmission. The return oil
flows from the transmission into the sump "hot" comparcment 2, from
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which the scavenge pump 10 delivers it to the radiator 12 for cooling.
".The oil returns from the radiator into the "cold" compartment. Sys-
tem operation is monitored by the oil pressure in the pressure line
and temperature in the "cold" compartment and-.the scavenge line. To
increase 01l system reiiability the sca&enge line'pickup‘fitting,is
raised somewhat above the bottom of the sump, which ensures that a
definite quantity of oil will remain in the sump 1f there 1is a leak
in the scavenge line. The 01l remaining in the sﬁmp provides normal
lubrication of the transmission for the time neceésary to select an
emergency landing spot. The existence of a leak is iIndicated by
increase of the 0il temperature in the sump. In addition to the main
transmission, in bowerplants with gas turbine engines the transmission
0ll system also provides lubrication of individual engine components
(for example, the free turbine transmission).

Lubrication of the maln gearboxes can be provided by a mixture
of MS-20 and MK-8 oils (tor example, 75% MS-20 and 25% MK-8) and also
by hypold gear oil. The selection of the 01l grade depends on the
gearbox type, the magnitude of the specific loads in the gearing,
and the power transmitted by the gearbox.

Autonomous lubrication systems with servicing of the oll directly
into the gearbox case areused in tlie intermediate and tall gearboxes
The friction surfaces are pressure or spray lubricated, and certaln
types of gearboies (powerplants with gas turbine engines) use both
forms of lubrication.

Supply of o0il under pressure to the gearbox 1s accomplished by
a pump, which together with a filter and relief valve 1s located in
the gearbox oil assembly case. Splash lubrication 1is provided by
having the rim of one or more of the gears partially submerged in the
0il. As these gears rotate an oll emulsion is created in the case and
provides adequate lubrication of the gearbox. Hypoid lubricants are
used as the o0ll for the Intermediate and tall gearboxes.
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011 Cooling Techniques

The 0il temperature must be regulated in order to maintain the
engine temperature within acceptable 1imits when its operating condi-
tions are changed. A temperature difference of 35-50°C between the
0il entering and leaving the engine iz considered normal.

Various oil cooling techniques are used, depending on the type
of aircraft and engine, the flight speed and altitude, and the engine
heat release rate. In the TJE with relatively luw thrust the amount
of heat which must be removed from the engine is small, and therefore

the 0il is cooled directly in the oil cavities of the engine or in
the tank. ’

With increase of ths engine thrust there is an increase of the
amount of heat to be removed, and this requires the presence of radi-
ators in the powerplants. Fuel-o0ll radiators are used most frequently
for this purpose. Cooling of the oil by the fuel is advantageous
from the viewpoint of reducing the radiator size and welight, and also
utilization of the heat given up by the o¢il to the fuel. Moreover,
the use of the fuel-oil radiators avoids the expenditure of power
to overcome the external drag of a radiator installation. When
fuel-oil radiators are used there 1s no external system for regulating
the oll temperature and it is automatically mzintained in the speci-
fied 1imits as the engine operating conditions are changed as a
result of the change of the amount of fuel flowing through the radia-
tor and consumed by the engine.

Incerease of the amount of heat removed from the engine (which is
characteristic of the PE and TPE) makes it difficult to use fuel-oil
radiators. This is caused by the fact that the heat Qreq which must
be removed from the engine goes to heat the fuel in the radiator when
fuel-oil radiators are used in the system, i.e.,

Q
IR s S— deg
£ cpoep ¥y
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Figure 99. Installation of air/oil radiator
in duet: 1 - radiator; 2 - flap.

where Co is the specific heat of the fuel, J/kg-deg;
Pp is the fuel density, kg/m3;
wf is the fuel flowrate through the radiator, m3/sec.

We see from this relation that the fuel temperature rise is
directly proportional to the amount of heat removed from the engine
and inversely proportional to the fuel flowrate through the radiator.
Since, other conditions being the same, the fuel flowrates in the TPE
are smaller and the amount of heat removed is greater than for the
TJE, this can lead to excessive fuel temperature rise in the radiator.
To avoid this situation use is made of air-oil radiators, or the fuel
flowrate through the radiator is increased with subsequent return of
part of the fuel to the tank. Since the second approach leads to
complication of thé fuel system design and increase of the output of
the airframe boost pumps, which results in increase of the system
welght, at the present time air-oil radiators are used on aircraft with
PE and TPE. The use of alr cooling 1s not feasible on supersonic
alrplanes because of the high stagnation temperatures.

In order to provide varlation of the flow through the air-oil
radiator,it is installed in a duct with variable exit area (Figure 99).
To reduce the air velocity ahead of the radiator the entrance seg-
ment of the duct is made in the form of a diffuser. The radiator 15/
located in regions where the air 1s decelerated by the parts of the
aireraft and which are swept by the propeller. This provides the
required flow over the radiator in flight and during engine operation
on the ground.
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To avoid o0il overheating, the air-oll radiators are designed for
the most severe cooling conditions. However, there is also the
danger of overcooling the oil under certain flight conditions. Such
a case 1s that of extended gliding with throttled engines, when
intense alir flow through the radiator is combined with low heat trans-
fer into the oil. Gil overheating is possible during engine operation
on the ground and duriag takeoff, since in this case the 1lntense heat
transfer into the oil is accompanied by low air flow tarough the
radiator. In the latter case special devices must be provided to
increase the air flow through the radiator, for example, air bleed
from the engine compressor into the radiator duct tc create an ejector
action (Figure 100), which is used on the Tu-114 and An-10 airplanes.

Figure 100. Air/oil radiator
eJection schematic: 1 - valve;
2 - line; 3 - ejector.

| >
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The o1l radiator duct flap serves to regulate the air flow
through the duct by varying the exit area; control of the flap
rosition can be automatic or manual. Automatic control is accomplished
with the aid of special regulators, which maintain the o0il temperature .
in the specified limits by varyiag the amount of air flow through the
radiator honeycomb. The regulator sensitive element is a spiral bi-
metallic element, which 1s connected to a servo system. When the
automatic regulation temperature is reached the contact-type servo
system sends a signal to open the flap. A drawback of this system is
the possibility of false actuation because of the poor vibrational
resistance of the moving contacts.

Regulation systems are being developed in which resistance
thermocouples are used as the oll temperature sensor and the comparison
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Figure 101. 011 tank with compart-
ment for supply at negative load
factors: 1 - baffle; 2 - vent
tube; 3 - pickup compartment; 4 -
delivery line; 5 - dliaphragm.

element is a bridge in which one leg 1s the sensor. These systems

are more reliable 1n operation because of the absence of moving

L}

contacts.

Components

The airframe part of the oill system consists of the tanks, lines,
and radiators. The boost pumps, check valves, filters, pressure and
scavenge pumps are engine components or are part of the internal

engine system.

Tanks. Both flexible and metal tanks are used in the oll
In construction and the requirements

systems of modern aircraft.
The

imposed on them,the oil tanks are simllar to the fuel tanks.
flexible tanks are installed in contaliners fabricated from fiberglass

or aluminum alloys. The tank shape is selected in accordance with

the area in which it is installed.

Normal operation of the lubrication system depends to a
considerable degree on proper placement of the pickup fitting in the

It should protrude into the tank to prevent entry of mechanical

tank.
The o1l should be returned

particles and moisture into the system.
into the upper part of the tank, since this increases the oil resi-
dence time in the tank and ensures that all the oil that is intended
for this purpose will participate in the circulation. Inside the tank
the end of the scavenge line tube is directed tangent to the wall so
that the o1l entering the tank flows along the wall without forming
foam. It 1s recommended that the vent fitting on the tank be located
3 as far as possible from the oll entry into the tank, since improper
relative location of the return fitting and the vent line sometimes
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leads to excessive o1l consumption. The fililer necik with its screcn
is located at the top of the tank and the drain cocks are located at
the beottom. A dip stick is provided on the filler neck or nearby.
The transmitters for the remote oil quantity gages are located inside

pivoting pickups, and so on) are installed inside the tanks to ensure !
reliable operation of the system under the action of negative load
factors. One rossible device of this sort is shown in Figure 191,

and consists of the pickup compartment 3, separated from the main
cavity by the horizontal baffle 1. Durling the action of negative load
factors the 0il is retained below the baffle, the ports of the pickup
compartment remain in the oil, and therefore the 0il supply to the
engine is not interrupted. ]

i
&
the tanks.
_ é Special devices (horizontal baffles, pickup compartment, » ]

