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' SIMULATION ANALYSIS OF THE INFLUENCE OF VARIATION IN
SOME SELECTED DESIGN AND CONTROL PARAMETERS ON THE
: ACCELERATION TIME OF A TURBOJET ENGINE

M. ORKISZ (DEBLIN)

The equation governing the acceleration time of a turbojet engine is presented in an
implicit form; expansion into power series contains first order partial derivatives. The
derivatives represent the ”sensitivity measure” of the acceleration time to the variation
;;f a) — the design parameters of the compressor {stability margin, moment of inertia,
efficiency, compression ratio), b) ~ technical conditions (deformation of blade profiles,
due to erosion, turbine blade clearance), ¢) — service conditions due to flight speed and

altitude. The relations derived enable the wide range simulation analysis of the problem.

1. INTRODUCTION

 The acceleration time was shown in [4, 9 and 11] to be one of the most
important operation parameters of a turbojet engine, its importance being
still greater in the case of military aircraft. Although it is not the only quan-
tity which can be used as a criterion for optimization of the design features
of a turbojet engine, the sensitivity of the acceleration time to a variation
in design and operation parameters with reference to their design values
should be known in view of its importance in cases such as those described
n [15], for instance. Single-flow, single-rotor engines being still used for mil-
_itary aircraft (although they are gradually superseded by turbofan engines
2, 10}), it is this particular class of engines which will be the subject of the
present considerations.

~ To the group of design factors influencing the accelera,tlon time of tur-
bojet engines belong

a) factors connected with the design parameters of the engine, namely
the theoretical compression ratio II7,
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theoretical air flow intensity m,

theoretical efficiency of the compressar 7;,

engine speed range from idling n; to maximum 7yayx,
polar mass moment of inertia of the rotor J,

b) factors resulting from the way in which the air passage through the
engine s controlled

air bleed,

adjustable nozzle blades of the inlet or outlet guide vanes

of the compressor or both,

propulsion nozzle with variable section,

active control of the turbine blade clearance.

To the group of operation factors belong

flying speed,

flight altitude, .

variation of the surface condition of the air passage through the engine
as a result of deformation of blade profiles of the compressor due to erosion
[14], dust sedimentation [6] or mechanical damage to blades.

Tt is obvious that there is a relation between design and operation par-
ameters, which will be taken into account in what follows.

The subject of the present considerations will be the model of acceleration
of a single-flow turbojet engine as described in [11].

2. FUNDAMENTAL ASSUMPTIONS

The acceleration time can be described by an implicit function in the
form
(2.1) t = f(Kr; Kp; Kz; Ma; Hj n),
where K7 — dynamic coefficient, Kz — coefficient of relative stability margin
of the compressor, Kp — power coefficient, n — engine speed, H — flight
altitude, M e — flying speed.

The parameters of the function (2.1) depend on those of the engine de-
sign, control and the flight conditions of the aeroplane. Hence, in agreement
with [11], we can write

Kr = [f({J; 45 Oy m),
(2.2) Kz F(Zu; 2Zp)
Kp f(gy; I3)
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where J — mass moment of inertia of the rotor, 7} — compressor efﬁcnency,
]I - compression ratio, 7 — air flow intensity, Z,, — coefficient of compressor
stability range in steady operation, Z, — coefficient of minimum stability
margin of the compressor during acceleration.

The minimum admissible coefficient of stability of the compressor during
acceleartion may vary with use of the engine. This variation results from
erosion deformation of blade profiles and non-uniformity of the temperature,
f)ressure and air speed in the inlet section of the compressor or a variation
in the Reynolds number of flowing air in the case of climbing, for instance,
a,nd possibly, a variation in blade clearance under varying flight conditions.
. The coefficient of stability of the compressor in steady state is determined
by the cooperation of engine subassemblies and may undergo a change as a
tesult of air bleeding from the compressor, a change of the cross-sectional
_@rea of the propelling nozzle or the engine control by adjusting the guide
vanes of the compressor. As a result, the relation for the coefficient of
stability margin of the compressor under steady state conditions and the
minimum coefficient of stability margin during an acceleration process can
be expressed thus

Zy = f(v;ls v 4s),
f (Re; 8) ,

where v — parameter determining the quantity of air bled, I, — distribution
ratio of the work done by the compressor during the air bleeding operation,
¢ - angle of setting of inlet or outlet gnide vanes or both, As - relative cross-
sectional area of the propelling nozzle (as referred to the design value), Re
— Reynolds number, & — relative compressor blade clearance (as referred to
the blade length).

