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Lesson 1

Sound suppression. The Noise Problem

i. 3anomHuTe cnefytolme cnosa:

noise n inoizl
take off n
landing n L'lxndm1

residential areas n

pattern n Lpsefnl

reciprocating engine n[n siprakeihn 'enclj/nl

rise, rose, risen v
reach v
relatively adv

[n.K"J
Pre 1

overlap v [ou V3/1larp ]
frequency n ffn kwanb/ 3
shear v i, M

Cra.iz,rouz,,rtz.

[\)mzi‘denjnl tand]

it 1

bring down (brought,brought) v 1bn n cja_ur\]

sound suppressor n |sa.und
comparable adj ikoTparabi3

level n llev il

high-bypass-ratio n fj||ft baipc<:S> Vei“iou3

inlet n

nnnp
guide vane n [giid ‘'veml
fluctuation n i/f Uktju eijn ]
lining n ;f{lamlvni
shroud n [fra.ud 1

Lym
B3NeT

nocaska

XUnble KBapTanbl
ob6pasel, cnocob
npumep
NopLIHEBOA
ABuratenb
NoAHUMAThCS
pocturatb
OTHOCUTENbHO
CpaBHUTENbHO
nepeKkpbIBaTh
yacTtoTa
cpesatb,pe3aTb
CHUXaTb
LWYMOTNYLIUTENb
CpaBHWMbIA
YPOBEHb

BbICOKas
[LBYXKOHTYPHOCTb
BMYCK, BMYCKOBOE
0TBepCTUe, BXOA
HanpasnstoLLasn
nonartka
HeycTOM4MBOCTb
KonebaHus
06nmuoBKa
KOXYX



Haiigute cuvHOHMMBbI K cnegytouwiune; §408am, Mcnonb3ys CnoBak AaHHble nog "
yepToii.

pattern, reciprocating, reach, shear,S'ane, bring down, prope!l1*t~xba|*;a”gar,?"
generate.veiocitv
piston, cut, blade, discharge, Serew, lower,.take place, produce, get, model, speed

2. Haiigute aHTOHWMBbI.

approximately, sharply, produce, less, exhaust, elimination, reduct|pfe,|i*|dly

use, intake, increase, gradually islowly, exacl 1y*|p|AA§on, more

3. OnpegennTte,’ B Kakoi  cTeneHu; I1$ill«*nala&sas.  npeBOCX”KHas)
ynoTpebnieHbl  cregytoLyme WHABLLGMYB6HbIELL  Ha3oBuUTe Bce TPU  LleneHu,
nepeseamTe KX,

LLLLL more, further, farther, slower, lower, more, difficult

4, HaVI,lJ,VITE B TEKCTE NPeanoXeHna ¢ 3aTMMun I'IpVIﬂaFaTEI'IbHbIMI/IyVIepEBE,CI,HTe nx.

5. TMepeBeauTe crefytoLime CI0OBOCOYETaHUA:

within the last several years; the pattern of sound; ‘exhaiu”*iveloc”|,ibomparable
size; through the elimination; fey Splteing th%|futiet guide feSIfeesr vfivsy ~UtpeSlse
compress®

problem, i&omrp&rcial, military, observer, result,
reason,function, operation, UTbLLoW L w|pK'

7. MpoutuTe jffiffik-

SOUND SUPPRESSION. THE NOISE PROBLEM

The noise problem created bj* faadiiigji
and ground operations at airport near residential has become a LLIOLLIA
problem within the last several,

The pattern of sound from a je$; engine makeS;!"|.fl»0”;;j~>bleii;iiilMr!. more
bothersome than that coming from other LL |||i1 Iff engines. B&f LLbp$&, e mbi&
from a reciprocating engine rises sharplysp the arg L, p propellif pgj|sefpii observer
on the ground and then drops off almost as LLI 1/M1p A jet'1Spche#S peak Uper th§



aircraft passes, and is at an angle of approximately 45° to-the observer. This noise
then stays at a relatively high level for a considerable length of time. The noise from
a turbojet is also more annoying because it overlaps the ordinary speech frequencies
more than the noise from a reciprocating engine and propeller combination.

Since the noise is produced by the high-velocity exhaust gas shearing through
the still air, it follows that if the exhaust velocity is slower and the mixing area wider,
the exhaust noise levels can be brought down to the point where a souml suppressor
is not necessary. The exhaust-gas velocity of a turbofan is slower than a turbojet of
comparable size because more energy must be removed by the turbine to drive the
fan. The fan exhaust velocity is relatively low and creates less of a noise problem,
noise levels are also lower in the high-bypass-ratio turbofan engine through the
elimination of the inlet guide vanes and the resulting reduction of the “siren” effect.
The noise generated by this effect occurs when the columns of air created by the
compressor inlet guide vanes are cut by the rapidly moving compressor blades,
generating high-frequency pressure fluctuations. Further noise reductions are
achieved by lining the fan shroud with acoustical materials, thus, dampening the
pressure fluctuations and by spacing the outset guide vanes farther away from the
compressor. For these reasons, fan engines in general do not need sound suppressor.

The function of the noise Suppressor is to lower the level of sound about 25 to
30 dB, as well as to change the frequency, and to do this with a minimum sacrifice in
engine thrust or additional weight.

The two facets of the noise problem, ground operation and airborne operation,
lend themselves to two. solutions.

Noise suppressors can be portable devices for use on the ground by
maintenance personnel, or they can be integral part ofthe aircraft engine installation.

Airborne suppressors are more difficult to design than ground suppressors
because of the weight limitations and the necessity of having the air exit in an axial
direction to the engine.

Notes: dB - geunbenn

8. OTBeTbTEe Ha BOMPOCHI: LN

1 What problems is the text devoted to?

2. Why did the noise problem become one of the most important within the last
several years?

3. What modern engines are less noisy and why?



4. Why does a turbofan need no sound suppresor?
5. What is the function of the noise suppressor?

9. MepepaiiTe KpaTKoe COAepKaHue BTOPOro a63aua. O3arnaebTe ero.

10.MepeBeanTe TEKCT.

Lesson 2

Turnine Construction

1. 3anoMHuTe cnegytolime cnosa:

stressed part n

severe adj
impose v
forge v

machine v

X-ray n

rate n

hold v

rivet v,n
locking tab v,n
prevent v
distortion n
twist v

pitch n
seal n
shrouding n

recess n,v

['surest

[si4$l
[im'poua3
rfo:dr1
Fra'r'.n]

r/ ; |/ i
| eks rei 1

[reit]
[houid]

t'rt VIt 3
['lokiij 'faeb]
[pn Vent j
IciiVbAN]
(3ViStl

r8iMs
[\rAud irtj

[ri'ses]

Harpy>eHHas
(HanpsxeHHas) YacTb
CYPOBbIA, XXECTOKMIA
06ycnoBnmBatb
KOBaTb
nogBseprartb
MeXaHN4ecKoi
06paboTke
PEHTreHOBCKME Nyyn
CKOpOCTb, TEMN
fepXxatb, yAepXunaaTb
Knenatb, 3aK/ienka
3anuparoumnii ysen
npeAoTBpaLLaTh
NCKaXeHue
KpPYTUTb, CKPYy4MBaTh,
MCKPUBNATb
TaHrax, war BUHTa
repMeTu3auus
o6LwWwunBKa
yrny6neHue, genatb
yrny6nexue



replacement n [n pieismAnt ] 3aMeHa

similar adj [SIPP 1131 MOXO0XMWiA, NOJ06HbI
succeed Vv cneposatb 3a Y-nm6o
preceding adj [ton si.d in]J npegLWwecTBYOLLNIA
attach v NpUKpPennaTh,
npucoeamnHAN
subject adj NOABEPXKEHHbIN,
NOAUYNHEHHBbI
creep,crept,crept v [kn;pl, [krept]d non3tu
bucket n [bakifl nonaTka

% HallgnTe CUHOHUMBI: ,
shrouding, part, speed, control, assembly, inspect, blade, method, demand, similar

unit, velocity, detail, casing, manage, bucket, technique, check, like, require.

3. Haingute aHTOHUMbI:
reduce, advantage, open, thin, drive, extract, in front of, preceeding

absorb, behind, succeeding increase, thick, closed, disadvantage, stop.

4. TlepeBeanTe CnefytoLime CNOBOCOYETAHNSA:

under severe centrifugal loads imposed by  high rotational speeds; within safe
operating limits; the disk is machined all over; «fir-tree» design; blade -tip losses;
high Mach number flights; in this case.