Circulation wells are installed inside the tanks of some
single-contour piston-engine o0ill systems. When the well is used a
i large part of the oll in the tank essentially does not take part in
E the general circulation. This results in accelevated oil warmup
during engine starting, ensures adequate sensitivity of the system to
control of the temperature regimes, and improves the lubrication
quality. As n*]l is consumed the well 1s continuously replenished i
from the main tank volume. The foamy oil from the engine enters the
vell through the return line tangent to the inner surface with defi-
rite kinetic energy, as a result of which the o0il flows down along
a spiral path, clinging to the well wall, while the foam with the air
bubbles is forced out into the central part of the well, from where
1t escapes the tank through the upper holes in the well. ;

e

Metal tanks are usually supported on steel straps which are .
tightened by turnbuckles. Special ribbing 1is provided on the tanks
to increase the structural stiffness and prevent the straps from
sliding. Strips of leather, rubber, felt, and so on are placed under
the straps. When the tank is mounted on a lateral supporting sur-
face (firewall, engine frame), a support is provided under the tank
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and the tank is strapped to this support. The flexible tank containers
are bolted to supporting surfaces or the alrframe structure. Rubber
dampers are provided in the support fittings to reduce vibration
transmission to the tank. After fabrication the c¢il tanks are sub-

Jected to thorough testing under vibratory, inertial, and hydraulic
loads.

Radlators. Theilr construc+<lon 1s characterized by lightwelght
tubular structural profiles, reinforced by vaffles. The spherical
radiator shell is located between the profiles. This structural
scheme permits increasing the pressure in the radiator to 4-5 kgf/cm
with a four-fold safety margin. All the structural elements, fittings,
and cooling elements are usually unitized, which improves the fabrica-
bility of the parts and their reliability.

2

Structurally, the oll radiators are fabricated from an assembly
of copper or brass tubes 250-300 mm long, 0.1-0.2 mm thick, and
diameter 4-5 mm, enclosed in a brass housing. The tube ends are
expanded into a hexagon over a length of two to three diameters.
Radiators made from such tubes are termed honeycombs. The ends of
the tubes are brazed together so that slots through which the hot oil
clrculates remain between the tubes. In the air-oll radilators cooling
air circulates inside the tubes; in the fuel-0il radiators the fuel
circulates in the tubes.

To increase the 0il flow velocity (in order to improve the heat
transfer and reduce the size of the stagnant zones), the radiator
intertube space 1s divided into individual sections. Each baffle has
ports through which o0il flows from one section to another, passing
through all the sections and changing its direction each time (Figure
102). It is for these reasons that the fuel cavity of the fuel-oil
radiators is divided by baffles.

To prevent radiator honeycomb fallure at low oil temperatures,
relief valves are installed in the o0ll system lines or in the radiator
itself, which permit the oll to bypass the radiator honeycomb or flow
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Figure 102. 01l and fuel circulation
in radiator: 1 -~ relief valve

oil out

through the honeycomb, depending on the oil viscosity. When the
viscosity 1s high (engine starting a* temperatures below freezing),
the radiator honeycomb hydraulic resistance increases and the pres-
sure at the radiator inlet increases. The relief valve opens at a
definite pressure and connects the radiator inlet and outlet cavities.
The relief valves facilitate faster oil warmup, since the 0il bypasses
the radiator. As the o0il in the system warms up and the pressure
decreases, the valve connects the radiator into the system.

The radiator shape may be quite varied, depending on its location.
Circular and horseshoe shapes are most common. The fuel-o0il radia-
tors are mostly circular, while the alr-oil radiators are usually
the horseshoe type.

Aluminum oil radiator designs have been developed. They first
found application in systems for cooling helicopter powerplants. The
radiator cooling elements are flat tubes, which are ribbed on the
inner and outer sides by turbullizing plates. Characteristic of
these radiators is their light weight and high thermal efficiency.

01l Lines. Metal lines and flexible hoses are used in the
external portion of the 0ll system. The metal lines located in the
engine compartments are frequently fabricated from steel tubing;
those 1in the other parts of the system are made from aluminum alloys.
The lines are connected with one another by flexible couplings with
two clamps on each end. In areas subjJect to vibrational loads,
flexible hoses are used and their ends are terminated in standard hose
fittings, which provide rellable interconnection of the hoses and
also connection with the fittings on the system components. The
flexible hoses are made from oil-resistant rubber and are covered with
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two layers of insulation (inner layer of AT-7 asbestos fabric, outer
layer of ANChM fabric).

Plexible compensators, made in tl'e form of a thinwall metal or
Teflon shell with wire braid around its outer surface, are used in
certain areas to ensure reliable operation of the lubrication system.
These compensators can be in the form of a separate hose or an elastic
insert. The latter make it possible to install lines with misalign-
ment of the axes, and alsoc make it possible to compensate for thermal
displacements without any system leakage. The primary problem with
flexible hoses 1s that they are heavier than metal lines and have
more hydraullic resistance.

Depending on the magnitude of the oil flowrates, the diameters
of the suction and scavenge lines used lie in the range of 25-40 mm,
while the o0il tank vent lines are in the 15-25 mm range. In running
the lines care is taken not to form loops in which oil can be re-
talned when the system 1s drained. In the wintertime this could
lead tc the formation of oil blocks, which cause line falilure and
engine oil starvation. Line disconnects are provided at the fire-
walls and at the individual system components (tanks, filters, pumps,
valves) for convenience in engine installation. The connections of
the lines to the pumps are very critical areas, since even the smallest
leaks In these areas lead to alr entralnment. The points where the
lines are anchored are selected so that the natural frequency of the
lines when filled with 0il do not coincide with the exciting frequency.
Usually the distance 7 between supports is chosen so that (< 120Yd
for aluminum lines and < 150Yd for steel lines, where d is the line
diameter in millimeters.

Analysis

Capacity Determination

The 01l system capacity Eos is calculated using the formula

E = Eot +

o] + E + Ep’

Eline eng
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where Eot is the amount of oll in the tank;
Eline is the amount of oil in the system lines and components;
Eeng is the amount of o0il in the engine;
Ep is the amount of 01l in the propeller cylinder group.

The -amount of oil in the tank includes the quantity Econ consumed

during flight and the ‘minimal permissible nonexpendable oil quantity

Emin. H

The amount of 01l expendable during flight

Econ * 9% "max Kh
where q, is the hourly o0il consumption, kgf/hr;

ThRx is the maximal flight duration of the aircraft with the
fuel system fully serviced, hr.

The hourly oll consumption 1s determined experimentally for i
each engine type and is presented in the corresponding manuals. The
maximal flight duration is taken from the flight operations manual,
or in the absence of these data is calculated from the formula

where Gf is the total fuel supply on board, kgf;
m is the number of engines on the aircraft; ;
qp is the engine hourly fuesl consumption at the power for which
the maximal permissible oil flowrate is given in the manual, kgf/hr. :

The unexpendable o0il quantity in the tank corresponds to that oil
quantity which provides the specified oil pressure in all engine
operating regimes and aircraft flight altitudes. For the TPE the
minimal permissible amount of oil also includes the reserve (unusable)
0ill supply for feathering the propeller. The value of Emin can be
found from the condition for obtaining the minimal required oil '
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residence time in the tank which will provide stable operation of the
system. Emin can be less whep a centrifuge is used than when air
separating devices are not used. In the latter case it 1s recommended
- that Emin be close to the magnitude of the oil flowrate through the
engine. Usually Emin is determined experimentally for each engine type

and 1s specified by the manufacturer.

The amount of 0il in the system and in the propeller cylinder

group can be measured or calculated on the basis of the system
The amount of oil in the

schematic, component data, and line sizes.
For approximate calcula-

enzgine can be found by draining the engine.
tions, assuming that the system operates using the dry sump principle,

this o1l quantity can be taken equal to zero.

To prevent oll loss through the vent system and to create better
alr separation conditions, the oil tank volume should be 20-30% more

than the maximal permissible oil volume in the tank. The tank shape
When a tall tank 1s

as well as 1ts volume plays an important role.
used the cross-section area 1s smaller and the rate at which the oil
descends in the tank increases, on the other hand the time avallable
for alr separation increases. When the tank horizontal dimensions
: are Increased the oll descent rate decreases and air bubbles rise to
i the surface more easily. However, excessively small tank height
leads to the danger of uncovering the plckup fitting during alrcraft
maneuvers and makes it difficult to warm up the 01l in the tank.