For small deviations of particular parameters we obtain, by expanding
the relation (2.1} in Taylor’s series, the following linear relation for the
acceleration time of the engine

(23)

N
il

ot ot ot
(2.4) t=1tp+ oKy dKT+6K,ZdIfz+ 3Kp —dKp
3t 6 ot

On expanding the relation (2.2) in Taylor’s series, we can represent them in
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the linear form

_ BKT o0Kr ., OKr ,_ . OKr .
Kr = Kpo+ ——= 57 dJ + o dn, + YT dil; + 5 dm
_ dKp ® 3KP "
(2.5) Kp = Kpg+ —— a . dn, + iE dir; ,
_ dKz 0Kz
Kz = Kgo+ —— BZ dZy + - a7, dzZ, .
On expanding the relation (2.2) in Taylor’s series, we obtain
6 ‘u aZu 6Zu aZ’u A
Z, = di, dy — dAs ,
£ Zu0+ FY dv + = 31 + - 3 +6A5 AS
(2.6)
8z 0Z.
Zp = p0+ade +6—§pd6

(parameters with subscript 0 concern the design values). On substituting
Eqgs.(2.5) and (2.6) into Eq.(2.4), the relation for the acceleration time of a
turbojet engine takes the form

@7)  t=to+ a?r: [%Kj’-ﬂ dJ + ‘ng dn’ + 3;2‘ dm]
Voks L570 (B 0+ T dlet o bt 57t )
+%‘§_§ (gi” dRe + %%f-dé)] + a?{tp (361;:’ dn;+‘;‘;§§ dH;) |
+g dn +§H di + Bifja dMa

The partial derivatives in Eq.(2.7) are decisive for the sensitivity of the
acceleration time to a variation of the independent variables [8, 16]. In [11]
and [13] are mentioned relations describing the dependence of the dynamic
and power coefficients and the coefficient of relative stability margin of the
compressor on the design and operation parameters and in [17] — relations
expressing the sensitivity of the acceleration time to a variaton in a particular
independent variable. Those relations are illustrated graphically in Fig.1.
By substituting them into (2.7) we obtain the acceleration time in a form
conveninent for simulation studies:
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FIG. 1. Examples of variation of the sensitivity of the acceleration time and the
coefficients of its components as functions of the independent variables.
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SFa. 1, 1) The influence of the compression ratio and the efficiency of the compressor
on the coeflicient of power Kp.
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2.8) t=to+At, At=ix+in+ig,

ere ix — the influence of a variation in design parameters of the compres-
‘on the acceleration time, fz — the influence of a variation in the control
arameters on the acceleration time, iz — the influence of a variation in
ight conditions on the acceleration time, t — the value of the acceleration



358 M. ORKISZ

time under the design conditions and

e LALCI T
g o (I3 4 dl;)" — 1T (1+ 1 )+2dnm

K

J (mm-1) mm Tmax
29)  Ir= ot [(Zy+ d2,)" - 7]
‘ zZr(Zp-2zp) U°F i b |
1 ., n n
= 2 - k i 2" _ 2=k _2—.\:
lg=— & ﬁp =k [(np+dnp)k “np_r]
7 L 7 k
H 178
+[1.07E-4+1.4E—8H+1.08E—12H2] dH—1.2(1—m) MadMa,
respectively, where
k-1
n= T N

7y, — relative engine speed at the end of the acceleration process, %, - relative .
engine speed at the beginning of the acceleration process, k — isentropic
exponent of air. :

The total differential of the coefficient of stability margin in steady state:
for selected methods of the engine control is expressed by the relation

(2.10) dZ, = 2" & A*minp(1 — const AT} [1 — A g (1 — const)]
; = A £
u [EPA*n;q,_";.(l —const AZY+1, (v —1) + 1]2

X [fsdv + (v — 1)dl,]

[E,A* k0% (1 — const) + 1] &, A7} const
[eoA*nza(1 — const AT) + 1]2

+ [(,ai5 + ddg)™ — ,eig‘*] ;

where
-1
m= g
k' — isentropic exponent of the combustion gases, &, — ratio of specific heats
of air, 7% — turbine efficiency, A* ~ degree of heating of the flowing gas

T*
- 13
(A- ‘Tﬁ)’
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. — temperature before the turbine, 77 - temperature in the inlet section
f-the engine, const — a constant determined from the design conditions of
he engine.

