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ABSTRACT

The transient performance (acceleration and deceleration) analysis of turbojet gas turbine engire
has been carried out in the present work. Transient simulation of the engines is based on tke
compatibility of flow and rotational speed but not of work. Gas turbine simulation is a general-
purpose simulation developed for steady state (matching) study. Matching is achieved by zeroing
the difference in mass flow ratc of adjacent components, and work of compressor-turbine pairs.
Steady state is taken as an initial condition for transient simulation of the engine. The factors
indicating engine limits such as surge margin, engine maximum temperature, and combustion
chamber flameout that affect transient response has been studied. The results show that there s
sudden change in the investigated parameters during transient operation, except for the rotational
speed and the engine flow rate. Increasing the compressor surge margin and /or maximum turbine
inlet temperature improves engine acceleration and decreases the acceleration time. Comparison
with previous experimental work showed good agreement.
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INTRODUCTION

The aircraft gas turbine engine is usually checked at steady state operating condition on the test bed
and ground test while flight tests deal mainly with engine transient operation. Also, there are
applications where a rapid response is desirable in cases where emergencies are to be avoided.
Under these circumstances, power change must occur quickly and safely and therefore a knowledge
of the dynamic response of the engine is required during design phase so that a control system cen
be designed to give the required response rate and safety margins.

The importance of good acceleration and deceleration behavior or handling from aircraft gas turbire
engine is well known throughout the industry and particular attention must be given to the subject at
all phases of an engine development, from an initial concept through the effect of deterioraticn
during service (Maltby 1987).

In the aircraft engines, the pilot interacts with the engine by setting the position of a power lever,
which in turn makes an input to the control system, but the pilot does not directly control any of tke
control variables such as fuel flow rate. Instead, the power lever position select a thrust level from
idle to maximum and control manipulates the control variables to give the desired thrust level. But
the more excess or deficiency in the fuel flow rate may cause the damage of the engine due to
compressor surge, turbine blade melting, or flameout the combustion chamber.

The aim of this work is to develop a computational model for the investigation of the transient
performance of the turbojet gas turbine engine and understanding of the influence of engine control
system on the engine performance during changing the throttle setting. Also to explain the evems
taking place during the transient phase of gas turbine engine operation when components operate
close to their performance limits. In particular, surge in the compressors, high temperatures in the
turbines and, in some cases, rotor over speeding.

OFF-DESIGN PERFORMANCE

The performance prediction methods for aircraft vary from simple methods to be used in early

preliminary design studies to sophisticated methods based on detailed procedures on the

characteristic of aircraft and engines derived from test data. In these off design conditions the

component efficiencies arc assumed be known with the same values required for design point

calculations. The follcwing assumptions are made throughout this work, see Fig. (1)

a-  Constant specific heats for air and for combustion gases, upstream and down stream of the
combustion chamber.

b-  The pressure drop through the burner is function of compressor pressure ratio only.

The compressor pressure ratio can be found from the work balance between the compressor and

turbine as follows (Mattingly1996)

mlcpe(Tn —Tu)':nnmacpr(Tu —'I‘l’) (])

v~)= Hfg—:n,(l +f)(1—r.)} @

o

The term in square brackets can be considered constant if turbine temperature ratio (1;) is constant
(the case of choked exhaust nozzle).
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Thus;
B (T /T))( ) ©
e

An equation for engine mass flow rate can be obtained from flow compatibility between the
compressor and turbine and from the mass flow parameter (MFP(M)) at turbine inlet (choked flov/)
as follows;

- 3 (1 +‘f) )
th, = JeT TR, [““A‘ MFP(1) (6)
T T La+1) |

The terms within the square brackets are considered constant thus;

m, T, mA, B rilﬂ/-TTJ -

= MIP(1) =
Pnn,m, (l+f) ) [Pon,ndn‘ X

Solving for the engine mass flow rate, gives;