Required 011 Flowrate Through Engine

The oll flowrate through the engine depends on the amount of heat
Qreq which must be transferred into the oil and the permissible oil
B temperature rise. The englne specifications usually indicate the oil
pressure at ldle and full power conditions; however, sometimes only
a single value of the pressure for a wide range of engline operating
conditions is speclfied. This specification essentially determines

the o0il flowrate through the engine under the various englne operating

conditions.
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The oil flowrate through the engine

g s lre

= m3/sec
o ¢, 9, Atc

where ¢, is the specific heat of the oil, J/kg deg;
Atc is the difference of the engine o0il in and out temperatures,
deg.

The amount of heat which must be removed from the engine by the
oil is made up of the heat released as a result of mechanical losses
in the bearings and reduction gearing, and the heat transmitted from
the engine hot seetion, i.e.,

Qreq = Qred + Qbear’

where Qred is the amount of heat which must be removed from the
reduction gearing and the various drives;

Qbear is the amount of heat which must be removed from the
bearings and engine hot section.

The heat transfer intc the oil depends on many factors, the
primary ones being the engine type and power, oil temperature, and
ambient temperature. The heat transfer into the oil increases with
increase of the engine power (Figure 103). Thus, for the Ai-20 engine
at N = 0.4 N,.a¢ and an oil-in temperature of 70°C, Q = 48 KJ/sec.
When the engine power is increased to rated, the heat transfer
increases to 60 KJ/sec. For a constant power the heat transfer
decreases (Figure 104) with increase of the oil-in temperature
because of the reduction of the temperature differential between the
engine hot parts and the oll. Decrease of the heat transfer also
takes place with reduction of the air temperature, which is a result
of increased heat transfer from the engine to the ambient medium.

The amount of heat transmitted to the bearings from the hot parts
depends on the efficiency of the cooling system and is not amenable
to calculation because of the influence of a large number of factors.
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Figure 103. Heat
transfer into oil
when engine oper-
ating regime changes
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Figure 104. Heat
transfer versus oil
temperature: 1 -
engine power 12,000
hp; 2 - 4000 hp.
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Figure 105. 0il
flowrate as a func-
tion of «il grade
and tempeiature:

1 - 75% M3-20 and

(? 9 ; 25% MK-8; 2 - 25%
T S MS-20 and 75% MK-8.
=X

“rat

1 - engine power
4000 hp; 2 -
12,000 hp

Therefore statistical data are usually used to determine the required
oll flowrate through the engine.

For preliminary calculations we can assume that the heat
transfer into the o0ll for the single-contour TJE with the highest
heat release rate amounts to 5.0-6.5 KJ/sec for every 1000 kgf of
static thrust, while for the TPE the figure 1is 15-17 KJ/sec per 1000
KW of equivalent power. As a result of transfer of part of the heat
to the air flowing in the outer flow, the heat transfer into the oil
for the FJE 1is practically independent of thrust and for present
designs lies in tie range of 40-50 KJ/sec.

If we know the amount of heat which must be removed from the
engine and the oll temperature difference, we can find the required
01l flowrate through the engilne.

Analysis of statlistical data shows that for the TJE the required

flowrate amounts to (0.5«1.0)-10'“ m3/sec per 1000 kgf of static
thrust, and for the TPE the figure is (u-6)-10‘u m3/sec per 1000 KW
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of equivalent power. These flowrate values were found with an engine

‘ inlet oil temperature of 70-80°C. Deviations from these temperatures
lead to variations of the oil flowrate through the engine. It is
typical that these changes are more significant, the higher the
viscgéity of the oil used (Figure 105) or the steeper its viscosity-
temperature curve.

; To ensure reliable operatidn of the lubrication system, the

| pressure pump output is selected to be 1.5-2 times the required
flowrate. The excess oil is bypassed by the pump relief valve into
the suction line. As a result of this the required oil flowrate and
the pump outlet pressure remain practically unchanged over a wide
range of engine rotor speeds and aircraft flight altitudes (see
Figures 91, 92).

Celling

A
3
3

The o0il system ceiling is the maximal flight altitude to which
the pressure pump provides the required oil flowrate throughout the
engine. The oll system ceiling is considered to be adequate if with
; the maximal permissible o0il temperature the oil pressure in the sys-
t tem does not fall below the minimal pressure at the service ceiling
obtained using maximal engine power.

For powerplants which do not have means for regulating the oil

¥ temperature (o0il systems with fuel-oil radiators), the system ceiling :
is determined for the maximal fuel temperature at the radiator exit §
permitted by the specifications. i

Sy &

{

|
In contrast with the fuel systems, in which at high altitudes

the deterlioration of the pump operating conditions is partially
compensated by the reductcion of the fuel flowrate, in the oil systems 3

the required oill pressure and flowrate change very little up to the
airplane ceiling. The baslc problem in devigning the oi' system 1s
to determine the ¢il pressure at the boost pump inlet, and not allow
this pressure to decrease to values at which marked dropoff of the oil ¢
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flowrate through the engine will occur.

By analogy with the fuel systems, the celling of the o0ll system
can be found from the equation

viy,
Pﬂ=pumln+Apr+'_;‘:_+Ap'_w"’ (104)

where y 1s the helght of the minimal oil level in the tank above the
pressure pump. ‘

Figure 106. Cavitation characteristics
of 0i1l pump with air content in the
oil: 1 - 30%; 2 - 20%; 3 - 10%;

4 '« 5%; 5 - 0%.

00 80 0 @ A kN/m

The hydraullc resistance Aph is basically the frictional
resistance. Therefore we atterpt to make the suction line with smooth
contours, without sharp bends.

Since the calculation of the oll system celling is made for
steady level flight, the inertlal pressure losses 4p; can be taken
as zero.

The minimal permissible pressure Pin min at the pump inlet 1s
found from the pump cavitation curves (Figure 106). After calculating
the required oil flowrate through the engine from the condition of
removal of the required amount of heat, we draw a horizontal line
from this value on the ordinate axis. The value of Pyn min COTTES-
ponding to the assumed percentage air content 1s obtalned on the
abscissa axis. Typical values of Pin min for TJE pumps wlth gooad
cavitation characteristics for the zero alr content case amount to
60-80 mm Hg. Substituting these values into (104), we find py and
then obtaln the sys*tem ceillng from standard altitude tables.

In spite of the fact that the hydraulic resistance of the suction
line is not large (20-50 min Hg), all possible measures shoula be taken
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.to further reduc~ this resistance, avoiding sharp changes of the line

section area and flow direction. This is necessary for the following
reasons. In the starting regime with cold oil the pressure in the
system does not propagate uniformly in all directions. Therefore, for
example, a larger pressure differential is required for oil flow
through a bend or an elbow when the viscosity is higher. In the case
of very high viscosity the bend or elbow may "block" the 2ine, in
spite of the fact that in the normal operating regime their resistance
constitutes only a small part of the overall hydraulic resistance

of the suction line.

If the oil system does not provide the required altitude
performance, the pressure in the suction line is increased in order
to maintain the minimal acceptable pressure at the inlet to the

‘'pressure pump up to the highest possible flight altitude. This is

achieved by increasing the prossure in the tank or installing a boost
pump in the suction line.

'In contrast with the fuel tanks, for which pressurization from
external sources 1s necessary, to increase the pressure in the oil
tank we need only install in its vent line a constant differential
pressure valve set to Ap = 0.1-0.15 kgf/cmz. The differential pres-
sure in the tank arises as a result of separation of air from the oil
emulsion.

The boost pump installed in the suction line is connected in
series with the main pressure pump. During ¢limb to altitude the
pressure at the inlet to the boost pump decreasss and this leads to
reduction of its output. The boost pump output is selected sufficiently
large so that the pressure at the inlet to the main pump wiil not
decrease up to the design altitude in this case. Part of ‘he oil is
bypassed by the boost pump relief valve into the suction line. As
the pressure at the pump'inlet decreases, the oill bypass through the
valve decreases so that the pressure at the outlet from thne boost
pump remains constant. In this way it i1s possible to maintain a pres~
sure at the preésure pump inlet which exceeds the minimal acceptable
pressure.
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Horeover, in order to increase the oil system celling it 1is
necassary to reduce the hydraulic resistance of the suction line, use
special oll system configurations with ejectors, increase the tank
height above the pump, use pressurization systems, and install components
and devices which provide better separation of the air from the oil.

Sl i

Operation

Maintenance and servicing of the oil system are an integral

L part of the overall complex of operations in preparing thz powerplant
for flight and are carried out in the period when the preflight,
postflight, and other forms of technical servicing are prerformed.

[ During servicing of the lubrication system checks are made of the

: mounting of the tank, radiator, and other units. Attention 1is devoted
1 to the absence of cracks, dents, and worn places in the lines. The
0ll quantity in the tank is checked and reserviced if necessary.