Ll MpouTnTe 1 NepeBeuTe CneflytolMe NHTEPHALMOHANbHbIe piioBa:
turbine, temperature, accurately, control, statically, dynamically, machine, method,

integrity, expansion, compressor, manufacturer, stamp, diaphragm.

6. TMpouyTuTe TeKCT.

TURBINE CONSTRUCTION

The turbine wheel is one of the most highly stressed parts of the engine. Not
only must it operate at temperatures of approximately 1800 F (983° C), but it must



do so under severe centrifugal loads imposed by high rotational speeds of over
60.000 rpm for small engines to 8.000 rpm for the larger ones. Consequently, the
engine speed and turbine inlet temperature must be accurately controlled to keep the
turbine within safe operating limits.

The turbine assembly is made of two main parts, the disk and the blades. The
disk or wheel is a statically and dynamically balanced unit of specially alloyed steel
usually containing large percentages of chromium, nickel, and cobalt. After forging,
the disk is machined all over and carefully inspected using X-rays, sound waves, and
other inspection methods to assure structural integrity. The blades or buckets are
attached to the disk by means of a “fir-tree” design to allow for different rates of
expansion between the disk and the blade while still holding the blade firmly against
centrifugal loads. The blade is kept from moving axially either by rivets, special
locking tabs or devices, or another turbine stage.

Some turbine blades are open at the outer perimeter, whereas in others a shroud
is used. The shroud acts to prevent blade-tip losses and excessive vibration.
Distortion under high loads, which tend to twist the blade toward low pitch, is also
reduced. The shrouded blade has an aerodynamic advantage in that thinner blade
sections can be used and tip losses can be reduced by using a knife edge or labyrinth
seal at this point. Shrouding, however, requires that the turbine run cooler or at a
reduced rpm because of the extra  mass at the tip. On blades that are not shrouded,
the tips are cut or recessed to a knife edge to permit a rapid “wearing-in” of blade tip
to the turbine casing with a corresponding increase in turbine efficiency.

Blades are forged from highly alloyed steel and are passed through a carefully
controlled series of machining and inspection operations before being certified for
use. Many engine manufactures will stamp a “moment weight” number on the biade
to retain rotor balance when replacement is necessary.

The temperature of the blade is usually kept within limits by passing relatively
cool air bled from the compressor over the face of the turbine, thus cooling the disk
and the blade by the process of convection. This method of cooling may become
more difficult, as high Mach number flights develop high compressor inlet and outlet
temperatures.

Some gas turbine engines use a single-stage turbine, whereas others employ
more than one turbine wheel. Multi-stage turbines are used where the power required
to drive the compressor would necessitate a very large turbine wheel. Multistage
wheels are also used for turboprops where the turbine has to extract enough power to
drive both the compressor and the propeller. When two or.more turbine wheels are



used, a nozzle diaphragm is positioned directly in front of each turbine wheel. The
operation of the multiple-stage turbine is similar to that of the single stage, except
that the succeeding stages operate at lower gas velocities, pressures, and
temperatures. Since each turbine stage receives the air at a lower pressure than the
preceding stage, more blade area is needed in the rear stages to assure an equitable
load distribution between stages. The amount of energy removed frqgm each stage is
proportional to the amount of work done by each stage.

Most multistage turbines are attached to a common shaft. However, some
multistage turbine engines have more than one compressor. In this case, some turbine
wheels drive one compressor and the remaining turbines drive the other.

The wheel is subjected to both high speed and high temperature.Because of
these extreme conditions, blades can easily deform by growing in length(a condition
known as “creep”) and by twisting and changing pitch. Since these «distortions are
accelerated by exceeding engine operating limits, it is important to operate within the
temperature and rpm points set by the manufacturer.

7. OTBeTbTe Ha BONPOCHI:

1. Why can we say that the turbine wheel is the most stressed part of the unit?
2. What are the main turbine parts?

3. What design is used to attach the blades to the disk?

4. What are the advantages o f the shrouded blades?

5. How is the temperature ofthe blade kept within limits?

6. Whatturbines are used in gas turbine engines?

7. What is the operation difference ofsingle-stage and multi-stage turbines?

®©

MpocMOTPMTE TEKCT M BbIMOMHUTE CReAytoLMe 3a4aHus:

1 HaiiguTe B MepBOM M TpeTbem ab3auax MoAanbHble rnarofbl U 3aMeHUTe KX
COOTBETCTBYIOL VMU 3KBUBANEHTAMMN.

2. Bo BTOpoM ab63ale HailfguTe MpeAsoXeHUs CO CKasyeMbiMW B CTpajaTeslbHOM
3anore, onpegenuTe Bpems, NepeBeuTe 3TV NpesioXKeHNs.

3. OsarnaBbTe TpeTuii ab3al, nepesaiiTe ero cogepXxaHue.

4. TMepeBeauTe YeTBEPTbIA M NATLIA ab3albl.

5. [laiiTe nnucbMeHHbIN nepesog 6,7,8 ab3ales.



Lesson 3

Compressor stall

1. 3anoMHuTe cnegytoline CnoBa:

airfoil n ['ra fod]
apply v ta'plau!
entire adj

close adj [jci©us3
affect v la'fekt]

leading edge n ]'\Ude”*b4d$}
preceding v Ipr-i‘shdiql
duct n bl a3

rather than conj
determine v

stall v,n [sh'l 3

strike, struck,struck v. [ d rM M r Ak]
confuse v [Kan iz 3
incidence n ['insidansi

foil n Lfoilj

surface n 1/SO-'fi%]

destroy v [di'strol]

infet n L'inlei 3

choke n ffjoukl
experience n ffks/pfan ans, 1
ram n [raem 1

spool n Lspuj 13

bleed valve n [bb**cl Vael v ]

bleed,bled,bled Chli# 3

aspofuHamMuyeckas
NOBEPXHOCTb
McnonbL30BaTh
NONHbINA,LENbHbIN,BEC
6nn3Knii
BO3/eCTBOBATH,BUATH
Befyuwian (nepegHas)
KpoMKa

npeablayLwnii,
npeALecTBY LW WA
conno, KaHan

a He

onpefensith

CpbIB

yAapaTb, 6UTb
CMeLlMBaTh, CNYThbIBaTb
HaK/oH

nneHka

NOBEPXHOCTb
paspywatb

BMNYCKHOE OTBEPCTUE
apoccenb (Bo3ayLuHas
3acnoHKa), Apoccenu-
poBaHue

YXU3HEHHbI ONbIT
CKOPOCTHOI Hamop
Kackap

CNYCKOBOM KnanaH
npofyBHOW KnanaH
BbIMyCKaTb, 0TBO3UTb



2. MopbepnTe CUHOHUMBI K CNEAYHOL MM CIOBaM:
apply entire, preceding, duct, inlet, blade, discharge, vary, velocity

bucket, intake, exhaust, nozzle, change, previous; whole, speed, use.

3. Mopab6epnTe aHTOHMMBI K JaHHBIM HUXE C/IOBaM:
result in, increase, lift, action, generate, bleed, leave

reaction, admit, utilize, result from*decrease, enter, descend.

4. MepeBeanTe cnefytoLye CNOBOCOYETAHNSA:

the picture is somewhat more complicated than is the case for a single airfoil;
excessive fuel-flow schedule; inlet pressure may become too low in respect to the
compressor discharge pressure; the front- end, low-speed, high- temperature stall
condition; so that; this “cascade effect can be more readily understood.

5. MpouTnTe 1 NepeBeunTe CeaytoLLmMe CnoBa:
Compressor, rotate, stationary, passage, cascade”™ effect, generate, problem,
manufacturer, zone, turbulent, tendency, acceleration, operation.

6. lMepeBegunTe CNOBOCOYETAHUA:
because of, due to, in respect to, too high, too great.

MpuMeYyaHns K TEKCTY:
inturn -- B CBOlO 0Yepefb
i.e'=thatis” T.e.

7. TpouTnTe TEKCT.

COMPRESSOR STALL

Since an axial-flow compressor consists of a series of alternately rotating and
stationary airfoils or wings, the same rules and limitations which apply to an airfoil
will apply to the entire compressor. The picture is somewhat more complicated than
is the case for a single airfoil, because the blades are close together, and each blade is
affected at the leading edge by the passage through the air of the preceding blade.



This “cascade” effect can be more readily understood if the airflow through tire
compressor is viewed as flow through a series of ducts formed by the individual
blades, rather than flow over an airfoil that is generating lift. The cascade effect is of
prime importance in determining blade design and placement.

