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AN ESTIMATE OF THE INFLUENCE OF THE COMPRESSOR.
STABILITY MARGIN ON THE THRUST OF A TURBOJET ENGINE

M. ORKISZ (DEBLIN)

The relations derived in the paper make it possible to analyze the influence of the
compressor stability margin upon the thrust of a turbojet engine. The engines operating
within the economy range (minimum fuel consumption) and optimum range {maximum
thrust} are considered.

1. INTRODUCTION

One of the parameters of a modern aircraft engine which are subject to
control during flight is the stability margin of the compressor. As examples
let us mention the Rolls-Royce RB-211-535C engine propelling the Boeing
757 aeroplane, RB-199 (Tornado) and AL-21F-3 (SU-22M4). Depending on
the structure of the automatic control system, the control of the stability
margin may be continuous, according to the flight conditions and the degree
of fluctuation of inlet air stream, or periodic, according to the task to be
performed at a given moment by the pilot, such as, for instance, firing of
rocket missiles. The stability margin of a compressor varies in the course of
operation of a turbojet engine in a steady or a transitory state as well. In a
transitory state it is decisive for the time of attaining a definite speed after
rapid displacement of the control lever by the pilot.

2. THE COMPUTATION MODEL

The stability margin of a compressor is described by the relation (7]

e : )
(2.1) AZ =5 — 1, -
7 T Mgy :
where 7., 7% is the compression ratio at the limit of stable operation of the
compressor and on the line of cooperation of the compressor with a turbine
under steady conditions (Fig.1), respectively, Mg, T — air flow intensity at
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Fig. 1. Characteristic lines of an axial compressor, x* — compresion ratio, . — air flow
rate, n — r.p.m.

the Limit of stable operation and on the line of co-operation between the
compressor and the turbine, respectively.

On the basis of [2] and [4], the relation determining the thrust of a
turbojet engine operating on the ground (# = 0, Ma = 0) may be expressed
in the form

(2.2) K = Aspylf(Xs)my, — 1],

where As is the cross-sectional area of the propelling nozzle 77 - total
pressure drop in the propelling nozzle, f (As) - relative outflow velocity from
the propelling nozzle, p, — ambient pressure. The function expressing the
relative outflow velocity of the combustion products has the form (8]

(23) 100 = a0 (1- 258) 7

where A is the relative outflow velocity of combustion products from the
propelling nozzle -

Cs
As = —,
a‘C]’
¢s — outflow speed of combustion products from the propelling nozzle, e —
critical speed

2
ks +1
k, — isentropic exponent of the combustion products (k, = 1.33 or as stated

in [2, 9]), T¥ — temperature of the combustion products, R, — gas constant
of the combustion products (R, = 289 J/kgK or as stated in [2, 9]).

R, T,

Ger =
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The pressure drop in the propulsion nozzle may be described in an ap-
proximate manner as follows

,n.*

e

-(2.4 ' L .

24 > % ma,

where 7% is the pressure drop in the turbine, o}, — the coeflicient of pressure
loss in the combustion chamber. k

For model conditions it is assumed that the coefficient of pressure loss
in the combution chamber is constant over the entire variation range of the
engine speed. In the neighbourhood of the points of co-operation between
the compressor and the turbine under fixed conditions for a given speed of
the rotor assembly, a change in the compression ratio caused small changes
in the relative speed function of the combustion products at the outlet,
therefore it will be assumed for further considerations that f(As)n=const =
const. It follows that the greatest influence on the variation in engine thrust
is that of the variation in the propelling nozzle, which is connected with
the compression ratio and the pressure drop in the turbine. For a modern
turbojet engine it may be assumed, for the entire range of variation of engine
speed essential from operational point of view, that 77 = const {3, 3, 10, 11]
and its value lies within the interval =% = 2,... 4 [5].