For each engine type only that grade of oll listed in the
operations and maintenance manual 1s used. Arbitrary changing of the
oll grade is not permitted, since this has a harmful effect on the
operation of the friction surfaces and englne temperature regime and
may lead to premature engine fallure.

Ty R

The check of the oil level in the tank permits early detection

1 of problems arising in the engine or in the oil system. In all cases
when the postflight check shows that no oil has been used from the
taak or when the o1l level in the tank has actually increased a check
- must be made for the presence of fuel in the oi1l. Causes for this
phenomenon can be leaking in the fuel-oil radiator, leaks in the oil

cavities of the fuel controller, or unintentional activation of the
04l dilution system.

] The quality of the oll in the system can be used to judge the

5 condition of the friction surfaces, englne overheating which may have
occurred, wear of the englne labyrinth seals, and so on. All these
factors lead to change of the oil color and chemical composition, and
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of the forelgn particle content in the oil. !

Various techniques for monitoring the oil quality are being
developed at the present time to provide earller detection of engine
problems. These include, for example, spectrographic and chemical
analysis of periodically taken oil samples to establish the connection
between the metallic particle content in the samples and initiation
of deterioration of the friction surfaces. Magnetic plugs installed
in various parts of the system are used. This method is quite simple;
however, it permits the detection only of ferromagnetic particles,
while the appearance of aluminum particles is characteristic for the
beginning of the development of many engine problems.

Special signaling filters are installed on certain engine types
in the centrifugal air separator oil cavity. When oil containing
metallic particles passes through the filter sections, the slot~like
gaps between the sectlions clog and this leads to closure of an elec-
trical circuit and lighting of the "0il Chip" warning light. The
presence of chips can also be detected by means of sensors which
react to change of the pressure drop across the oil filters.

The o0il must be changed periodically to prevent excessive
contamination. The basic methods used at the present time to deter-
mine the oll change intervals are test-stand and operational tests
of olls in the engines. Subsequent modification of the oil service
life is made on the basis of analysis of the operational experience
of the given engine type.

The o1l change intervals are listed in the maintenance manuals.
The oil filters are flushed after the first test run and the first
five hours of engine operation; thereafter they are flushed when
performing periodic inspections for most engines. If metallic par-
ticles in the form of aluminum, bronze, or tin flakes are detected on
the filters, an analysls must be made to determine the possible reasons
for thelir appearance in the oll. To thls end, investigations are

tw

made of the operations which have been performed on the enzine to
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determine whether or not individual accessories, parts, or lines have
been changed. After a careful inspection of the engine the oil filters
are flushed, the oil in the system is changed, and the engine is
started up and test run, after which the filters are checked again.
If they are clean the engine is approved for further operation with
subsequent inspection of the filters after the first trip. If it is
found that the filter -contamination is the result of failure of indi-
vidual parts or components, further operation of the engine is not
permitted. If an engine 1s changed because of the presence of metal-
lic parcvicies in the filters it is necessary to replace the oil

: radiator, flush out the tank, lines, and system components. The

g propeller is changed only if there are metallic particles on the

E governcr oil filter.

Special attention must be paid to serviciig the oil system
after installing a new engine or changing the oil. In all cases the
engine 1s started up and test run after the system is serviced;
after the engine 1s shut down the o0il level in the tank is checked
and filled as necessary. For several englne types reservicing is
g performed after motoring the engine two or three times, followed by
' a check of the o0il quantity in the tank after starting up the engine

and making a test run.

The amount of o0l1l to be serviced into the o0il tank is indicated
in the operating instructions or in the aircraft maintenance manual.
Overfilling of the tank leads to oil loss through the vent system,
and insufficient filling leads to engine overheating and decrease of
the o0ll pressure in the system. Moreover, as a result of the reduced

0il residence time in the tank, separation of the air from the oil
is made more difficult and this lowers the system ceiling. Engine
overheating may occur 1f the cooling surface of the air-oil radiators
becomes contaminated.

3 During system maintenance a check must be made of the operation
of the o0il temperature regulators and the mechanisms for controlling

Gl

the radiator flaps, since thelr improper operation leads to oill
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overheating or freezing in the radiator.

At lov ambient temperatures it is recommended that the oil be
diluted with gasoline in order to provide faster preparation of the
engines for starting and facilitate the start. The use of diluted
oil eliminates the necessity for draining the oil at low temperatures
and preheating of the oil, engine, and oil system prior to starting.
Moreover, as a result of the lower viscosity of the diluted oil the
lubrication of the friction surfaces of the engine during starting

is improved and the time required for engine warmup after starting is
reduced.

The amount of gasoline required to diluce the oil depends on the
initial oil viscosity, the assumed ambient temperature at the time
of the next start, and the length of time the engine has been operated
since the last previous dilution. Usually the ratio of the amount of
gasoline to the amount of circulating oil amounts to 8-14%. During
engine warmup the gasoline evaporates as the circulating oll tempera-
ture increases, and the engine begins to operate on oll with the
original viscosity. The time in the course of which the gasoline is
completely evaporated from the oil depends on the system capacity,
the engine thermal regime, and the oil temperature.

011 dilution in a system with a tank equipped with a circulation
well is based on the dilution of the amount of oil in the engine,
the system, and the well. The large quantity of o0il located in the
tank outside the well is not diluted. This shortens considerably the
time for the gasoline to evaporate from the oll after engine startup
(Figure 107). As the engine and the oil circulating through the well
warm up, the remaining oil around the well also warms up and then
gradually enters the well in place of the evaporatirg gasoline.

If after diluting the oil the engine 1s operated for less time
than required for evaporation of the gasoline and then the engine 1is
shut down for a considerable period of time, the amount of gasoline
required to redilute the oll is determined from tables or speclal graphs.
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. o Figure 107. Gasoline quantity in oil
as function of engine operating time:
¢ 1 - tank without circulation well;
2 - tank with circulation well.
N
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At ambient air temperatures below 40°C, the oil must be drained
from the system if the engine is to be shut down for an extended
period (more than 2-3 hours). Servicing the system with hot oil
(70-80°C) 1s accomplished immediately prior to engine start in pre-
paring the aircraft for flight.

The 01l in helicopter transmissions 1s diluted only once for
the winter period. This 1s explailned by the fact that the temperature
of the transmission and the oil in the system is considerably lower
than the engine temperature, and there 1s practically no evaporation
of the gasoline from the transmission oil system.

For purposes of monitoring the conditlion of the oil in the
transmission system, the maintenance manuals provide for a periodic
check of the gasoline content in the oil on the basis of the specific
gravity of the diluted oil. To make this check,1-2 liters of oill
heated to 20°C are drained from the system and its specific gravity

is measured; then special tables or graphs are used to determine the
percentile gasoline content in the oil.

The hypold lubricants are diluted with AMG-10 oil. Usually the
mixture composition consists of 2/3 hypoid oil and 1/3 AMG-10 oil.
It is recommended that changeover to this mixture be made at ambient
temperatures below 10°C. The diluted lubricants reduce the engine
power required to overcome friction in the gearboxes, facllitate the

operation of the friction clutch, and thus prevent premature clutch
wear and fallure.
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CHAPTER 5

COOLING SYSTEMS

The powerplant must be maintained at a quite definite temperature
to ensure its operating efficiency. Exceeding this temperature may
lead to overheating of the engine, its accessories, and the airframe
structural components located in the engine region. Overheating
of the vitally important engine components (combustion chamber,
turbine and so on) reduces their strength or causes failure. There-
fore, the heat must either be removed from the hot parts of the
engine into cooler parts or a coolant must be brought into contact
with the hot parts. Cooling of the individual engine elements (for
example, turbine blades and disks) is also accomplished with the
objective of replacing the expensive high-alloy steels and alloys
with other less expensive materials, reducing the thermal stresses
by equalizing the temperature through the body of the part, and
increasing the turbine inlet gas temperature.

The cooling may be accomplished in various ways, depending
on the type of powerplant. For example, in the modern PE the
cylinders are cooled by the oncoming airstream. Heat transfer
from the hot parts of the engine can be accomplished by an intermediate
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medium (water, oil, fuel), which plays the role of coolant. In this
case the heat is dissipated into the ambient medium through radiators.
In addition to the powerplant, various units on the aircraft which
themselves release heat must te cooled (generators, compressors,
pumps, electrical transformers).