The axial compressor is not without its difficulties, and the most vital of these
is the stall problem. If for some reason the angle of attack, i.e , the angle at which the
airflow strikes the rotor blades, becomes too low, the pressure zones will be of low
value and the airflow and compression will be low. (The angle of attack should not be
confused with the angle of incidence, which is a fixed angle determined by the
manufacturer when the compressor is constructed). 1f the angle of attack is high, the
pressure zones will be high and airflow and compression ratio will be high. Ifit is too
high the compressor will stall. That is, the airflow over the upper foil surface will
become turbulent and destroy the pressure zones. This is, of course, decrease the
compression and airflow. The angle of attack will vary with engine rpm, compressor
inlet temperature, and compressor discharge or burner pressure. Decreasing the
velocity ofairflow or increasing engine rotor speed will tend to increase the angle of
attack.

In general, any action that decreases airflow relative to engine speed will
increase the angle ofattack and increase the tendency to stall. The decrease in airflow
may result from the compressor discharge pressure becoming too high, for example,
from excessive fuel-flow schedule during acceleration. On compressor inlet pressure
may become too low in respect to the compressor discharge'pressure because of high
inlet temperatures or distortion ofinlet air. Several other causes are possible.

During ground operation of the engine, the prime action that tends to cause a
stall is choking. If the engine speed is decreased from the design speed, the
compression ratio will decrease with the lower rotor velocities. With a decrease in
compression the volume of air in the rear of the compressor will be greater. This
excess volume of air causes a choking action in the rear of the compressor with a
decrease in airflow, which in turn decreases the air velocity in the front of the
compressor and increases the tendency to stall. 1f no corrective design action is taken,
the front o f the compressor will stall at low engine speeds.

Another important cause of stall is high compressor inlet air temperatures.
High-speed aircraft may experience an inlet air temperature of 250° F (121° C) or
higher because of ram effect. These high temperatures cause low compression ratios
(due to density changes) and will also cause choking in the rear of the compressor.
This choking-stall condition is the same as that caused by low compression ratio due



lo low engine speeds. High compressor inlet temperatures will cause the length of the
airflow vector to become longer since the air velocity is directly affected by the
square root of any temperature change.

Each stage of a compressor should develop the same pressure ratio as all other
stages. But when the engine is slowed down or the compressor inlet temperature
climbs, the front stages supply too much air for the rear stages to handle”tnd the rear
stages will choke.

There are five basic solutions which can be utilized to correct this front-end,
low-speed, high-temperature stall condition: ' m

1. Derate or lower the angles of attack on the front stages so that the high
angles at low engine speed are not stall angles.

2. Introduce a bleed valve into the middle or rear ofthe compressor and use it
to bleed air and increase airflow in the front ofthe compressor at low engine speeds.

3. Divide the compressor into two sections or rotors (the two-spool rotor) and
design the front rotor speed to fall off more than the rear rotor at low speeds so that
the low front rotor speed will equal the low choked airflow.

4. Place variable guide vanes at the front ofthe compressor and variable stator
vanes in the front of the first several compressor stages so that the angles of attack
can be reset to low angles by moving the variable vanes at low engine speeds. Some
advanced engine designs also utilize the variable stator concept on the last several
compressor stages.

5. Use a variable-area exhaust nozzle to unload the compressor during
acceleration.

MpocMoTpUTE TEKCT U BINMOAHMTE CeaytoLLne 3afaHmii:
. MpocmoTpuTe Nepsbliii ab3al, 03arnasbTe ero.
MepegaiiTe cogepXkaHne BTOPOro a63alia Ha pyCcCKOM S3blKe.

w N »

Mepesegute 3,4,5,6,7 ab3aubl; B 3 U 5 ab3auax, HalignTe CO3bl, NepeBOAUMbIE
cnepyow M 06pa3om: U3-3a, N0 OTHOLLEHMUIO K, BCIEACTBUE.

&

MncbmMeHHO nepeBeauTe 7 1 8 ab3aubl.

OTBeTbTe Ha BOMPOChI:

What does an axial-flow compressor consist of?

What is the most vital problem of the axial-flow compressor?
When can the axial-flow compressor stall take place?

N

What are the main reasons o fthe axial-flow compressor stall?



Lesson 4

Construction Features of Centrifugal-Fiow Compressor

1 3anomHuTe cneAytoLme cnosa:

treat v
cast n

inducer n
impeller n

vane n
fit v

case n
clearance n

feeler gage n

accomplish v
hole n

hub n

nut n

support bearing n
ball bearing n

depend v
stainless steel n
forging n
remainder n
coat v,n

wear out, wore worn V

damage n

Lfri'.t]

|
[irt'dju&al
1im 'peia 3

[vem]
T W

L kei<>3
['H isarans ]

[/fr)a 'geici?j

La'kam pi 3

Il hou i3

[h/\bl

lnai]

ts'3'pj:i 'btzrin3
IW i'kar 143

[cli'pend ]

[$3e/n 1LiS W &N
3

InN'memd 33

[ Kqul3

L mid 23

o6pabaTbiBaTh

NUTbe, OTNNBKA
B0O30yauTens
nonacTHoe Koneco,
KpblabyaTka
nonacTb, nonaTka
NoAroHATb
MOHTUPOBaTb

KOXYX, 06WMBKa
3a30p, BpefjHoe
npocTpaHCcTBO
[aTYNK, U3MepUTENbHbIN
npuéop

BbIMO/HATH

abipa

BTY/IKa

ralika

OMOPHbIA NOAWMNNHUK
LLIAPUKOBbIiA
NOAWMNITHUK

3aBUCETb
Hep)xaBetoLLas cranb
KOBKa

0CTaTOK, OCTabHble
NOKpbIBaTb, NOKPbITUE

L'wE.a ‘out ],|wa;3.lw>:n] u3Hawmeatb(ca)

Bpef, NoBpexaeHune



join together v [ci.jaill, fa’ge”™a.] coeAnHATLECA

rim n Lrinil KpaW, Kpomka

improve v [im 'pruS v ynyuiiaTs,
COBEpLUEHCTBOBaTb

withstand v [wiS stain ol] BbI[JEPXKNBaTb,
NpOTUBOCTOATH

2. HaiijuTe CUHOHUMbI K JaHHbIM CNOBaM:

manufacture, duct, slight, vane, strike, case, inner, outer, instance, construction, vary
blade, little, produce, change, nozzle, shock, shroud, interior, example, design,
external.

3.HaiignuTe aHTOHWMbI K JaHHBIM C/IOBaM:
forward, several, separately, solid, outer, bend, provide, various

together, inner, liquid, backward, smooth, use, single, the same.

4. MepeseanTe cnegytouyue hpasbl:

heat-treated forged aluminium compressor; all full length; from between the blades;
by reducing boundary layer flow separation; after assembly the compressor is
balanced as a unit; the iompressor case is one ofthe principal structural, load-bearing
members ofthe engine.

5. MpouTuTe 1 NepeBeAnTe MHTEPHALMOHANbHbIE CNOBA:
minimize, direct, shock, maximum, efficiency, balance, material, compressor,

turbine, variation, manufacturer, assembly, machine, titanium, bolt.

6. Mcnonb3yiiTe AaHHbIe CNI0BA NPU NepPeBofe TeKeTa:

a stub shaft -AYKOPOYEHHbIN Ban

a spacer - MpoKnagka, pacnopka

atie bolt - KpenexHblii 600T

to anchor -ukcmposatb

bulged - e)OpMMPOBaHHbINA, BbIMyYeHHbI
knife-edge - 320CTPEHHbIN, OCTPbINA

acanted vane - Hak/0OHeHHas nonaTka

serration - 3ybeL, 3y64aTocTb



a spline - WAWLY, WNOoHKa
a dovetail - NaCTOYKUH XBOCT

7. TlpouyTuTe TekcT.

CONSTRUCTION FEATURES OF CENTRIFUGAL-FLOW CONPRESSOR

Centrifugal-flow jet engines use heat-treated forged aluminium compressors,
although cast compressors are being used on small engines of this type. The
aluminium or magnesium diffuser is also generally manufactured by casting. In many
cases the inducer or guide vanes, which smooth and direct the airflow into the engine
and thus minimize the shock in the impeller, are manufactured separately from the
impeller or rotor. Rotor vanes may either be all full length, or some may be half
length. A close fit is important between the compressor and its case in order to obtain
maximum compressor efficiency. The7$earanee is usually checked with a feeler gage
or with a special fixture. Balancing of the rotor may be accomplished by removing
material from specified areas of the compressor or by using balancing weights
installed in holes in the hub of the compressor. On some engines in which the
compressor and turbine wheel are balanced as a unit, special bolts or nuts having
slight variations in weight are used. Compressor support bearings,&ay be either ball
or roller, although most manufactures use at least wpe bap bearing on thgfomprpggp
to support both axial and radial loads.