The method for evaluating I, and » is discussed in [12].

The influence of the Reynolds number and the setting angle of the guide
anes of the compressor are rejected in Eq.(2.9), no reliable literature data
':éing available as regards the influence of those quantities on the stability
nargin of the compressor. In practice they can be taken into account by
sing regressive models based on a large number of measurements made
uring experimental investigations [1].

3. THE RESULTS OF SIMULATION STUDIES

The region of simulation studies is marked on the characteristic diagram
in'Fig.2. A variation in the blade clearance of the compressor or a decrease

FiG. 2. The characteristic of an axial compressor:

‘1 — line of minimuin stability margin of the compressor during the acceleration process,
. 2 _Yine of maximum efficiency of the compressor, 3 — line of steady operation of the
engine, 4 - displacement of the stable operation limit, ns; — idling speed, fmax —
 maximum speed, II} - compression ratio, 5, — compressor efficiency, g(A) — relative

density of flow,
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in Reynolds number of air flow through the engine result in a displacement
of the limit of stable operation towards the line (4). In order to prevent
the compressor from entering the instability region, the fuel supply system
should be controlled so that the line of cooperation between engine sub-
assemblies should move during the acceleration (1) process away from the
line (4) by a distance resulting from the displacement of the stability limit to
the line (4). This will ensure the minimum stability margin of the compres:
sion being preserved during the acceleration process of the engine. With
reference to the design conditions this means an increase in the stability
margin by a certain value dZ,. Figure 4 shows the influence of an increase
in the minimum coefficient of stability margin during the acceleration pro
cess as referred to the difference between the design values Z,, and Z; on th
increase in the acceleration time of the engine. From the diagram it follows
that an increase in dZ, by 50% results in a prolongation of the acceleration
time by about 100%. An increase in the minimum coefficient of stabilit
margin of the compressor may also result from incorrect control of the fue
supply system, so that the increase in the degree of preheating is too low 2
referred to the design conditions.
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Fi¢. 3. The influence of the blade clearance of the compressor on the acceleration time:’
of the engine, &, — blade clearance, L — blade length, 46 ~ increase in blade clearance.

An increase in blade clearance of the compressor results also in a decrease:
in the minimum coeflicient of stability margin in agreement with the former
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description. According to [1] and [3], the average value of the blade clearance
of a compressor is contained within the interval §, = (0.007...0.045)L (L ~
slade length), higher values being those for stages situated near the outlet.
n initial state of §,/L = 1.5% is assumed for the considerations. This
.eans that an increase in blade clearance of the compressor by 1.5% means
100% increase in blade clearance as referred to the initial state. From
e form of the dashed line in Fig.3 it is inferred that an increase in blade
earance by 100% will result in the acceleration time of the engine being
folonged by about 55%. This time increases rapidly, if the increase in blade
earance exceeds 150% of its initial value. For small values of that clearance
e increase in acceleration time does not exceed 20%.
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TiG. 4. The influence of an increase in the minimum stability margin of the compressor
on the increase in the acceleration time.

Under the conditions of operation in a zone of high dustiness structural
_parts of the engine undergo damage by erosion. The compressor is an en-
ine element which is exposed in a particular manner to the action of dust.
Deformation of the air passage through the compressor results in a drop in
‘the compression ratio efficiency, air flow rate and operation stability mar-
in (Fig.5). According to [7], if the total amount of dust which has passed
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through the compressor is some 110 kg, the deformation of the passage -
through the compressor is so considerable that the stable operation limit is -
reached (for an engine of TW2 or TW3 class, with /h=8 kg/s).
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F1G. 5. The influence of the total mass of dust passing through the engine on: a) the

compression ratio, b) compression efficiency, c) reduced flow rate through the
compressor, d} the influence of a reduction in the compression ratio as a result of dust

flowing through the compressor on the stable operation margin.