The need to create normal physiological conditions for the crew
and passengers at high flight altitudes leads to the use of air bled
from the gas turbine engine compressor for pressurizing the cabin.
This is possible only if a special cooling system is provided to
reduce the air temperature and maintain it constant in a given
temperature range.

Increase of the flight speed increases the flight vehicle
surface temperature. Structural heating reduces the material
strength properties. The structural elements made from organic
materials are the first to fail. A large temperature increase can
lead to fuel boiling in the tanks and loss of the electrical insulat-
ing properties of rubber. In this connection the problem arises of
selecting new materials which can operate at high temperatures. The
use of aiuminum and magnesium (without additional cooling) is limited
to flight Mach numbers of about 2.2. The titanium alloys and stain-
less steels can be used at M = 3 with promise of further increase to
M=3.5-14,

At high flight speeds the powerplant is heated to higher temper-
atures than the outer surfaces of the aircraft, since the heat
transferred from the engine and its equipment is added to tne heat
obtained from the decelerated flow. Under these conditions special
cooiing systems are required to maintain the temperature of the
individual parts of the powerplant within the specified limits.

Thus, the powerplant cooling systems are designed to maintain
the temperature of the individual accessories and systems within
technically acceptable limits; ventilation of the cowled englne space
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in order to eliminate stagnant hot air zones and prevent accumulation
in the nacelles of the vapors which are hazardous from the fire

and explosion standpoint; protect the airecraft structural elements
and its systems from engine thermal radiation.

The following requirements are imposed on the powerplant cooling
systems: high efficiency, 1.e., they must provide the required
heat removal from the engine and its components (parts, assemblies,
and units) with a small cooling flowrate and small power expenditure
on operation of the cooling devices; simplicity of construction;
minimal aerodynamic drag and low welght; reliable and SImple,
preferably automatic, control;“operational simplicity (minimal time
for preparation for flight, ease of inspection, installation, removal,
and so on).

In addition to this list, the systems may be subject to other
requirements assocliated directly with the specific type of aircraft
and powerplant. The systems are verified during engine testing on
the ground and in flight in the takeoff, climb, cruising, and landing
regimes under conditions of maximal possible ambient alr temperature
(usually 4s5° C).

Classification

With regard to type of coolant used, the cooling systems are
subdivided into two groups: gaseous (air) and liquid. In the first
group use 1s made of atmospheric alr or water vapor; in the second
group use is made of fuel, o0il, liquids with high boiling point,
and molten metals. The coolant must have high values of the specific
heat, heat transfer coefficient, and boiling point, must retain its
physical properties during repeated heating and cooling 6yc1es,
must be safe, have low corrosive activity, and be simple to handle.

Depending on the coolant flow scheme, the systems may be open-
¢lrcult or closed-circuit. In the former the coolant is used once,
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after which it is released into the atmosphere. The closed system
i1s characterized by the fact that the coolant circulates along a
closed path, carrying heat from the hot parts to the heat exchanger.

Air cooling systems are used to pr.tect compressors, generators,
PE cylinders, combustion chambers, tailpipes, gas turbine engine
disks and blades against overheating. These systems are the simplest
in construction, do not require complex additional equipment, and
are operationally reliable.

Heat removal from the hot parts by air is accomplished in two
ways: either by blowing over the external surfaces of the parts
(external cooling), or by circulating the coolant inside the parts
(internal cooling). The first technique is usually used to reduce 1
the temperature of assemblies located on the engine {(compressors,
pumps, generators) or of parts which are not directly wetted by the
hot gas flow; the second technique is used for parts which are
located in the hot gas stream.

ko,

ekl

e o Ve

Barrier cooling (Figure 108) has been widely used to reduce
the temperature of the combustion chamber walls and turbine disks.
In this case a Jet of cold air is
fed thrcughorifices or slots in

—.‘.’_’_::\____ the direction of the hot gas
) " PPN qmmon- w

stream and mixes with the hot
gas to reduce its temperature

Figure 108. Different barrier and thereby protect the surface

cooling schemes: against overheating. A large
1 - coolant; 2 - hot stream;

! 3 - wall. pressure differential is not

! required to feed the cold air

‘ through the slot, and air taken
from the atmosphere or the engine flow passage at the entrance to
the combustion chamber 1s usually used. The drawbacks include the

s fact that in individual zones the c¢old air, having only a small excess
pressure, may not overcome the hydraulic resistance of these zones,
and therefore the appearance of local overheating is possible.
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For cooling of the PE,use is made of the avproaching air stream,
which flows over the finned walls of the cylinder heads and barrels.
Increase of cooling effectiveness is achileved by placing the engine
in a cowling (Figure 109). In addition, the cylinders are enclosed
in baffles which squeeze the air stream against the cylinder finning
and walls and thereby reduce the air mass flowrate. For better
sealing, the outer edges of the baffles are trimmed with leather
or special plastics. The reduction of the air mass flowrate through
the cowling, achleved as a result of the presence of the baffles,
reduces the required air passage exit area, which simplifies and
improves the configuration of the cowling and the powerplant as
a whole. The temperature of the individual parts is maintained in
acceptable liuits in different flight regimes by varying the air
passage exit section area.

The specified thermal regime
of the gas turbine engine power-
plant is maintained by the air
entering the cowled engine space
through external intakes. These
intakes are located on the nacelle

(cowling cover panels), and their
Figure 109. Piston engine purpose 1is to supply the required

installation in cowling: amount of air for cooling the
1 - cowling; 2 - engine. turbine case, tailpipe, compressor,
generators, and other thermally

loaded units.

For cooling of the turbine case and the tailpipe, it 1s
recommended that the air be supplied by means of individual intakes,
which should be installed aft of the firewall. The air leaves these
zones at the tralling edge of the tallpipe. Air circulation in the
tailpipe region in the absence of ram pressure is provided by
eJectors. The simplest ejJector is the exhaust nozzle ejector, in
which a special shroud or the engine nacelle extends aft of the
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propulsive nozzle exit. To ensure satisfactory flow over the tail-
rvipe, 1t is sufficient for the length of the exhaust nozzle ejector
to be 0.3 - 0.6 times the maximal diameter of the propulsive nozzle.

Equalization of the airflow velocity field in the cowled space
in the tailpipe region is achieved in various ways. One, for
example, is the installation of special baffles (frames) between
the tailpipe shroud and the nacelle walls (Figure 110). Small
openings are provided in the baffles to ensure alir circulation

between the shroud and the engine nacelle, which eliminates the

formation of stagnant hot air zones. Increase of the effectiveness

is also achieved by the use of screens, deflz2ctors, and other

devicrs to direct the air flow to the surfaces being cooled.

At high flight speeds the
use of external air intakes 1is
not desirable, since they
increase the airplane aerodynamic

¢ drag significantly. Under these
Figure 110. Cooling scheme using conditions various devices
S SPEIERS Tl IR (valves) which provide for the
1 - alr intake; 2 - nacelle; entry of the required amount of

3 - baffle; 4 - shroud.
air into the cowled space from

o o cvmm « o=

the engine air intakes may be acceptable.

The systems for cooling helicopter powerplants, where forced
air flow over the engines from a fan is required, deserve special
attention. This requirement results from the fact that in the
hovering and vertical takeoff regimes the engine operates under

the most severe conditions and ram pressure is not sufficient for

cooling.

The air for cooling the PE helicopter powerplant {(Figure 111) is
taken through shutters installed at the inlet to the alr duct, and
after passing through the fan is directed to the engine and 1its
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accessories: transmission,
generator, compressor, oil radiators,
and so on. After this the air is
discharged overboard through slots
located on the lower and side

panels of the fuselage skin. 1In
order to reduce the cooling power
piston engine on helicopter: losses the engine 1s enclosed in

1 - inlet shutters; 2 - trans- a special compartment, and its
mission; 3 - fan; 4 - engine; cylinders are equipped with baffles

3 - warmup shutters. and guides which ensure that the
cold air will reach the most highly
heated parts.

Figure 111. Cooling system of

Engine warmup during starting in the wintertime, and also
orevention of overcooling in certain flight regimes, is achieved
by controlling the shutters from the cockpit. When the shutters
are closed the airflow from the outside is nearly blocked and the
fan sucks in the warm air blowing over the engine cylinder fins
through flaps which are opened specifically for this purpose. On
helicopters with TPE the air is supplied from the fan through special
ducts (air ducts) to the oil radiators, generators, pumps, and
certain other components.