Axial-flow engines have compressors that are constructed of several different
materials depending upon the load and temperature under which the unit must
operate. The rotor assembly consists of stub shafts, digH” bladefj;ducts, spacers, and
torque cones. The rotor blades are generally macfmed from stainless steel forgings,
although some blades may be of titanium >k the foifeard A colder part of &e
compressor; the remainder of the components are fg)p|S$|ned, low-alloy steel forgings.
The clearance between the rotating blades and the (LULLaiiiie Sffiost important with
many manufacturers depending upon a %ear fit” between the blade and the
compressor case. Many companies design theipblades®Hth knife-edge tips so that the
blades will wear away and form their own Clearance they expand from the heat
generated from compression of the air. Other Cdmpanmi coat the inner surface of the
compressor case with a soft material which can be worn oifMfitfaout damage to the
blade. The several stages of the compressor are composed of the disks 1ftich can be
joined together by means of a tie bolt. Serrations or splifps prevent the disks from



turning in relation to each other. Other manufactures eliminate the tie bolt and join
the'stages together at the disk rim. Methods of attaching the blade to the disk also
vary between manufactures with the majority using some variations ofthe dovetail to

hold the rotor blade in the disk. Various locking methods are used to anchor the
blades in place. The blades do not have a tight fit in the disk but rather are seated by
centrifugal force during engine operation. By allowing the blades sonfe movement,
vibrational stresses, produced by the high-velocity airstreams from between' the

blades, are reduced.

8. OTBeTbTe Ha BOMPOCHI:

1. What is the construction ofthe centrifugal-flow compressor?

2. What is the main principle of its operation?

3. What is the reason ofairflow increase?

4. What may the stator vanes be?

5. What requirements must the centrifugal-flow compressor meet? '

9. a) MpocmoTpuTe NepebIin ab3au:

- HalijnuTe 3KBMBaNEHTbI COB: NO KpaiiHen mepe; ANA TOro, 4Tobbl; ¢ NOMOLbHO (3a
cyeT); unu...mam; N ...m;

- HaliguTe CcnoBa, CBfi3aHHble C KOHCTpPYyKUMei u paboToil LeHTpobexHoro
Kommnpeccopa.
6) MepeBeanTe BTOPOIt ab3al, U 03arnaBbTe ero.
B) MpocmoTpuTe TpeTuii ab3al:

- HallguTe B HeM cMHOHUMbI cnoB: supply, bucket, ability, effectiveness, decreasing,
outer, shroud

- MOXHO i1 6bino BMecTo “few” ynoTpe6uTs “little” B cnosocoyetaHum “in the first
few stages”?
r) faiiTe nucbMeHHbI nepesof 3 n 4 ab3ales.

Lesson 5

The Convergent-Divergent Nozzles

1

3anomHuTe cneaytolme cnosa

incur v [in"K»:3 nofseprarbces,

HaBneKaTb Ha cebs



cmlrancc n
convergent adj

cause n\v

turn v
occur v
divergent adj

lent(-3nb 3

Lken ci”bn
[Kko>z 3

[fa nJ

[37k3 1

[dai T1

convergent-divergent nozzle n

supersonic  adj
grease n,v
rubber n
funnel n

rate n

smooth adj
afterburner n
incorporate v
variable adj

eyelid n

clamshell n
orifice n

flap n
airflow n

overlap n,v
rear adj, n
contribute v
idle adj
available adj
penalty n

['sjulPSI Woni k1
[<yr-i:z]

[rTnb3]

['fAn 1]

[re 11)

[<Al§'a, bawa ]
[mM>»o:pare113
[VE9T1O bl 3

«a11sCj |

[I¥k lafcrnjaj 3
LU'nr?2.ftS3

[ilaep]
lou 1

19ip J
[F171
Lkan fribju:MN
l-a.id 1]
[Mveilsb I3
{'pen I M

2. TMopabepnTe CUHOHWUMBI:

BX0J, foCTyn
CYXwuBatwLniica
npuynHa, OCHOBaHWE;
BbI3blBaTb

Bpalwartb, npespaLLaTbCcs
NPONCXOAUTb
pacxogswmuiics
CBEpPX3BYKOBOE COM/O
CBEpPX3BYKOBOWA

CMa3sKa; cMa3blBaTb
pesnHa

pacTpy6, BOpoHKa
CKOpOCTb, TeMN
rnagKui, poBHbli
thopcaxHasa kamepa
BK/IlOYaTb
MeHSo W niics,
nepeMeHHbl i

CTBOPKa, peryanpyemoe
conno

rpericep

0TBEPCTUE, BbIXOA,
conno

3aCN0OHKa, WNTOK
BO3AYLUHbI/ MOTOK
06TeKaemblit
Hax/1IeCcTKa; MepeKpbIBaTh
3afHWIA, TbiN
cnoco6cTBOBaThL
X0N0CcTOl, 6e3 gelicTaus
UMetLLMiica B HaM4mMu
NCKaXKeHune, yxyaueHume

nozzle, blade, utilize, occur, velocity, flow, incorporate, eject, link, in addition to

take place, speed, stream, vane, comprise, duct, exhaust, besides, connect, use.

IS



3. Mopbepute aHTOHWMBI:
convergent, accelerate, exit, inlet, increase, turbulent, variable, main

decrease, constant, auxiliary, smooth, entrance, divergent, decelerate, outlet.

4. MepeBeAnTe ChefytoLLine CIOBOCOYETAHNSA:

across the duct; most of the expansion; variable-area exhaust nozzle; thereby;
convergent-divergent elector type; two-piston eyelid; the pressure can be turned into
velocity.

5. MpouyTuTe N NepeBeauTe CredytoLiNe NHTEPHALMOHaNbHbIE COBA:
Approximately, individual, gas, molecule, accelerate, control, action, produce,
experiment, normal, effect, condition, turbulent.

6. MpumeyaHne K TEKCTY:
Mach number —uucno Maxa (OTHOLEHMNE CKOPOCTM MoOfeTa caMosieTa K CKOpOCTH
3ByKa)

7. Tlpo4TunTe TEKCT.
THE CONVERGENT-DIVERGENT NOZZLE

If the pressure at the entrance to a convergent duct becomes approximately
twice that at the exhaust nozzle, the change in velocity through the duct will be
enough to cause sonic velocity at the nozzle. At high Mach numbers the pressure
ratio across the duct will become greater than 2.0, and unless this pressure can be
turned into velocity before the gases exit from the nozzle, a loss of efficiency will
occur. Since the maximum velocity that a gas can attain in a convergent nozzle is the
speed of sound, a convergent-divergent nozzle must be used. In the diverging section,
the gas velocities can be increased above the speed of sound. Since the individual gas
molecules cannot be pushed by the pressure or molecules behind them, the gas
molecules can be accelerated only by increasing the gas volume outward and
rearward. The diverging section of the convergent-divergent nozzle allows expansion
outward, but also bolds in the expansion so that most of the expansion is directed
rearward off the side wall of the diverging section. In other words, the diverging
action accelerates the airflow to supersonic velocities by controlling the expansion of



the gas so that the expansion (which is only partially completed in the converging
section) will be rearward and not outward to the side and wasted. An example of the
action that produces an increase in thrust through a diverging nozzle can be shown
with the following experiment. If a greased rubber ball is pushed down into a funnel
and then released, the ball would shoot out of the funnel. If only the funnel were
released, it would move away from the ball. What is happening is that the ball is
partially compressed when it is pushed down the funnel, increasing the pressure of
the air inside the bail. When the funnel is released, the air in the ball expands,
returning the ball to its normal size and pushing the funnel away. This same type of
action occurs in the diverging section of a converging-diverging nozzle. As the gasses
expand against the side of the duct, they produce a pushing effect even though they
are decreasing in pressure.

To sum up then, supersonic, or compressible, flow through a divergent duct
will result in increasing velocity above the speed of sound, decreasing pressure, and
decreasing density (increasing volume).