Thus, to find a relation enabling us to estimate the influence of the
stability margin of the compressor on the thrust of a turbojet engine we
must determine the relation =* = f(AZ). This is a consequence of the
relation (2.4) quoted above. On transforming (2.1) we find

. Mg
(25) T hg(AZ+ 1Y
As a result of the stability margin of the compressor being increased by 67,
the compression ratio varies to become

W;rmg Z

2.6 iy = — .
(2:6) 2 7 e (AZ + 62 41)
Hence the relative variation in thé compression ratio becomes
T ﬂ:
sz

and, on substituting Eq. (2.5) and (2.6),

m{AZ +6Z +1)
me(AZ +1)
For axial compressors characterized by step characteristics branches for con-

stant speeds it may be assumed, on the basis of statistical data and the
characteristics presented in [12] and {13], for instance, with an error not

(2.7) 7=
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exceeding 3.2%, that m = risz (which is justified, in particular, if the com-
pressor has a theoretical compression ratio 7#* > 5). Finally, the relation
(2.7) is simplified to become

6z

e=lt AT

On introducing a proportionality coefficient &’ = ﬁ% (if ¥’ > 0 the stability
margin increases), we obtain

AZ
AZ+1
In modern engines the stability margin of a compressor lies within the in-
terval AZ = 0.15,...,0.25 [5, 7].
On substituting Eq.(2.7) into Eq.(2.2), the relation (2.4) being borne in
mind, we obtain

(2.8) =14k

F*
(2.9) K = Aspy [f()\s)w - 1] :

Assuming, for prescibed conditions of co-operation between the subassem-
blies of the engine, the simplifying expression

w*
F=fQs)om

TrOks

we obtain

(2.10) K= AspH [F}rl—; - l] .

If the stability margin of the compressor increases (#* > 1), the thrust of a
turbojet engine decreases, and if the former decreases (7 < 1), the thrust
increases.

Figure 2 represents the dependence of the relative thrust of a turbojet
engine on the proportionality coeflicient k' for various original values of the
stability margin. From the form of the diagram it follows that a variation in
the stability margin of the compressor by some 10% produces a variation in
the engine thrust by some 2,...,4%, depending on the original value of the
stability margin. This entails a proportional variation in the specific fuel
consumption.

From the theory of turbojet engines it is known that the maximum spe-
cific thrust k; is attained for values of the compression ratio other than the
minimum specific fuel consumption. This statement is illustrated in Fig. 3.

As tegards real structures, it is known that the following inequalities are
satisfied [1]

R < Tt < Tk »
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Fe. 2. Dependence of the relative increase in thrust on the coeflicient of proportionality
of stability margin.

% |

FiG. 3. Dependence of the specific thrust k; and specific fuel consnmption b; of a single
flow engine on the compression ratio.

where 7%, is the compression ratio selected for the computation conditions.

If the automatic control system of a turbojet engine enables continuous
regulation of the stability margin of the compressor to be effected, there
exists a possibility of adjusting the parameters of co-operation between the
compressor and the turbine to suit the task to be performed by the pilot
(cruising, climbing or interception of an object). The operation of a power
plant has also an optimum as regards the combat mission to be performed
by the power plant, determined by the combat effectiveness of the aircraft
[6]. The criteria of combat effectiveness depend very much or the duration of
the manoeuvre and the quantity of fuel necessary. At the same time there
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exists, for any altitude, a flight velocity for which the fuel consumption
is minimum, which is determined also by the selection of an appropriate
operating range of the power plant. To make possible the determination of
the maximum effectiveness of the power plant during the combat mission to
be performed, the stability margin of the compressor should be determined
within the range of optimum and economic compression ratio.

3. VARIATION OF THE STABILITY RANGE OF THE COMPRESSOR WITHIN
THE RANGE OF OPTIMUM COMPRESSION RATIO

The effective operation of the thermodynamic cycle of a turbojet engine
is described by the relation {9]

1\ F g1
le = cpT5 [1— (;r-*-) nra — cpTy [‘.rr - 1] w’
T Ll

where a is a coefficient for determining the specific heat of air and com-
bustion products (for Ty = 1000,...,1400 K and 7 = 5,...,20 we have a =
1.02,...,1.04), ¢, - specific heat of air, 75 — temperature of the combustion
gases before the turbine, #, — efficiency of the compression. process, 7 —
efficiency of the expansion process, k — isentropic exponent. The operating
range of the engine is optimum when

ol

k=1
07[-1-_»?"

=10.

By performing appropriate operations we obtain the following relation for
the optimum compression ratio:

k
- - A*"f "?s G.) m
(3‘1) ?ropt = ( . k~1 ?

%
(1+250k) " oy,

where A* is the degree of preheating of the stream, A* = T3 /Ty, o
coefficient of pressure losses at the inlet to the engine.