With increase of the flight speed, the cooling air temperature
increases and the difference between the temperatures of the air
and the hot body approaches zero. The limiting Mach number (Figure
112) to which air cooling is possible is found from the formula

‘/f 2 Teon,_
Muges= r(k—1) ( Ty ) !

wh2re r is the temperature recovery factor; for laminar flow in the

boundary layer r = 0.85, for turbulent flow r = 0.88-0.89;
k is the adiabatic exponent.
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At low supersonic flight
speeds (M < 2) the air taken from i
the englne compressor has a temper-

ature exceeding the alirstream
stagnation temperature. If the
compressor air is directed to a
heat exchanger which is exposed to
the amblient alrstream and then into
an air turbine, its temperature

Y4 & Mg :

can be reduced significantly. i

Figure 112. Ratlo T, /T, Systems with cooling turbines can

versus limiting flight Mach be used along with gas turbine i
number.

engine turbocompressors or special

compressors.

In the cooling system shown in Figure 113, the hot air taken

4 from the compressor 1is directed to a heat exchanger which 1s exposed
to atmospheric air. Further reduction of the air temperature takes
place in the evaporator, since heat is taken from the air by the
evaporating water. Its temperature may be reduced to 100° C. The
final cooling 1is accomplished in a turbine. A disadvantage of this
system 1s the considerable water consumption, and the water supply
must be on board the airplane.

S A e s

E The use of systems with cooling turbines requires the expenditure
: of a large amount of power. A large amount of air must be taken

from the gas turbine engine for operation of the cooling turbine
installation, and this reduces the engine thrust and increases the
specific fuel consumption. Moreover, the heat exchangers have

considerable aerodynamic drag.

ot i e

E#8

Liguid cooling systems are being used at the present time in
liquid rocket engines to reduce the combustion chamber wall temper-
ature and in certain types of flight vehicles with TJE for cooling
: the o1l in radiators. Fuel is widely used as the coolant. This
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technique can be used 1f there

is the required temperature
differential between the hot

air ) parts (combustion chamber wall)
and the fuel, i.e., the condition

.
cooliug air

water

In-this case the fuel temperature
Figure 113. Cooling turbine In the system must not exceed the
nstallation with two-stage
hot-air precooling: maximal permissible temperature,
defined from the viewpoint of fuel

- heat exchanger; 2 - turbine;
- evaporator. coking.

!
3
In the case of the high
thermal fluxes in liquid rocket engine chambers, external cooling of
the chambers becomes very difficult because of the large temperature
difference between the inner and outer surfaces of the wall. If
the fuel is used as coolant it may be found that its thermal cavaclty
will not be sufficient to absorb the transmitted heat. Moreover,
danger arises of overheating individual wall segments if local
coclant boiling takes place. Under these conditions use is made of
film cooling (Figure 114). A 1iquid is supplied through orifices
or slots and forms a protvective film on the surface. The film is
carried by the gas stream along the surface and evaporates, absorbing
heat in the process. The liquid vapors entering the boundary layer

increase the layer thickness znd rceduce the heat transfer to the wall.

Film cooling may be supplemented by porous cooling (Figure 115),
based on stmplying a liquid (or gas) with either the same physical
croperties as those of the external flow or with different physical
oropertlies through a porous or perforated surface into the boundary
layer. This technigue requires less coolant consumption but its
use involves several difficulties. One is the need to use a special
porous material, which will have less strength than a solid material.
Other drawbac.is-are the thrust loss when cooling the nozzles of
reaction engines and the necessity to have the pressure differential

¥
Translator's Note: The original text mistakenly gives "cold"
insteaa of "hot".
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.required to feed the coolant through the porous surface.
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Figure 114. Film cooling: Figure 115. Porous coeoling:

1 - wall; 2 - liquid layer; 1 -~ combustion products stream;

3 - vanor protective layer. 2 - protective vapor layer;
3 - liquid r©ilm; &% - porous wall;
5 - cooling liauid; 6 - outer
wall.

Techniques for Protecting Flight Vehicles
and Their Powerplants Against Overheating

at Supersonic Flight Speeds

The temperature distribution over the surface of a flight
vehicle (Figure 116) depends on the flow conditions over the given
surface, the flight time at supersonic speeds, the heat capacity
and thermal conductivity of the materials.

The flight vehicle surface acqulires a definite amount of heat
from the bour iary layer but scatters some fraction of this heat into
space by radiation. Thus, only part of the thermal flux penetrates
into the structure.

The heating of the flight vehicle structure at supersonic speeds
takes place primarily from the outer surface. The material expands
and elongates as it 1s heated. The structural elements located
inside the flight vehicle have a lower temperature. The result is
the apoearance of large thermal stresses in the structure. In order
to reduce the expansions of the individual elements relative to one
another, use 1s made of 4 material with higher thermal expansion
coefficient for the colder structure, sectional skins, and so on.
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Pigure 116. Supersonic airplane (M = 3) structural
heating zones.

The simplest technique for protecting flight vehicles against
overheating is the use of heat-resistant materials: steel, titanium
alloys, beryllium, and so on. The windshields and side windows
are made from temperature-resistant glasses, and thermal insulation
coatings are used to protect the structure against heating.

At a particular flight speed the outer side of the wall will
have the temperature '1“'1 (Pigure 117), which is lower than the
stagnation temperature. Since the wall offers definite thermal
resistance to the heat flux passing through it, the temperature
'I‘W2 on the inner surface of the wall is somewhat less than that on
the outer surface. Let us assume that the temperature Tinsl at the
outer side of the insulation is equal to the wall temperature Twl
in the absence of insulation. Since the insulation resists the
thermal flux, the wall temperature under the insulation T'wl << Tw2'
Therefore the internal structural elements are heated tc a lesser
degree and the thermal stresses which develop in these elements are
small.

PTD-HC-23-374-71 226




Another advantage of the
thermal insulation coatings is
that the high temperature of the
coating outer layers results in
decrease of the heat entering the
coating from the boundary layer
and considerable increase of the
radiative heat scattering. It
is advisable to install the
Figure 117. Heat transfer thermal insulation between the

through WALl outer and inner skins to reduce

% i ::ii :izgogzsigzziggion; the heat transfer into the
structure and retalin a sufficiently
smooth skin.

The material used for the insulation must have low thermal i
conductivity, high melting point, light weight, and good corrosion 3
resistance. The porous and loose fibrous materials (asbestos, for
example) have the lowest thermal conductivity. As the porosity and ]
looseness increase,the thermal conductivity approaches that of air.
However, the porous and loose fibrous materials have very poor
mechanical properties and therefore can be used only for internal
facing of the skin. The high-strength thermal insulation materials
include some forms of plastics (silicones), fluoro-orgaanic compounds,
and the ce:amic materials (aluminum oxide, for example). A drawback
of these materials is their high thermal conductivity, and for the
ceramic materials their brittleness as well.

The thermal stresses in the structure can be reduced by combined
use of thermal insulation and cooling. 1In this case the cooling
system 1is necessary to absorb the heat coming from the outer surface
of the skin, and also to protect the internal flight vehicle com-
partments against overheating. i

The relative weight of the flight vehicle protective system is
the ratio of the weight of the flight vehlcle skin with thermal
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protection to the skin weight without protection. We see from
Figure 118 that for low steady-state stagnation temperatures all
the systems are equivalent with regard to weight. The minimal
structural weight is achieved by using a thickened uncooled skin
(curve 2). With increase of the stagnation temperature the weight
of the thermal proutection increases. Thus, for temperatures above
600° C the minimal relative structural weight will be obtained with
thermal insulation of the outer skin surface and cooling of the
inner skin surface (curve 4).

Among the other techniques
for protecting the flight
vehicle against overheating at
high supersonic flight speeds,
systems for cooling the outer
surface with the aid of trans-
piration or mass transfer are
used.

0 3

Figure 118. Relative weight of

Transpiration cooling 1is
based on the principle of

different thermal protection
systems:

1 - cooling of inner skin, no
thermal insulation; 2 - increased
thickness of skin without
insulation or cooling; 3 -
evaporative water cooling;

4 - thermal insulation of outer
skin surface and cooling of

inner skin surface.

transfer and temperature recovery coefficients markedly.

injecting water under a porous
skin, vaporizing the water in
the skin layer, with subsequent
discharge of the vapor at the
skin surface, which alters the
nature of the velocities and
temperatures in the boundary
layer and reduces the heat

The

advantage of transpiration cooling is that it provides direct

cooling of the outer skin surface.

To provide mass transfer cooling the surfaces are coated with
subliming or diszociating materials (gypsum, magnesium nitride,

graphite).

The use »of this sort of coating makes it possible to

avoid the complications associated with the use of the porous skin
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and lighten the structure, since there is no need for additional
equipment (coolant tanks, pumps, lines) or cooling system controls.