Unfortunately the rate of change in the divergent duct may be too large or
small for a given engine operating condition to allow a smooth supersonic flow. That
is, the rate of increase in area of the duct is not correct' for the increase in the rate of
change in volume of the gases. If the rate of increase is too small, maximum gas
velocities will not be reached. If the rate of increase is too great, turbulent flow along
the nozzle wall will occur. To correct this problem, and for use with an afterburner,
all engines capable of supersonic flight incorporate a variabie-area exhaust nozzle.
Older engines utilized a two-position eyelid or “clamshell” type of variabie-area
orifice, but modern jet nozzles are infinitely variable aerodynamic converging-
diverging ejector types utilizing primary and secondary nozzle flaps to control the
main and secondary airflows. The converging section is formed by a series of
overlapping primary flaps through which the air is accelerated to sonic velocity. The
diverging section may be formed by a secondary airflow instead of a metal wail. The
ejector action produced by the main airflow shooting out of the primary nozzle or
nozzle flap draws the secondary flow into the outer shroud and ejects it out the rear
end. The ejected secondary air which comes from the outside of the engine will be
accelerated to a higher velocity and will therefore contribute to jet thrust. The nozzle
and shroud flap segments are linked to open and close together.

In addition to forming an aerodynamically correct shape for supersonic flow,
modern variabie-area exhaust nozzles can be used to advantage to improve engine
performance in other ways. For example, by keeping the nozzle wide open, the



engine idle speed can be held high with a minimum of thrust produced. This is
beneficial since maximum available thrust can then be made available quickly by
merely closing the nozzle, thereby eliminating the necessity of having to accelerate
the engine ail the way up from a low-idle rpm. High-idle rpm will also provide a
higher quantity of bleed air for operation of accessories and in addition, make “go-
arounds” safer. Of course, variabie-area nozzles incur a penalty in, the form of
additional weight and complexity, and at the present time are being used only on
aircraft operating at sufficiently high Mach numbers to make their use worthwhile.

8. 1. Halignte B nepBoM ab3ale:
- aHrnuiickne 3KBMBaNeHTbl COIO30B: TaK Kak; ecfin He;
- Hapeuus, BblpaxaroLine Hanpas/ieHUE;
- @HINACKNIA 3KBMBANEHT TEPMMHA “CBEPX3BYKOBOE COMNMO™;
- CWHOHWUMbI cnoB “to reach”, “to permit”, “Tak, 4T06bI”;
- aHTOoHWM cnoBa “behind”;
- [panTe OCHOBHble (hopmbl rnarona “to hold”, nepeBeanTe ero, HainguTe ero B
TEKCTe, 3aMEHUTE ero ApyrumM rnaroiom, He MeHAs CMbICN NPeANOXeHUS;
- nepeBeAuTe NPeLNOXKEHUSA C 3TUMU CNOBaMW.
2. Bo BTOpOM a63aue;
- o0b6paTuTe BHMMaHMe Ha 3Ha4yeHUe cnosa “that”;
- -HailgnuTe aHTOHMM cnosa “completely”;
- HailguTe CMHOHWUM cnoBa ‘occur”;
- nepeBejuTe cnoBocoveTaHue “even though”;
- nepeBeAnTe NMPEASIOXKEHUSA C 3TUMU CNOBaMMU.
3. MpocmoTpuTe YeTBEPTHIN ab3al, NnepejariTe ero cogepxaHue.
4. MepeBeguTe YeTBEPTHIN ab3all.

OTBeTbTe Ha BOMPOChI:

When will the pressure ratio across the duct become greater than 20?

When must a convergent-divergent nozzle be used?

What does the diverging section of the convergent-divergent nozzle allow?
What is the result of the flow through the diverging duct?

Why do all the supersonic engines incorporate a variabie-area exhaust nozzle?
How is the converging section formed?

N s ®N o

What is the aim of the converging section?



Lesson 6

Comparison and Evaluation of Turbojet, Turboprop, and Turbofan Engines

1. 3anomHuTe creaytoLine cnoga:

comparison n
evaluation n
convert v

horsepower n

consumption n
per pound ofthrust
forward speed

take offroll n
specific fuel
consumption
ground clearance
result in v

propulsive efficiency

specific weight
quantity n
superior adj

approximately adv
because of prep
shock-wave
unlike adv

Mach n
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L\ok wet\/J]
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Ima:nj

cpaBHeHue

oLeHKa
npeo6pa3oBblBaTh,
npespaLatb
MOLLHOCTb B NI0WAaANHbIX
cunax

pacxog, noTpebneHune
Ha QYHT TArM
noctynatefibHas
CKOpOCTb

npokartka npu B3jnete
yAeNnbHbI pacxos
TonnMBa

paccTosHue 40 3eMun
nNpuBOAUTH K ,

ObITb NPUYNHOW

3P PeKTUBHOCTb
fBurartens

yAenbHbIn Bec
KOMNYecTBO, BeIMYnHA
NYYLINiA,

NpeBOCXOAA WM A
npuén3NTeNbHO
n3-3a

yfapHas Bo/Ha

B OT/INYME OT

yncno Maxa
(oTHOLWEHME CKOpOCTH
camo/ieTa K CKOpocTu



3BYKa) .

penalize v i pin sl yXyfwarbcs

range n [re Inclj ] [anbHOCTbL NoneTa,
npegen

noise supressor ['noiz rNywuTens Wwyma

ratio n [rei“ioo 1 KO3 hULMEHT,
OTHOLUEHMUE j

bypass adj [ barip”: SJ ABYXKOHTYpHbIii

inlet n [jnieqd BXO[,

guide vane thdL/icA vein'j HanpasnsoLas nonaTka

wake n *ai K 3 cneg, cnyTHas cTpys

2, MpouTuTe 1N NepeBeanTe MHTEPHALMOHANbHbIE CNOBA:
to convert, characteristics, frontal, problem, efficiency, indicate, combination,
reverse, economy.

3. HaliguTe B npaBoii 1 N1€BOI KOMOHKAaX CNOBa C O4MHAKOBbIM 3HAUYEHUEM:
1. convert 1. amount

2. speed D 2. show

3. currently 3. transform

4. develop 4. velocity

5. indicate 5. at present

6. propeller 6. screw

7. quantity 7. create

4. HaliguTe B NnpaBoli 1 N1eBOW KOMOHKaX CN0Ba C MPOTUBOMOMOXHbIM 3HAYEHUEM:
1 like 1 In the past

2. inlet 2. less

3. more 3. Improve

4. large 4. eliminate

5. increased 5, unlike

6. penalize 6. exit

7. develop, 7. small

8. currently 8. decreased



5. B TpeTbeMm ab3aue nan,uun;:

- npeanoXxeHus co cnosamu “because of”, nepeesegnTe ux;
- -)XBWBaNeHT rnarona “can”;

- npwunaratenbHble B CPaBHUTE/IbHOW CTeMneHu.

6. MepeBefunTe CNOBOCOYETAHUS:

fuel consumption; specific fuel consumption; relatively high fuel consumption;
relatively high thrust specific fuel consumption; reduced problem; reduced ground-
clearance problem; high bypass ratio fan engine; fan-noise-reducing features; long
range relatively high-speed flight; prolific gas turbine family.

7. HaliguTe aHrnniAicKWMii 3KBMBANEHT C/I0BOCOYETAHUS: Pacxof TON/AMBA Ha (YHT
TATK.
MepeBeAnTe OCTaBLIMECSA CIOBOCOYETAHNSA:

- fuel consumption per horse power;

- fuel consumption per pound of thrust;

- miles per hour.

8. Haigute B TekcTe u pacwudpyinte cokpawenus: TSFC, mph, km/h.

9. MpocmoTpuUTe TeKCT. BblgennTe NpenmyLLecTBa U HefoCTaTKN Typ60opeaKTUBHbIX,
TYpP6OBUHTOBbLIX 1 TYPGOBEHTUNATOPHBIX AABUTATENEN.

10. YKaxuTe, N KaKuxX LeNeil MCnonb3yoTcs 3T TUMbl ABUTaTeneil 1 nodemy.

11. B KaKux Tunax gsurateneit NCNonb3yeTcs NPUHLMUN ABYXKOHTYPHOCTHU.

12. [aiiTe Ha aHTMIACKOM s3blKe ONpeaeneHue yaenbHoro Beca ABuraTens.

13. MepeBenTe TEKCT.

COMPARISON AND EVALUATION OF TURBOJET, TURBOPROP, AND
TURBOFAN ENGINES



By converting the shaft horsepower of the turboprop into pounds o fthrust, and
the fuel consumption per horse -power into fuel consumption per pound of thrust, a
comparison between turbojet, turboprop, and turbofan can be made.