By rewriting the relation (2.1) for the case of optimum conditions of .
engine operation we obtain

*
WL

¥ Mo
(3.2) Ao, = Fgfopt

- <
optmgl'

1.

By representing the relation for the flow intensity as a gas-dynamic function
in the form {3]

oy P2
= 1 Aq(N)—=—
m JQ()\/T—;1
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where 7 is the gas-dynamic parameter:

. ( 2 )—i—ﬁ
I=N\EF1 R’

A — cross-sectional area of the compressor, g(\) — relative density of the
stream:

o= (5% () - ()

and expressing the pressure and the temperature at the outlet of the com-
pressor as functions of the compression ratio, we find, after transformation,
the relation (3.2) in the form

k—1
%« 2k
qut(A) Tgr
. AZow = -1
(3 3) pt = gr()\) t
Top

and, on substituting Eq. (3.1),

0.5 k=1
1 k-1 Mz) * 2k
Gopt{A) ( 2 “) Tar
7(A)  (Apnea)®®

From statistical data and the characteristics of compressors of present en-
gines it follows that, for optimum and limiting conditions, the ratio of rela-
tive stream densities is

Gopt{A)

(D)

with a standard deviation s, = 0.07 for various branches of the character-
istic of the compressor. In agreement with [1] it may be assumed that n,7,a
= 0.8, therefore (3.3') becomes

(3.3) AZgpt =

=128

2 0.5
(1 + 0.2Ma) T
(3.3”) AZOP*- - 1.28 A*o_zs - 1.

Tigure 4 shows the variation of the stability margin of the compressor,
under optimum conditions, as a function of the flying speed and the degree
of preheating of the air stream. From the form of the curve in Fig. 4a it
follows, for the SO-3W engine, that an increase in the degree of preheating
of the air stream by 50% with reference to the theoretical condition results
in a drop in the stability margin by about 40%. Figure 4b shows that it is
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FIG. 4. Dependence of the stability margin of the compressor on the degree of
preheating of the stream and the flying speed under optimum conditions.

only for a flight speed of above Ma = 0.5 that the stability margin of the
compressor increases, this increase being insignificant, however, as referred
to the variation due to A* . From the form of the curve AZ = f(Ma)
it is seen that an increase in the flying speed causes a drop in optimum
compression ratio. Thus, for instance, for A* = 4 an increase in Ma of 0 to
1.0 results in a drop in optimum compression ratio of about 54%, therefore
the increase of the stability margin is as shown in Fig. 4b.

A. VARIATION OF THE STABILITY MARGIN OF A COMPRESSOR WITHIN
THE ECONOMIC RANGE OF THE COMPRESSION RATIO

The value of the economic compression ratio depends on the tempera-
ture before the turbine and for T} = 1100,...,1300 K it is 7gx = 19,... ,39,
respectively {9].

This is in considerable excess of the usual value for most present single-
flow turbojet engines. The value of the compression ratio becomes economic
at the point of maximum overall efficiency of the engine, which is illustrated
in Fig. 5. In view of the necessity of (among other conditions to be satisfied)
reducing the mass of the engine, we give up making the compression ratio
economic, in order to increase the specific thrust of the engine instead. As
a result, the economic value of the temperature of the combustion gases
before the turbine is exceeded. Owing to this fact, the number of stages of
the compressor can be reduced, it being borne in mind that the compression
ratio of a single stage is, nowadays, approximately, 73, = 1.4,...,1.6.

The economic value of the compression ratio can be found from the re-
lation [1]
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116, 5. Dependence of the efficiency of a turbojet engine on the compression ratio and
the temperature of the combustion gases before the turbine: 7« — propulsion efficiency, 7o
— overall efficiency, 1. — thermal efficiency, obl — assumed value of the compression ratio.

: C i
(41) ﬂ-:k _ [A gns 11)] s k—1 ‘
an, .