Analysis

Radiators

Check calculations of radiators are made if the radiator
geometric characteristics (cooling surface area, number of tubes,
their length, diameter, and so on) are known and we are required to
determine the amount of heat transferred from one heat transfer
agent to the other, and also the final temperature of the heat
transfer agents (working fluids). Design cslculations are made
in the development of new radiators to determine the cooling (heat
exchange) surface area.

[ We shall consider as an example the technique for making the
cneck calculations in application to fuel-oil radiators, i.e., from
several radiator types we select that one which provides removal of
the required amount of heat from the engine. In addition to the
radiator geometric characteristiecs and the required amount of heat
which must be removed, we need to know the values of the fuel and

011 flowrates wf and wo through the radiator, the radiator inlet
temperatures tf in and to in® and the physical properties of the

fuel and o1l (viscosity, density, specifie heat, thermal conductivity,

3 and so on).
The amount of heat which the radiator must remove 1s
Qpaca=KSAT Im/sec (105)
where K is the heat transfer coefficlent, J/m2-sec-deg;

l S is the cooling surface area, m2;

b At = EO - Ef is the average temperature difference.
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Taking the temperature change along the length of the heat
exchange surface to be linear (which is valid for small variation
of the temperature along the surface), we can write

T.“'-.lt"'%!'; i;"‘t.-’" ‘e’b"

where Atr =te = Qreqlcf"fpf is the fuel temperature

out ~ ®f. in
rise in the radiator;

At = tO.in - to.out = Qreq/couopo is the oll temperature

drop in the radiator (here and hereafter in the text the
subscript f applies to the fuel and o to the oil).

If the value of ihe heat transfer coefficient 1s not known it
can be found from the formula

[ o | R
LI
o @ ox

The heat transfer coefficients ap and a, re found from the
relation

_an.
4

where Nu is the Nusselt number, which characterizes the convective
heat transfer between the liquid medium and the heat
exchange surface;
A is the thermal conductivity (of the oil, fuel), J/m-zec-deg;
d is the tube diameter (outer in calculating a, and inner
in calculating af), m.

We know from thermal process similarity theory that the Nusselt
number is a function of two other numbers: the Prandtl number
Pr = cppv/x and the Reynolds number RE = Vd/v, in which Cy is the
specific heat of the fluid at constant pressure (co and Cp in the
present case), V is the fuel (oil) velocity in the radiator.
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Since V = W/F, to determine the fuel (0il) velocity in the
radiator we need to know the flow section areas. For the fuel,
which flows throught the tubes, the flow section is

a a

s %

F,=

where n is the number of tubes in the radiator;
Ze is the number of sections in the radiator fuel cavity.

Por the o0il, which travels between the tubes,
Fu=(x+N)hk

where x is the number of tubes in the narrowest cross section of
the bundle;

hl is the distance between tubes (Figure 119);

i 1s the tube length.

In calculating the Reynolds and Prandtl numbers the parameters
appearing in the formulas should be taken for the average values of
the fuel and oill temperature in the radiator. The further calcula-
tions amount to the following. For laminar fuel flow in the tubes
(Re < 2-103) Nu = 0.17 Re?*33 pr0-"3. 1n the transition regime
(2'103 < Re < 10") Nu = k, Pro’u3 (Figure 120). For strongly
developed turbulent flow (10" < Re < 5-10f) Nu = 0.021 ReO+8pr0-43,
This last formula can also be used to calculate e for longitudinal
0il flow around the tubes.

ﬂ) » d V] P
—> g
| 4

Rows * ? . & '

Figure 119. Tube arrangement in bundle:
a - corridor arrangement; b - staggered arrangement (h3, h, h',

3

are the transverse, longitudinal and diagonal bundle pitch).
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For transverse oil flow around the tubes we must take into
account the tube placement in the bundle (see Figure 119). 1f the
tubes are staggered, which 1s most typical of oil radiators, then
Nu = 0.81 Re®-%pr?:33, for the in-1ine arrangement Nu = 0.23 Re®:65
Pr0’33. From the known values of Nuo and Nuf we find the heat
transfer coefficients a, and ap and then the heat transfer coeffi-
cient K.

We see from Figure 121 that with increase of s (taking ap to b
be constant) a relatively rapid increase of K takes place until aq
and ap become comparable. With further increase of ey the increase
of K slows down and then practically stops. From this we can draw
the following conclusions. For a. = ap the heat transfer can be

(o]
intensified (increase of the heat removal per unit radiator . :rface

{ area) by simultaneous increase of e, and Coe If a, # Qps intensi-
3 fication can be achieved only by 1increasing the smaller of the two
coefficients. Having K, S and At, we use (105) to find Qyail-
Making the assumption that in the operating temperature range
the physical properties of the fuel and oil remain constant, we can
plot nomograms which permit finding Qavaills graphically and then
Qavail (the nomogram of Figure 122 is calculated for T-1 fuel and

MK-8 oil).

; We compare the resulting Qavail with Qreq' If the difference
between them does not exceed 10% the radiator has been selected
properly. If the difference is more than 10% a recalculation must
be made, i.e., we select a radiator with different cooling surface
area, Upon completing the calculations, we verify that the fuel
temperature at the radiator outlet does not exceed the maximal

permissible value, i.e.,

=a,SAt 2

QOM}I

The heat transfer Equation (105) can be used in the design
calculation to determine the cooling surface area S. The amount of

AT ¢
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Figure 121. Curves of

Figure 120. k0 versus Re.
K = f(uo-uf).

heat to be removed from the engine must be known in this case, and
the problem reduces to calculating the heat transfer coefficient and
then the cooling surface aresc.

In selecting the cooling surface area of the air-oil radiators,
we must remember that a given amount of heat Qavail can be dissipated
into the ambient medium for different values of S by varying the
flow velocity over the radiator. In fact, for turbulent air flow

in the tubes Nu = 0.018 Reo's, then a, = C(pr)o'a. The coefficient
0,013 A

";Medéﬁﬁ' is found from the average values of the air temperature
in the radiator (u is the dynamic viscosity in kgf'sec/mz). Since
= T ( A
Qavail aaSAt (we assume that K % aa), for given At the product
aaS is a constant. Increase of the flow velocity over the radiator
leads to increase of the heat transfer coefficient, reduction of the
radiator cooling surface area (Figure 123) and weight (Figure 124).

Decrease of the cooling surface area leads to a corresponding
decrease of the required radlator frontal area Fr (see curve 2 in
Figure 124), since the ratio S/Fr is a constant and for most current
designs amounts to 120-130. At the same time, increase of the air
velocity ahead of the radiator increases the power losses in over-
coming the drag of the radiator installation. Therefore. in making
the calculations we need to find that velocity Vr for which the
overall power expenditures will be minimal. Usually we assume that
the air velocity ahead of the radiator
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Figure 122. Nomogram for determining Q
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Figure 123. Heat transfer i ] ] 2 Smé

coefficient (curve 1) and

Fi by,
surface cooling coetficlens  TiEUNe 12l Velght (urve 1) and
curve versus specific air
mass flowrate through radiator. radiator cooling surface area.
V’ == anl,

where a 1s the air flow coefficient (the optimal value of a = 0.1-0.15);

Vool = V.VTF+B 1is the flow velocity over the radiator with

account for propeller operation (Figure 125);
V0 is the airstream velocity;

P
2 '"—;;3 i1s the propeller disk loading;
dIsk™
P is the propeller thrust.
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Mde i

% For the known values of
% L~ V., after determining the quantity
3 i

T 10-8
(YV,)""" for the design case,

"f: ' | we find a, and then the cooling
2 surface area. The air velocity
X in the radiator tubes 1is
- N e
o8 05 ox

¥,
V=1

Pigure 125. V.

disk loading /B.

/Vo versus

where far is the area ratio, 1.e.,
the ratio of the total air passage area to the radiator frontal area;
for oil radiators far = 0.45 - 0.55.

Upon completion of the thermal calculations a hydrauiic
analysis is made of the radiators, i.e., we determine the magnitude
of the coolant pressure loss as it flows through the radiator.

Tailgiges

Analysis of tailpipe cooling involves determining the air
quantity necessary to maintain an acceptable tailpipe wall temperature
during operation. We represent the schematic of the cooling system
in the following form (Figure 126): the heat transmitted from the i
hot gases to the wall is removed from the wall by convective heat
zxchange with the air flowing along the duet between the engine |
nacelle (shroud) and the tailpipe. To ensure normal cooling conditions
the required air flowrate is

where Py is the air density, kg/m3;

At 1s the permissible air temperature rise in the cooling duct;
usually At = 50 - 80° C.