Turbojet Characteristics and Uses
Low thrust at low forward speeds.
Relatively high thrust specific fuel consumption (TSFC).
Long takeoffroll required.
Small frontal area results in reduced ground-clearance problems.
Lightest specific weight (weight per pound of thrust produced).
Ability to take advantage ofhigh ram-pressure ratios.
These characteristics would indicate that the turbojet engine would be for high-
speed, high-altitude, long-distance flights.

o g~ w b x

Turboprop Characteristics and Uses

1. High propulsive efficiency at low airspeeds, which falls off rapidly as airspeed
increases. This results in shorter takeoff rolls. The engine is able to develop very
high thrust at low airspeeds because the propeller can accelerate large quantities of
air at zero forward velocity ofthe airplane.

2. More complicated and heavier than a turbojet.

3. Lowest TSFC.

4. Large frontal area of propeller and engine combinations necessitates longer
landing gears for low-wing airplanes, but does not necessarily increase parasitic
drag.

5. Efficient reverse thrust possible.

These characteristics show that turboprop engines are superior for lifting heavy
loads off short and medium runways.
Turboprops are currently limited in speeds to approximately 500 mph (805

Km/h), since propeller efficiencies fall off rapidly with increasing airspeeds because

of shock-wave formation.

Turbofan Characteristics and Uses
1 Increased thrust at forward speeds similar to a turboprop results in a relatively
short off. But unlike the turboprop, the turbofan thrust is not penalized with
increasing airspeed, up to approximately Mach 1with current fan designs.
2. Weight falls between the turbojet and turboprop.



Ground clearances are less than turboprop, but not as good as turbojet.
TSFC and specific weight fall between turbojet and turboprop. Thisresultsin
increased operating economy and aircraft range over the turbojet.

5. Considerable noise level reduction of 10 to 20 percent over the turbojet reduces
acoustic fatigue in surrounding aircraft parts and is less objectionable to people on
the ground. No noise suppressor is needed. On newer fan engines the inlet guide
vanes have been eliminated in an attempt to reduce the fan noise, which is
considered to be a large problem for high-bypass-ratio fan engines. The noise
level is reduced by elimination of the discrete frequencies that are generated by
the fan blades cutting through the wakes behind the vanes. Other fan-noise-
reducing features are also incorporated.

6. Superior to the turbojet in “hot day” performance.

7. Two thrust reversers are required ifthe fan air and primary engine air exit,through
separate nozzles. The advantage of the separate fan nozzle is the short fan duct
with corresponding low duct loss.

From the above characteristics it is obvious that the fan engine is suitable for
long-range relatively high-speed flight, and has a definite place in the prolific gas
turbine family.

14. CocTaBbTe KpaTKOe ONnucaHue Kaxporo AsuraTens Ha aHTIMIACKOM A3blKe.

Supplementary Reading

THE PRATT AND WHITNEY JT3 ENGINE

The Pratt and Whitney JT3 engine is the commercial version of the J57 engine.
This engine has been chosen to power (1) the first American jet air liners, the Boeing
707 and the Douglas DC-8.

Performance and Specifications

Since no two engines of the same model provide exactly the same
performance, the following figures are approximate; however, they serve to give a
good indication of the capabilities of the JT3 engine.

Thrust 9,500-10,000 Ib

Weight 4,200 Ib



Specific weigh! 0,44 b per pound of thrust

Specific fuel 0,76 - 0,80 Ib per pound of thrust
Consumption per hour

Diameter 40 in

Length (including 155 in

exhaust cone)

General Description

The Pratt and Whitney JT3 engine is a split-compressor axial-flow engine
comprising two independently rotating compressors and three turbine stages.

The JT3 engine may be divided into three principal sections: 1 - the
compressor section; 2 - the combustion chamber and turbine section; 3 —the
accessory section. These are major divisions, but each is made up of many parts.

" The compressor of the JT3 engine consists of two sections. The forward
section is low-pressure compressor and is designated N1. This section receives the
incoming air and compresses it to almost four times the pressure at the inlet. The rear
section of the compressor is the high-pressure section and is designated N2. This
section is a seven-stage axial compressor, and it increases the pressure of the air
delivered from the N1 section about three times. Thus the overall pressure ratio (2) of
the compressor is approximately 12:1.

The split-compressor feature provides several advantages. The fuel -control
unit, which includes the speed governor, is driven through the accessory-drive section
which, in turn, is driven from the shaft of the high-pressure compressor (N2). Thus,
the high pressure compressor is the governed section, and the N1 rotor is free to turn
at its own best operating speed. This permits a higher pressure ratio without
sacrificing power.

The starter of the engine is engaged to the high-pressure turbine shaft only.
This makes it possible to employ a lighter-weight starter than would be necessary if
the rotor were in one piece. When the starter is energized, the N2 rotor is turned. This
produces a flow of air through the engine and causes the N1 rotor to turn.

An additional advantage of the split compressor is found in altitude operation.
Since the speed of the N1 compressor is not governed, it is free to increase spee” as
the compressor load decreases in the low-density air of high altitudes. As the
compressor speed increases, thereby increasing airflow, the loss of thrust which
would normally occur at high altitudes is reduced to some extent.



The two compressor rotors, or "spools”, arc installed so that the forward rotor
N! is driven by the two rear turbine wheels, The N1 compressor rotor is supported by
roller bearings at the forward end and by ball bearings at the rear. A hollow drive
shaft extends from the rear turbine wheels, through the centre of the N2 rotor drive
shaft, to drive the forward compressor. The front compressor turbine shaft is
supported by a roller bearing inside the N2 rotor shaft and by a rearTurbine bearing
which is mounted in a support installed in the turbine exhaust case at the rear of the
turbine wheels.

The rear compressor section N2, also called the high-pressure compressor, is
supported by a roller bearing at the front and ball bearings at the rear. The ball
bearings serve as axial thrust bearings (3). The shaft which drives the rear compressor
section may be called the rear compressor turbine shaft. This is a hollow steel shaft
through Which the front compressor turbine shaft extends, as explained previously.
The rear compressor drive shaft is supported at the front by the rear compressor rear
bearing and at the rear by the turbine front bearing. It is also stabilized by the turbine
intershaft bearing which is inside the shaft.

The two compressors each consists of a series of steel disks separated by
spacers. The assembly of disks is supported at each end by a hub which provides the
bearing support for the compressor. Steel compressor blades are mounted on the rims
at the disks.

Turbines

The compressors of the JT3 engine are driven by three reaction-type turbine
wheels. The front turbine is coupled to the N2 compressor, and the centre and rear
turbines are joined together to drive the N1 compressor.

Approximately 33,000 hp is developed in the engine at full power for driving
the compressors. Slightly more than half the power is extracted by the forward
turbine to drive the N2 compressor. The remainder of the power is extracted by the
two rear turbines to drive the N1 compressor.

The three turbine wheels are arranged with a nozzle (stator vanes) at the front
of each wheel. The steel nozzle vanes (4) direct the air flow in the proper manner to
produce the maximum effect.

The turbine disks have rotor blades or “buckets” attached to the rims of the-
disks by means of “fir-tree” serrations (5). They are secured in place with rivets. The
blades are of the shrouded type; that is, the outer ends fit together to form an almost
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The Fuel System

The fuel and control system of the JT3 engine is conventional, with a
hydromechanical fuel-contro! unit. The fuel pump is a constant-dispiacement, gear-
type, dual pump which can provide a pressure of 750 psi. Fuel flow is from pump to
the hydromechanical control, thence through a pressurising and dump valve (9) to
the dual manifold and fuel nozzles.

The hydromechanical control provides for automatic starting and responds to
engine speed, acceleration, inlet-air temperature and burner pressure. Provision (10)
is also made to prevent excessive turbine temperature.

Notes to the text

1. to power —ocHalaThb (ycTaHaBNMBaTb Ha CaMO/eTe)

2. over-all pressure ratio - o6was cTeneHb cXXaTus

3.axial thrust bearing - [ABYXpAAHbIA yMNOPHbIA NOAWWNHUK (NOALINMHKK,

BOCMPUHMMAIO LN 0CeBYIO TArY)

4.nozzle vanes - nonaTku HanpasfslOLLEro annapara

5.by means of “fir-tree” serrations - e/l04HbIM 3aMKOM

6. shrouded type - 3akpbiTOro TMna

7. through tip loss and bypassing of air - KoTopas MPOMCXOAMT 3a CUYET KOHLEBbIX
noTepb U 3a CUET NepeTekaHWs BO3ayxa

8. gear type pressure pump - LecTepeHYaTblii HarHeTa WA Hacoc

9. pressurizing and dump valve - HarHeTaTenbHbI 1 aBapuitHbIA KnanaH

10. provision —34. MpucnocobneHune

HISTORY OF THF. PEGASUS VECTORED THRUST ENGINE
Stanley Hooker

The cost of the development and production of strike-fighter aircraft increased
rapidly in the 1950s because of the ever-increasing sophistication of the electronics
and the bombs and missiles carried, together with the demand for supersonic
performance of at least Mach 2. In a forlorn attempt to reverse this tendency in
England, W.E.Wpetter, designer of the Canberra bomber, proposed the Gnat fighter,
weighing less than 10,000 Ib and limited to high subsonic performance, in the hope
that such an aircraft would be inexpensive and easy to produce. Gen.Norstadt of the



U.S. Air Force, Supreme Commander of NATO, supported the concept, bur added
that it should be capable of taking off and landing on 2000 ft grass strips, which he
described as “cow pastures”.