On substituting this, with appropriate symbols, into Eq. (3.3), we obtain

k—1
by o 9 0.5
(42) AZx= ?I&EA; 1gr 0.5 (EE’" - 1) -1
R R R L B
and, making use of the statistical data available,
7‘_*0,14
(4.2 AZg = 1.31 & -1

0.92A*"° — 0.39

Figure 6 shows the dependence of the stability margin of the compressor
on the degree of preheating of the air stream for various limit values of the
compression ratio. By confronting it with Fig. 4 it is seen that the influence
of the degree of preheating of the stream is, in the case of economic oper-
ation conditions of the engine, much stronger than in the case of optimum
conditions. Tt follows that if the engine is controlled within the economic
range, the adjustment of the temperature of the combustion gases before
the turbine must be accurate.
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FIG. 6. Dependence of the stability margin of the compressor on the degree of
preheating for various values of the limit compression ratio.

5. INTERDEPENDENCE BETWEEN THE STABILITY MARGIN OF THE
COMPRESSOR FOR THE ECONOMIC AND THE OPTIMUM COMPRESSION
RATIO

Taking into consideration the coeflicient of stability margin, we obtain
from Eq. (2.1)
AZ=27-1,
where Z is the coefficient of stability margin.
By expressing the variation in the stability coefficient 'in the form

Z ek

Z =
Zopt

and making use of the relations (3.3) and (4.2), we obtain
9 0.5 " X
gec(N) (W’F - 1) (A*nynsa)??

O (- (- )" (1 558)

Making use of the statistical data available and assuming that, for a pre-
scribed engine speed, the difference between the relative values of the den-
sity of the stream for the optimum range and the economic range is small
gk = Gopt, We obtain

(5.1) Z=
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F1G. 7. Dependence of the relative coefficient of stability on the degree of preheating of
the stream.

From the relation (5.1) it follows that ratio of coefficients of stability
margin for economic and optimum conditions depends only on the degree of
preheating. Figure 7 illustrates the dependence of the ratio Z of the stability
range on the degree of preheating. The form of the curve may suggest that
increased degree of preheating of the air stream reduces the relative vahie
of the coefficient of stability margin and, within the range of A* = 4 it
has a value Z = 1. This means a possibility of control of the engine in
such a manner that it is possible, in the case of this value of the degree of
preheating, that the specific thrust is high and the specific fuel consumption
is low. '

6. FINAL REMARKS

Depending on the structural form of a modern turbojet engine, its com-
pression ratio may reach considerable values (Fig. 8). It follows, for bypass
engines, in particular, with and without afterbourning, control of the stabil-
ity margin of the compressor is possible depending on the combat mission
of the aeroplane. The present analysis concerns the influence of definite
operating conditions of a turbojet engine on the variation of the stability
margin of the compressor in steady states only. As regards transient states,
a separate analysis must be made.
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FiG. 8. Statistical dependence of the compression ratio of turbojet engines on the time
of beginning of the production [12, 13].
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STRESZCZENIE

OCENA WPLYWU ZAPASU STATECZNOSCI SPREZARKI NA CIAG
TURBINOWEGO SILNIKA ODRZUTOWEGO

Przedstawiono zaleznoéci pozwalajace na przeprowadzenie analizy wplywu zapasu sta-
tecznodci sprezarki ma ciag turbinowego silnika odrzutowego. Wyprowadzono zwiazki
pozwalajace na obliczenie wartodci zapasu statecznoécl spreZarki dla silnika pracujacego
wedlug kryterium ekonomicznego {minimalnego zuzycia paliwa) i kryterium cptymalnego
{maksymalnego ciagu jednostkowego).

PE3IOME

OLIEHKA BJIMSIHKS 3ATTACA YCTOWYUBOCTU KOMITPECCOPA HA TATY
TYPEWHHOT'O PEAKTUBHOI'0 ABUT'ATEJA

TMpengcraBAens 3ABHCHMOCTH, HO3ROAAIOUNE HPOBECTH AHANMA BAMSHHUS IATNACS YC-
TOHYHBOCTH KOMNPECCOPA HA TArY TYPOHHHOrO PEAKTHBHROrO HABMraTe s, BHIBeIeHEI
COOTHOIUIEHHS, DO3BOAAICIIHE PACCHHTATL 3HAMEHHH 3ANACA YCTOHUMBOCTH KOMIpec-
COpA AA ABHLATENA, PaboTAIONIEro COrNaCHO SKOHOMRMECKOMY KPHTEPHIO (MAHNMALL-
HLIit PACXOJ TONANBA) H ONTHMANLHOMY KPHTEPUIO (MakchIMalbHON enuanusol Taru).

AlIR FORCE ACADEMY, DEBLIN.

Received July 16, 1990.