P T
mo _____mnk ﬂnnnd‘nc 141 (8)
(Ponrndnc R Tu

From compressor design analysis the loading coefficient is given by (Agrawll and Yunis1982);

= cpe(Tu "‘Tn) (9)
(o)
t. 1=K N, (10)
Where;
2nr ) cp,
K, “’( 60) T, (5
And ;

(12)

_ N
The compressor temperature ratio is related to the compressor pressure ratio through the efficiency

by;
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ye=!
. —-1)=nm|n"™ -1 (13)
e.-1) [ ]

Combining egs. (10), (12) and (13), rearranging into variable and constant terms, and equating tte
constant to reference values gives;

=~=# (14)

(15)

TRANSIENT OPERATION

During transient operation, the gas turbine can be considered to satisfy compatibility of flow ard

rotational speed but not of work. The excess or deficiency of power applied to the rotor can be used

to calculate its acceleration or deceleration. The problem then becomes one of calculatirg

increments of net torque associated with increments of fuel flow and integrating it to find the

change of rotor speed (Palmer and Yong-Gen 1985).

The following assumptions are made for the calculation of transient operation;

a- The flow through the turbine nozzle is choked along transient period.

b- The efticiency of all components is constant.

c- Combustion chamber pressure drop is constant.

d- All components are of fixed geomeltry.

e- The torque available is constant through a small time step.

f- The surge margin is between the pressure of surge line and pressure of steady state at
constant corrected mass flow.

In the transient conditions time is introduced as a further variable into the dynamic equation of

engine and so the balance constraint conditions can no longer be applied. The difference between

delivery power of the turbine and power absorbed by the compressor will generate a derivative of

rotational speed with respect to time (i.e. acceleration or deceleration). From Newton’s second law

of motion the _
relation between excess torque (AG) and angular acceleration (®) ds (Palmer and Yong-Gen 1985);

AG = 1<;>dN (16)
d’zi_g_dT 17)
Also;

AG=G -G, (18)
G, =m,(1+f)AH, /o=, (1+)AH, ni% (19)
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5
10 X
G, =m AH /o=m AH — (20)
Therefore.
=Y dN .
m, (14 £)AH -, AH =(— I-N-— (21
30 dt

To obtain the power of the turbine (m, (1+f)AH @nd the power of the compressor, m AH

considering the acceleration between two operating points on the running line of the compressor
characteristic. When the engine is accelerated the fuel flow and thus the turbine entry temperature is
increased as follows.

f = "‘L?f“ (‘52

m,
Wherem, steady state fuel mass flow rate, and Am, :increase in fuel mass flow rate
And from energy balance through the burner, the turbine inlet temperature Tty is;

cpT +f-h, -n
= e e 23)
cp(1+1) (

The turbine pressure and temperature ratios can be caleulated from ¢q.(18), then the power of the
turbine can be calculated as;

m (14 O)AH, = ep (14 0)T (1-1,) (24)

The increase in the turbine inlet temperature can provide an increase in the turbine torque resulting
in an increase in spool speed. However due to inertia of the spool the speed will not change

instantancously. Since the turbine nozzle is choked and its capacity measured as (th,,,/'l',. /IPA,).s
therefore fixed The rise in turbine entry temperature (T,) must be matched by either a fall in mass

flow or a rise in the pressure ratio, the result is a rise in the compressor pressure ratio towards the
surge line. This rise can be obtained as follows;

From flow compatibility, the air mass flow rate through the compressor plus the fuel mass flow rate
is equal to that through the turbine i.c.;

m (1+1)=m, (25)

And from eqs. (6) and (7) gives;

P m,

(26)

BT mPy e )T
n‘

(+1) [T,

=3 / ] p b i
R Y o
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(7
el | (28)

.

T, =

It must be noted that the step of fuel mass flow increase is limited by the surge line and/or the
maximum turbine inlet temperature, see Fig. (2) When the amount of fuel flow is increased, which
is generally following the change in the position of power lever, the control system of the engine
will limit the increase in fuel flow. The control system gives the engine (combustion chamber) stegs
of fuel flow proportional to the compressor surge line and maximum turbine inlet temperature &t
that rotational speed.