The specification of the NATO Light Fighter, as it came to be known, closely
followed those of the Gnat, except that this aircraft was to have higji-pressure tires
and thus could not operate from grass fields. Peter, being the obstinate fellow he was,
steadfastly refused to change and, therefore, opened the field to D’Assault, Breguet,
and Fiat; thus the lightweight fighter competition began.

In the background, Col.John O’Driscoil of the U.S.Air Force was the driving
force behind the competition and had inspired Gen.Norstadt to issue his requirements.
At the time, O 'Driscoli was the executive head of the Mutual Weapons Development
Program (MVDP) in Paris, and had funding available for development projects of
interest to NATO. He was also a man of great vision and experience, and the
resuscitation of the German and Italian aircraft industries and air forces owes much to
the vigor with which he pursued both the competition and selection of the lightweight
fighter. He also held the purse strings and dealt most effectively with the competitors,
despite the enormous pressures to which he was subjected. '»

The Bristol Engine Company had proposed the Orpheus engine as the power
plant for the Gnat. This engine had an air mass flow of 80 Ib/s, a compression ratio of
4,5/1 a thrust of 4850 Ib for a weight of 800 Ib. As such, it was easily the lightest
engine available and was subsequently adopted by all the aircraft competitors as the
desired power plant. Thus, Col.O’Driscoll had few problems in the choice of the
engine, and after the technical details had been scrutinized at Wright-Patterson Air
Force Base and Theodore van Karman, he was able to give immediate financial
support for the development of the engine. The arrangement was that MWDP would
pay 75% of the development cost and the Bristol Engine Company fund the
remainder.

The Orpheus had a seven-stage axial compressor, an annular combustion
chamber, and a single-stage turbine (the compressor ratio having been chosen for this
purpose).

The basic new feature was the iarge-diameter, thin shaft connecting the turbine
and compressor which eliminated all whirling problems and enabled two Aain
bearings to be used - one at the front ofthe compressor and the other at the rear of the
turbine. Hitherto, axial engines had always had a three-bearing arrangement, which
necessitated a coupling in the centre of the compressor-turbine shaft where the third
bearing was situated. The Orpheus was the firstjet engine to avoid this complication,



weight ami coat. Additionally, the turbine was mounted on the shaft by Firth
couplings. This simple device proved to be a very accurate centering mechanism,
allowing the turbine to be removed and replaced without the need for dynamic
rebalancing.

All of these features have now become standard design techniques in modern
engines, bur were initiated on the Ofpheus and made a substantial contribution to its
low cost, light weight and reliability. The engine met all of its performance
requirements, and ran like a “watch”.

In the meantime, the aircraft competition had been won by Fiat, where
Gabrielli had designed the G91. Hundreds of this aircraft were produced in both
Germany and Italy, and the Orpheus engine was likewise produced by Fiat in Italy
and Klockner-Humbold Deutz in Germany. In fact, in the postwar era, the first
1000,000 h of flying by the Luftwaffe were all with the G91 and the Orpheus.

Col.O’Driscoll had always considered short takeoff and landing to be a prime
requirement in the European theater, which at that time was very short of cocrete
runways, all of which were highly vulnerable. Having launched the G91 and the
Orpheus, he thus turned his attention to vertical takeoff and landing (VTOL).

In Paris at the time, was a famous French aircraft designer, Michele Wibauit,
who was unattached to any aircraft company and was being supported by Winthrop
Rockefeller. Wibauit had an idea for a vertical takeoff fighter, which consisted of a
turbine engine (in his case the Bristol Orion engine) driving through gearboxes and
cross shafts four centrifugal compressors, two on each side, of the aircraft. The
Volutes could be rotated through 90 deg, so the jets of air from the four blowers
could be directed vertically downward to lift the aircraft or rearward for propulsion.
Thus, the idea of rotating nozzle was bom.

O’Driscoll was interested in the Wibauit concept and invited the Brisco!
engineers to Paris to hear a presentation by Wibauit. We were not impressed, except
for the intriguing idea of rotating the jets. However, we came under pressure from
O’Driscoll and Professor Markham of MIT (brought in by Rockefeller) to do
something about the Wibauit concept. Our first idea was to substitute one axial
compressor (or fan) for four centrifugal blowers.

The Orion turboprop engine specified by Wibauit had been designed for future
Brittania aircraft and, in the event, never went into production. Accordingly, we
abandoned this and began to look at the Orpheus engine as the power plant to drive
the axial compressor, particularly as light weight was the essence of the exercise. The
resulting thrust was much too low, unless the axial compressor or fan were increased



in capacity and used to supercharge the Orpheus as well as supplying the rotating
nozzles.

Thus, through several variations the Pegasus | engine evolved. It consisted ofa
two-stage fan supercharging what was essentially the Orpheus engine, the fan being
driven by a two- stage turbine by a shaft through the conveniently iarge-diameter
shaft of the Orpheus.

At this stage, Col.O’Driscoll left MWDP, and was replaced by Col. (later Gen.)
Willis Chapman of the US AF.

Chapman rapidly moved to the point of ordering six Pegasus | engines, four for
bench development and two to be held in reserve for flight in a possible aircraft yet to
be designed. Again, the arrangement as to funding was 75% MWDP and 25% Bristol.

At that stage, the Pegasus project had rotating nozzles at the front only, that hot
gas from the turbine being taken in a straight pipe. This was simply because we felt
that the disposal of the exhaust gas was very much bound up with the aircraft design
and could not be finalized until that was forthcoming. Camm’s proposal dealt with
this point, because he split the exhaust gases into two parts, each issuing through
rotating nozzles on each side ofthe P 127.

It is worth remembering here that Camm already had experience with divided
or bifurcated exhaust pipes since his firstjet aircraft in 1946.

Thus, early in 1958, the design and manufacture of the Pegasus | engine began
in earnest. At the same time and at their own expense, Hawker began the design and
manufacture of the first prototype PI 127.

The calculation of the gyroscopic forces on the fan due to fighter maneuvers
compared with those on the propeller of a piston engine showed that these were much
higher and that the fan could, therefore, with safety be overhung so that no bearing in
front of the fan would be required. The radius of gyration of the fan is about one-
quarter that of a typical propeller and the weight less than one-half. The rotational
speeds are in the ratio 6/1.

At the same time, the intake guide vanes, which were a standard feature of
axial compressors and whose original function had been to keep the Mach number at
entry to the compressor below 1.0, could be deleted, since the age of the supersonic
fan was just beginning. This was a great simplification, since not only was a bearing
eliminated but the complication of anti-icing vanes was also eliminated.

With some trepidation, but ultimately with complete success, we decided to use
an intershaft bearing at the turbine end of the Orpheus high-pressure unit. Thus the
main bearings on the Pegasus were reduced to the irreducable four in number.



In consultation with Camm, we decided to go all the way and counlerrotate the
lan and the high-pressure unit, this being essential for the elimination of the
gyroscopic forces on the aircraft during the hover and transition phases of flight. By
luck and the Grace of God, the greater weight and radius of inertia of the fan and
two-stage turbine was just about compensated for by the different rotational speeds of
the two units and the net overall gyroscopic forces were reduced x> negligible
proportions. The weight of the fan and low-pressure turbine is about 1.5 times that of
the high-pressure compressor and turbine and the radii of gyration in the ratio 1.5/1.
The rotational speeds are approximately 10,000 rpm for the high-pressure unit and
6000 rpm for the fan.

For counterrotation, the net force is the difference between the two angular
moments, i.e.,, 35%, and for the same rotational direction 235%. Thus the net
gyroscopic force on the aircraft during any perturbation is reduced roughly to one-
seventh by counterrotatoin.