Figure 6 shows the dependence of the increase in the acceleration time
of the engine on the total mass of dust which has passed through the en-
gine. The rate of this increase becomes higher when the total mass of dust
approaches the amount corresponding to the limit of stable operation. The
character of the influence of the total mass of dust which has passed through
the engine on the acceleration time of the latter is similar to that of the blade
clearance.

The action of air bleeding from the compressor and that of varying the
cross-sectional area of the propelling nozzle result in a change of position of
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FIG. 6. The influence of the total mass of dust passing through the engine on the
increase in the acceleration time.

the line of cooperation of engine subassemblies (Fig.3, line 2), thus causing
a variation in the coefficient of stability margin during stationary operation.
TFigure 7 shows the influence of the increase in cross-sectional area of the
propelling nozzle. An increase of about 20% of the design value results in
the acceleration time being reduced by about 23%, which is in agreement
with the data presented in [16], for instance.

As a result of some production reasons the real characteristics of the
engine deviate from the design characteristics, which influences the accel-
eration time of the engine. Figure 8 shows the influence of deviation of
the compression ratio from its design value on the acceleration time of the
engine.

- The influence is evaluated for an engine with an identical mass moment
:Qf inertia of the rotor. ‘

- Under such assumptions the acceleration time decreases with increasing
"compression ratio, because the dynamic coefficient decreases at a higher rate
than that of power, and it has been shown in [11] that the acceleration time
is proportional to the ratio of those two coefficients
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FiG. 7. The influence of an increase in the cross-sectional area of the propelling nozzle
on the decrease in the acceleration time of the engine.
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FIG. 8. The infiuence of the design compression ratio on the acceleration time of the
engine and the influence of its 10% variation on the increase of that time dIf; = 0.1177.

K
~ T
For high values of the compression ratio and the efficiency of the compressor,
the coefficient of power is practically constant for high values of the com-
pression ratio and the efficiency of the compressor, for I} > 10 in practice.

t

A variation in the compression ratio of 10% with reference to the design
value of the compression ratio results in a variation in the acceleration time
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for IT* > 10 by about F 8%.

4., INFERENCES

1. The linear relationship proposed here for expressing the acceleration
time of a turbojet engine is found to be a tool which may be helpful for
estimating the influence on that time of various design and operation factors.

2. The relation (2.8) completed with Eqs.(2.9) and (2.10) enable us to
simulate the influence of the fuel supply system on the acceleration time of
a turbojet engine.

3. The influence of the blade clearance of the compressor is particularly
important if it exceeds its initial value by more than 50%.

4. If sufficient experimental data are available, the measurement of the
acceleration time may be used in connection with the relation derived as a
diagnostic signal.

REFERENCES

1. G.W.DOBRANSKI and T.S.MARTIANOWA, Dynamics of aircraft turbine engines
fin Russian], Mashinostroenie, Moskva 1989,

2. P.DZIERZANOWSKI et. al., Turbojet engines {in Polish], WKL, Warszawa 1983,

3. Z.DZYGADLO ¢t. al., Rotor assemblies of turbine engines [in Polish], WKL, War-
szawa 1982,

4. T.GAIEWSKI, Aireraft turbine propulsion. Foundations of the theory of operation
for a pilot [in Polish], DWLot, Poznan 1984,

5. T.GAJEWSK!, A LESIKIEWICZ and R.SZYMANTK, Jet engines [in Polish], WNT,
Warszawa 1973,

6. R.GLOWACKI et.al., Washing operations of a duct [in Polish], WPT, 3, 1990.

7. P.K.KazZANDZAN, N.D.TiIcHONOW and A.L.JANKU, Theory of aircraft engines [in
Russian], Mashinostroenie, Moskva 1983.

8. A.LESIKIEWICZ, Exoenergic analysis of jet power plants [in Polish], Supplement for
Biuletyn WAT, 4, 212, 1970.

9. J.LES, Construction and operation of aircraft engines [in Polish], Politechnika Rze-
szowska, Rzeszow 1984.

10. Y.N.NEcAJEW, W.N.KOBIELKOW and A,5.PoLIEW, Turbojet engines with variable
working cycle for multi-regime aeroplanes [in Russian], Mashinostroenie, Moskva
1988..