The power of the compressor then can be obtained as;

m AH_ = cp. T, (x. -1) (29)

Substituting eqs. (24) and (29) into eq.(21) gives;

dN n:, (30)

—=e—t—[ep T, (1< )—ep,T.(r. ~1)]
dt n
(—) [-N
30
A numerical solution can be adopted to solve eq. (30) to find the increase in the rotational speec.

Modified Euler method can be applied with time step (At) which can be selected in the range fror
0.001 to 0.1 second without instability problems

an =Nn+%(Kl+K2) (31)

Where

K, =At-f(t,,N,) (32)

K, =At-f{t, N, +K,) (33)
' (34)

£(t,N) = ——[cp T, (1-7,)-cpT,(z. ~1]
3—’:)] I-N

An increase in rotor rotational speed will be followed by an increase in air mass flow rate (m, ) as

follows:
P
g = V=—"A_V (35)
m, =pA,_YV, R.T ™
V =n-N-D-® (36)
o =_8_A_M n-N-D (D__I_’1 (37)
0 9 R ']"M
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Jo, N (38)
\/9: N“

Kq is obtained from steady state performance using interpolation method This procedure is repeated
many times to provide a transient running line (acceleration) starting from convenient equilibrium
running point. The safety margin between the acceleration running line and surge line is about 14%.
During deceleration the operating point moves a way from surge line and the turbine inlet
temperature is decreased. The only problem that arises is “flame-out” of the combustion chamber
because of very week mixtures. The main parameters affecting the operation of a single-spool
turbojet engine is shown in Fig (3).

m, =m_ K,

Results and Discussion.
Fig. (4) presents the fuel mass flow (1, ) with compressor corrected mass flow (m,, ) at steady staie

and transient operation. The fuel flow normally follows a power lever position change. During
acceleration, the acceleration line is characterized by four stages. The first stage is a sudden rise in
fuel flow rate at constant corrected mass flow due to the sudden opening of the fuel valve. Tte
second stage is an increase of fuel flow with increase of the corrected mass flow. This stage s
limited by the compressor surge line. The third stage is limited by the maximum turbine inlet
temperature, in which the slope of increasing of the fuel flow is less than the slope of the previous
stage. The fourth stage is a constant fuel mass flow rate i.e. the change in fuel flow by control
system is equal only to the required change. During deceleration, the deceleration line s
characterized by the three stages. The first stage is the sudden decrease in the fuel flow rate at
constant corrected mass flow. The second stage is a decrease of the fuel flow with the decrease of
the corrected mass flow and this stage limited by flameout of the combustion chamber. The third
stage is a constant fuel flow.

Fig. (5) presents the compressor pressure ratio (n) with compressor corrected mass flow (m,,)at

steady state and transient operation. The acceleration line is also characterized by four stages. The
first stage is the sudden rise in compressor pressure ratio to match the rise in the turbine inlet
temperature. The second stage is an increase of compressor pressure ratio with the increase of the
corrected mass flow and this stage is limited by the compressor surge line. The third stage is limited
by the maximum turbine inlet temperature, in which the slope of increasing of the compressor
pressure ratio is less than the slope of the previous stage. The fourth stage is a rise of compressor
pressure ratio to reach the steady state value at the end of acceleration. The slope of increasing of
the compressor pressure ratio is also less than the slope of the previous stage. The deceleration line
is characteiized by three stages. The first stage is a sudden decrease in compressor pressure ratio ut
constant corrected mass flow. The second stage is a decrease of the compressor pressure ratio with
the decrease of the corrected mass flow and this stage is limited by flameout of the combustion
chamber. The third stage is a decrease of the compressor pressure ratio with the decrease of the
corrected mass flow to reach steady state at the end of deceleration.