The original concept of the P1127 was that the aircraft would be stabilized
during the period of hover and transition to wing lift by air “puffer” jets at the wing
tips, nose and tail, and that these would be supplied by low-pressure air from the fan
and thus not affect the thermodynamic cycle of the engine. However, the size of ducts
required was so large that they could not be accommodated in the wing; thus, high-
pressure air direct from the combustion chamber had to be used. This inevitably
involved a loss of thrust, so to recoup this, the capacity of the core, i.e., the old
Orpheus axial compressor, was increased by redesigning the blading.

However, the first engine did not have this feature, and first ran in September
1959 at a derated figure of 9000 Ib thrust. It served to prove that the new design
worked satisfactorily.

We gave great consideration to the nozzle operating mechanism, since we
realized that malfunctioning of these was a killer. The Piessey Company evolved a
twin servo/motor unit driven by high-pressure air from the engine combustion
chamber, which operated through a differential gearbox to rotate the nozzles. Thus, if
one motor failed, the other could still drive the nozzles, albeit at only half speed. The
drive was taken from the motors by shafts and, ultimately, by chains to rotate the
nozzles. There was one extra positioning lever required in the cockpit so that the pilot
could set the nozzles at any desired angular position from vertically downward to the
horizontal.

We had had qualms about the nozzle bearings on the rear hot nozzles. They
were destined to operate in a very hot environment, since the exhaust gas temperature



in the nozzles was on the order of 700 C. We discovered by chance that the fan air
pressure was always greater than the jet pipe pressure, and hence a pipe from the fan
outlet to a volute surrounding each bearing allowed cool fan air (about 100° C) to
pass through the bearing into the exhaust nozzles, and there was no possibility of a
reversal of flow. Thus the bearings were cooled and functioned perfectly.

The second Pegasus engine had the increased capacity high-pressure
compressor and first ran in February 1960. It was cleared for flight, initially at 11,000
ib and subsequently at 12,000 Ib with a life of 15 h.

In august 1960, the prototype Pl 127 complete with engine was wheeled from
its hanger at the Hawker airfield in Dunsfold, Surrey, and in September 1960 the
Hawker chieftest pilot, Wing Commander Bill Bedford made the first historic hover
flight.

However, it was not until a year later in September 1961 that Bedford made the
first transition from hover to wing- borne flight.

On the initial design of the engine, the plenum chamber which collects the air
from the fan and passes it to the two front rotating nozzles was specified in fiberglass,
as were the two front nozzles themselves. It seemed an ideal application for this man-
made material, since the air temperatures and pressures were well inside the
operational limits for fiberglass.

The early flight engines were so equipped, until Bill Bedford had a strange
failure in flight. He was on a straight, level speed run when the aircraft began to
vibrate badly. Not knowing what had happened, he prepared for an emergency
landing; but, when he put down the nozzles for landing, the aircraft went into an
uncontrollable roll. Bedford ejected safely, but the aircraft was completely destroyed.

We were still debating the cause of the accident a few days later, when a local
farmer walked in with a complete fiberglass in his hand, asking if it belonged to us.
All was now clear. The fiberglass nozzle had failed at its attachment flange and had
been blown off. Thus the air jet came cut at right angles to the flight path and, when
the nozzles were put down for landing, only the undamaged one rotated, causing the
aircraft to roll.

We rapidly changed the design from fiberglass to titanium, but this cracked
badly on test. After a further attempt using aluminum sheet, we finally settled for
steel, as on the hot nozzles which had never given any problems,

Pegasus Mark 103

Airflow 430 Ib/s

Velocity and temperature of air:
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3. Rapid nozzie vectoring (over90 deg/s) actuated by a powerfuThut lightweight
air motor drive system, using enginesupplied air. .

4. Short takeoff, at weights substantially greater than those which would be
possible for vertical takeoff, is effective and easy, since all of the thrust is available
for ground acceleration, lift off and transition. Also, rolling vertical takeoff and short
takeofftechniques minimize the impact o fjets on the ground or ship’s deck.

5. The pilot has only one extra level in the cockpit. Since the engine spools rotate
in opposite directions, there is no gyroscopic effect and control of the aircraft during
hover and transition is not dependent on the electronic controls.

6. The single engine also means minimum development, procurement and
operating costs, as well as minimum volume which leaves' more room for fuel and
stores.

Thrust vectoring in forward flight (ViFF) can be used to increase maneuverability in
combat.

WATER- COOLED GENERATOR

The world now has a new type of turbogenerator with complete water
cooling. Retaining all the operating characteristics, the new generator is
distinguished for using up fewer specific materials.

Untii now hydrogen was used for cooling the working parts of the
turbogenerator - either in combination with water or in pure form. Designers at
Elektrosila electro-engineering production association in St.Petersburg- the leading
Russian factory for producing heavy electrical machines —managed to produce a
series of generators, the entire “interior” of which is cooled by ordinary water.

The new machine no longer needs fans built into the stator, bulky gas-cooling
systems, or oil seals for the shaft. The water systems have been tested and found
highly reliable. This, plus the lower level of vibration and mechanical stresses in the
construction, make the generator more reliable.

While developing this construction,the experts worked out many
fundamentally new and highly economical solutions. For instance, what should be
done to “make” water pass along the channels of the revolving rotor in order to cool
its winding? Previously this was done on account of the difference between the
atmospheric pressure and the pressure of the hydrogen, but now there is none - the
whole turbogenerator is filled with nitrogen, the pressure which is approximately that



of the atmosphere. The experts created a system now known as a self-pressured
system. The water used for cooiing the winding first passes through the revolving
rotor, where it receives centrifugal acceleration. Its pressure is what enables the
hydraulic resistance of the channels, in which the winding is located, to be overcome.

The tests and then the experimental trials of the TZV-800-2 generators,
working in combination with a steam turbine, show that on th& basis of this
construction (800 megawatts) it is possible to make a machine with a nominal
capacity of 1.000 megawatts. It possesses high manoeuvrability, is simple to service,
while the number of its starts and stops is virtually unlimited. The use of the complete
water cooling makes it possible to raise efficiency and lower the specific
consumption of materials by 25-30 per cent. The new generator weighs 34 tons less
than that of the machine of the same capacity with hydrogen-water cooling. Among
the other advantages of the design of this new generator is that no expenses for the
maintenance of the hydrogen system are required and safety arrangements can be
saved: the generator with complete water cooling presents no fire or explosion hazard
either.

THRUST AUGMENTATION

Auxiliary devices and methods for increasing turbo-jet engine thrust are called
thrust boostes or thrust augmenters.

One or the more promising of these thrust-augmentation methods involves the
injection and burning of additional fuel in the tail-pipe gasses downstream of the
turbine.

Afterburning is feasible because the hot gasses from the main burners decrease
in temperature as they pass through the turbine and exposed parts downstream of the
turbine are not highly stressed. Thus, with oxygen available for combustion and with
conditions permitting a considerable temperature rise in the tail pipe, energy can be
added and used to increase the jet velocity.

Tail-pipe combustion is closely similar to that in the ram jet. The tail pipe is
modified in shape so that the gasses from the turbine are slowed in a diffuser section
td velocities which will not 'cause blow out of the tail-pipe flame. Fuel is admitted
through spray nozzles, and flame holders are used to stabilize burning. Since
optimum jet-nozzie area is different with afterburning, a suitable method of varying

the exit area is necessary.



The effect of tail pipe burning at optimum conditions indicates the importance
of afterburning as a means of increasing the thrust of the basic turbojet engine, but
the accompanying high fuel rates preclude the use of tail-pipe burning for most types
of continuous operation. However, for take-off and climb, and for increasing top
speed for short periods of time, afterburning is an attractive answer.

The rather pronounced effect (3HauuTenbHoe BAuAHMe) of ambient air
temperature suggests the possibility of increasing turbojet engine performance by
cooling the charge of air.

By saturating the inlet air with a water spray, a considerable increase in thrust
is possible particularly at the higher flight speeds.

For saturation, heated air requires more water than colder air. By injecting
enough water saturate the air leaving the compressor (discharge saturation), much
greater thrust augmentation is possible.

As compared to afterburning, water injection as a method of thrust
augmentation is somewhat more economical of fuel. However, for any considerable
period of operation with water injection, the weight of water that must be carried
becomes critical. Available space for water tanks as well as weight limitations tend to
restrict the use of water injection to short periods such as take-offand climb.

Numerous other methods of thrust augmentation such as the air bleed system
and the ducted fan have been investigated to a greater or less extent. Each of these
methods of thrust boosting offers certain performance advantages, but each is
accompanied by increased complexity of the machine and, in general, fuel’
consumption is more than proportionately increased.