366 M. ORKISZ

11. M.ORKISZ, Estimation of influence compressor stability reserve on acceleration time
of engine rotor groops, Binletyn WAT, [to be published].

12. M.OrKisz, By-pass duct compressor regulation effect on for its stability reserve,
Engineering Reports, 3, 1990.

13. W.A.SosUNOW and F.A.11TWINOW, Non-steady operation regimes of aircraft tur-
bine engines [in Russian}, Mashinostroenie, Moskva 1975.

14. E.-WEGRZYN, Some problems of erosion wear of elements of turbojet engines
[in Polish}, TLiA, 7, 1989,

15. B.R.WILIAMS, F/A-184/F404 propulsion system integration, ATAA Pap., 1330,
1984,

16. Theory of jet engines, [Ed.] B.S.STECHKIX [in Polish], MON, Warszawa 1961.

17. M.ORKISZ, Sensitivily of the acceleration time of a turbojet engine on its design
and operation parameters [in Polish], WOSL, 1990.

STRESZCZENIE

BADANIA SYMULACYJNE WPLYWU ZMIAN WYBRANYCH PARAMETROW
KONSTRUKCYJNYCH I REGULACYINYCH SILNIKOW TURBINOWYCH NA
CZAS AKCELERACII

Réwnanie opisujace czas akceleracji turbinowego silnika odrzutowego przedstawiono
jako funkcje uwiklana, ktéra po rozlozeniu w szereg Taylora zawiera pierwsze pochodne
czastkowe. Pochodne te sa miara "czuloéci” czasu akceleracji na zmiang: a) parame-
tréw konstrukcyjnych spresarki (zapas statecznej pracy, moment bezwladnoéci, sprawnoéé
i sprez); b) stanu technicznego spreiarki (erozyjne znieksztalcenie profilu lopatek, luz
wierzcholkowy lopatek); c) warunkéw eksploatacji swiazanych z predkoécia i wysokoscia
lotu. Otrzymane zalesnodci umozliwiaja badania symulacyjne w szerokim zakresie.

PE3IOME

VMUTALIMOHIBIE UCCIEJOBAHWA BIWAHNA W3MEHEHWN V3BPAHHBIX
KOHCTPYKIIMOHHEIX ¥ PETYJIAHUOHHBIX MAPAMETPOB TYPBMHHBIX
JIBUT'ATEJIEW HA BPEMS AKCEJEPAITUM

Vpanuuenue, ONHCHIBAKOIIEE BpeMA AKCENEPAUNE TYPOAHHOrC PeaKTHBHOTO ABH-
PaTesd, NPEACTARBNEHO KAK HegBHYI0 (YHKLHIO, KOTOpAaf, NOCHE PA3NONKEeHUA B PRA
TeitNopa, CONEPIKHT HepBEle YACTHLIe NPOM3BOLHBIE. ZITH NpPOK3BOAHLIE KBAANOTCA
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MeDOH "UYRCTBHTENLHOCTH” BpEMENX aKceMepailuy HA H3MEHeHHe KOHCTPYKIEOKHRIX
napaMeTpos KOMUpeccopa (3amac ycroliumnolt paGoTal, MOMCHT HHEDIHH, pddexTin-
HOCTL M COKATHE), TEXHHYECKOrD COCTOAHMA KOMIIPECCOpa (eposmonnroe mcraxeHme
fpoduAa NonacTed, BePXHUI 330D AonacTell), yCAOBAN PKCIUIYATALMM, ¢BH33HHELX
£0 CKOPOCTRIO H BRICOTO# noneTa. IToayuyenELIe 3aBHCHMOCTH AAIOT BOSMOMKHEOCTE BAC-
CAeHORATE MMHTALMOHALIM 06pasoM ABNeHMA B MHPOKOM HETEpBake,

AIR, FORCE ACADEMY, DEBLIN.
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