Fig. (6) presents the main fuel mass flow (i, ) with time at acceleration and deceleration. There is a

time lag with fuel flow change in both acceleration and deceleration, this time comes from a poOwer
lever transducer time lag and fuel system time lag.

Fig. (7) presents the turbine inlet temperature (Ty) with time at acceleration and deceleration. ). The
acceleration line is also characterized by four stages. The first stage is the sudden rise in turbine
inlet temperature due to the increase of fuel flow rate. The second stage is increase of turbine inlet
temperature with the increase of the time and this stage is limited by the compressor surge line. The
third stage is limited by the maximum turbine inlct temperature, in which the turbine inlet
temperature is constant. The fourth stage is a decrease of turbine inlet temperature to reach steady
state value at the end of acceleration. During deceleration the stages are a sudden decrease i
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turbine inlet temperature at constant rotational speed, a decrease limited by flameout of the
combustion chamber limitations, and then the rise of turbine inlet temperature to reach the steacy
state at the end of deceleration. The change in the fuel flow rate will change the energy releascs
from the combustion chamber and then it will change the turbine inlet temperature. The change of
fuel flow inside the combustion chamber will lead to another time lag, which is the combusticn
dead time. This lag time usually happens due to an increasing of the fuel flow rate (durirg
acceleration only).

Fig. (8) presents spool rotational speed (N) with time (t) at acceleration and deceleration. The
change in the rotational speed at a beginning of transient is large as the net torque available for
transient is a large and decreases with an increase of the time, therefor the rotational speed change
becomes slowly at the end of the transient operation. No distinctive stages during acceleration ard
deceleration can be found and the change in the rotational speed is nearly continues with the time.

A comparison between the calculated values in the present work and an experimental values of a
pervious work (Craij et al 1953) has been made. The comparison shows the variation with time of
the rotational speed N Fig. (9), compressor pressure ratio n, Fig. (10), and the turbine exit total

temperature Tts Fig. (11). The comparison shows a good agreement.

Concluding Remarks
For turbojet engines during transient operation (acceleration and deceleration), there is sudden

change in the fuel flow rate, turbine inlet temperature, compressor pressure ratio, turbine torque,
compressor torque, net torque, angular acceleration, thrust, and specific fuel consumption. There s
no sudden change in the rotational speed, engine mass flow rate, corrected mass flow. Increasing of
the compressor surge margin and/or maximum turbine inlet temperature improve engire
acceleratiop and decrease the acceleration time.
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Latin Symbol
A

Cp
D

¢
F
f
G
£

H
Hpr
I

M
MFP
N

P,
R
S
t

W
Greek Svmbols
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t

v
c
o
W
)
=5

WE gm0 o

Area [m?]
specific Heat [k)/(kg.K)]
Diameter [m]

Thrust {kN]

Fuel/Air Ratio

Torque [N.m]

Acceleration of Gravity [m/s
Enthalpy [kJ/(kg.K)]

Fuel Calorific Value [kJ/(kg)]
Polar Moment of Inertia [kg.m’]
Mach Number

Mass flow parameter
Rotational Speed [rev/min
Stagnation Pressure [kI\_szJ
Gas Constant [kJ/(kg.K )]
Specific Fuel Consumption
Time [sec] )
Stagnation Temperature [K ]
Axial velocity [m/s]

Work [kW]

Difference [m/s]

Specific Heat Ratio

Isentropic Efficiency

Corrected Temperature (Ty/Ter)
Corrected Pressure (P/P,er)
Density [kg/m’]

Temperature Ratio (T, exit /T, inlet)
Pressure Ratio (P;exit /P;inlet)
Mass Flow Rate

Angular Velocity [rad/s]
Angular Acceleration [rad/s’]
FFlow Coefficient

Atmospheric conditions
Burner

Corrected

Compressor

Turbine

Fuel

Mechanical

Nozzle

Reference (Design Condition)
Isentropic
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