The amount of heat transferred from the wall to the alr is

Q=a, S (tcr ""?n)'

FTD-HC-23-374-71 235

T Y Ty T r

S R et

s

Bk




where e = £y, vcool) is the coefficient of heat transfer from the
wall to the air. It is determined using the technique
described above (see analysis of radiators). For
approximate calculations we can take aa'= 200-300 J/mz-
secdeg;
S is the wall surface area, m2;
tw is the wall temperature, deg;

Ea is the average air temperature in the annular duct, deg.

After determining the required air flowrate, we can calculate
the annular duct area

F=Ys_ .8
Visa
Analysis of statistical data shows that the airflow required

for cooling the TJE amounts to 1.5 - 2% of the total air flowrate
through the engine.

41 22 In order to obtain the
= ‘*ﬂr‘:::a‘ required cooling flow velocities
5 ’ >§ Vcool with small air flowrate
' > around the tailpipe, it is
i recommended that special shrouds
Figure 126. Taillpipe cooling be installed which reduce the

scheme:

area of the cross section through
1l - shroud; 2 - tailpipe.

which the alir flows. Mcreover,

the shroud protects the engilne
nacelle walls from heating by thermal radiation.

In analyzing cooling systems, we can also solve the inverse
problem, l1.e., we can find the required cooling flow velocity for
a given amount of heat removed. Since

- Q .
LT

after determining a, we use dimensionless relations to find the

6
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dusselt number and then the Reynolds number and from it the cooling
flow velocity. For the most highly thermally loaded tailpipe walls
0 ) - £ = -

the cooling flow velocity V, . = 30 - 50 m/sec.

The cocling system analysis i1s made for the maximal flight
altitude, i.e., for the altitudé of minimal cooling air mass velocity.
At altitudes lower than the design altitude Vcool
the required value, which leads tc increase of the cooling systm

is greater t’an

drag. Sometimes an adjustable cooling duct discharge area 1s used
to elimirate this problem. '

Maintenance

The condition of the cooling systems 3s checked when performing
the operations on the powerplant specified by the maintenance
instructions. Inspections are made of the cowling and engine nacelle
skin: absence of deformations, cracks, dents, and loose rivets is
verified. A check 1s made of the condition of the cowling panel
1ocké and the condition of the profiled rubber seals, condition of
the tailpipe, paying special attention to the welded Joints. A check
is made of the clearances between the tailpipe and engine nacelle,
since deviation from the acceptable clearances between these surfaces
leads to local cverheating of the tailpipe or nacelle walls. If
traces of overheating are found on the gas passage structural
components, the reason for these indications is investigated and
repairs are made if necessary. During engine removal a careful
examination is made of the condition of the nacelle structure (frames,
stringers, fittings attaching nacelle to the wing), checking for
cracks, corrosion, rivet fallures, and loose bolts. A check is made
of the condition of the rubber seals at the ducting Jjoints, air
intakes, and firewalls. Inadequate sealing of the air ducts causes
air leakage through the slots and results in increase of the flight
vehicle drag. Cleanliness of the cooling surfaces is verified, since
dust and dirt reduce the heat transfer.
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In furboprop powerplants a check i1s made of tre condition of the

) _gip;oil radiators, security of their mcunting, cleanliness and

1ntfg?1ty of the honeycombs. Checks are made of the operation of the
mqbﬁénisms for controlling the radiator flaps and the PE cowling .
exit flaps, checks are made for unacceptable play in the flap

'support fittings and control system, and a check is made that the )
flaps fit tight against the duct skin. Poor mating of the flaps 0
can lead to overcooling of the engine or individual components of

the engine during extended flight vehicle gliding. Excessive flep

opening causes flow separation, which reduces the air flowrate

and increases the cooling system drag.

During operation of helicopter cooling systems particular
attention is devoted to the fan, checking for e¢racks, dents, nicks,
and other mechanical damage to its blades. Provisions are made for
tightening the nuts attaching the fan to the engine shaft when
verforming periodic inspections, and also periodic removal of the
fan to verify the condition of the splines and threads on the engine
shaft. Loose fit of the impeller hub on the engine shaft leads to
impeller wobble, puwerplant vibration, and the appearance of fatigue
eracks on the hub. It is recommended that the shutters which provide
air entry into the fan compartment he closed when the helicopter is
parked in order to prevent foreign object entry into the fan
compartment.

"
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CHAPTER 6

ANTI-ICING SYSTEMS

Icing Conditions

Modern aircraft fly under the most varied climatic conditions
and over routes with strict adherence to cruising altitudes. There-
fore it is practically impossible to avoid encountering regions of
space in which icing may occur. Powerplant icing is affected by
numerous factors, the primary ones being the temperature and relative
humidity of the air, cloud water content, mean droplet diameter, air-

craft flight speed and altitude.

The meteorological conditions which favor icing are characterized
by the presence of supercooled water droplets or ice crystals which
are suspended in the air in the form of clouds, fog, rain, wet snow,

and so on.

The airecraft disturbs the supercooled water droplets present in
the air from their stable equilibrium and the droplets freeze on the

alrcraft surfaces.

Thus, powerplant icing is the process of forming ice deposits on
the surfaces of the engine intakes or other parts of the powerplant
during the time the aircraft is flying in meteorological conditions

which favor ice formation.

239

FTD-HC-23-374-71

e

DS ——

Srvt mhame il skt

PR

=

el 0 Bt st as

D G T R

Fdatn A s




' ”"T5§ During icing of gas turbine
: engines, ice 1s formed on the sta-
tionary surfaces of the air inlet
duct, guide vanes, engine nose
fairing, first compressor stage

>3
F:%‘;ﬁéﬁl; v?mmgﬁg;f - blades, leading edge of the inlet
clean; 2 - iced. diffuser (nose cowling), intakes for
the generator cooling air, and other
ailr intakes located on the engine
cowling.

We differentiate the following types of ice formation:
clear fice in the form of a glassy film with smooth surfaces. It
forms during flights in supercooled rain or drizzle. Deposition of

such ice is most often observed in the ambient temperature range
+ 5°C;

rime ice, which is opaque ice of rough, grainy, or crystalline
structure. Such ice forms during flights in clouds containing a
large number of supercooled droplets of different size in the tempera-
ture range from 0 to minus 10°C;

crystalline ice, which deposits in small quantities at tempera-
tures below minus 10°C and during flights in clouds consisting of
very fine supercooled water droplets. Sometimes this form of ice is
termed frost. Mixed ice formation types can also be observed. The
icy deposits of irregular form which are formed during flight in
areas where raln and snow are falling present the greatest hazard.

In contrast with the airframes, for which icing occurs at
negative temperatures, the gas turbine engines may be subject to icing
at ambient temperatures up to 5-10°C. During engine operation on
the ground or at low flight speeds, the alr is sucked into the inlet
duct and expanded, as a result of which the alr temperature decreases
and may reach values at which icing can take place. In powerplants
with PE and TPE propeller icing starts first, beginning with the hub
or spinner.
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Pigure 128. Icing of axial Figure 129. Plade tip bending
compressor blades obtalned resulting from entry of pieces of
with engine operating on ice into the compressor.
test stand under conditions
of high water content.
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Propeller icing presents a severe flight hazard since there is i
a marked reduction of the propeller efficiency (Figure 127), and also '
propeller unbalance develops and leads to severe engine vibration.
Pieces of ice which break loose from the propeller will damage the
aircraft skin.

Ice formation on the surface of the inlet duct and directly on
the entrance to the compressor reduces the alr flowrate and engine
thrust. If the pressure ratio across the propulsive nozzle 1is sub-
3 critical, reduction of the engine inlet cross section leads to increase
of the fuel flowrate to maintaln a glven englne rotor speed. As a i
E result of this the turbine inlet temperature increases, the operating ;
condition approaches the boundary of the region of unstable compressor ]
operation, and thls causes engine vibration and possible engine flame-
out. Moreover, the gas temperature increase creates a danger of over-
heating the nozzle vanes and turbine blades. Gas turbine engines §
with axial compressors are particularly sensitive to icing. In these ;
engines intense ice formation takes place on the inlet gulde vanes §
and also on the first row of compressor rotor and stator blades ?
(Figure 128). The ice may break loose and cause compressor damage

(Figure 129). | o
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low weight and small size;
_quick response time;
it is desirable that automatic activation and deactivation be
provided frnl special icing initlation sensors;
simplicity of maintenance and operation; possibility of checking
system condition on the ground and in flight.
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