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THE EFFECT OF CONVERGENT-NOZZLE VOLUME 
ON TRANSIENT PROCESSES IN A TURBOJET ENGINE 

The effect of processes of accumulating mass and enthalpy of the working 
medium on the dynamics of transient processes thereof is often discussed in sci­ 
entific publications on the mathematical modelling of turbine engines (treated as 
systems that undergo control and automatic adjustment). The paper is intended to 
make a comparison between findings gained from simulation carried out with two 
alternative models of an aircraft turbine engine (of the S0-3 type). The first model 
takes account of the dynamics of the processes of accumulating mass and energy of 
the working medium within the combustion-chamber volume and that of the conver­ 
gent nozzle. The second, simplified model, neglects the dynamics of the processes of 
accumulating mass and energy of the working medium, since it has been assumed that 
it is the dynamics of the kinetic-energy accumulation in the rotor mass that predom­ 
inates in various representations of transient processes. To conduct simulation-based 
experiments, each of the alternative models of an engine was connected to a special 
simulation unit, which simulated operation of fuel supply and control systems. Two 
rounds of experiments were carried out. The first one was intended to facilitate 
observations of transient processes effected with quick shifting of a control lever 
from the idle position to that of full thrust, and back. In the second round observed 
were processes resulting from changes in the critical jet area. The second, alternative 
model was used to investigate the effect of ever-greater hypothetical volumes of 
the nozzle on how the transient processes proceeded. It has been found that in the 
case of the S0-3 engine, low nozzle capacity remains of only slight effect on how 
the transient processes proceed. Hence, simplified modelling methodology is fully 
justified. 
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Graphic symbols 

--+- input ( output) o-+ steady parameter 

~ a, b, where b = const. 

computational Y = f(a,b, ... , z) 
unit 

a~ a + b 

b~ 

limiter 

if amax >a> amin then b = a, 
if a ;::: amax then b = amax , 
if a~ amin then b = amin· 

a . mm 

Nomenclature 

D 

conventional accumulation space of the convergent nozzle (si­ 
mulation model's unit), 
conventional accumulation space of the convergent nozzle (si­ 
mulation model's unit), 
average specific heat of the working medium in the compressor 
duct, 
average specific heat of the working medium in the combustion 
chamber, 
average specific heat of the working medium in the turbine duct, 
average specific heat of the working medium in the convergent 
nozzle, 
convergent nozzle, 
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Delta..n 
fkr 
G2 
G2r 

G3 

G3t 
Ga 

Gb 
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KS 
LSU 
M 
m 
md 

n 
Ns 
Nsr 
N start 
n 
ru bj 

control error of the maximum-rotational-speed limiter, 
critical jet area of the convergent nozzle, 

- mass flow of the working medium at the compressor outlet, 
reduced mass flow of the working medium at the compressor 
outlet, 
mass flow of the working medium at the combustion chamber 
outlet, 
reduced mass flow of the working medium through the turbine, 
mass flow of the working medium at the entry into the 'V' vo­ 
lume, 
mass flow of the working medium at the exit out of the 'V' vo­ 
lume, 
enthalpy of the working medium accumulated in the 'V' volume, 
enthalpy of the working medium accumulated in the convergent 
nozzle, 

- enthalpy of the working medium accumulated in the combustion 
chamber, 
polar moment of inertia of the rotor of the turbine-compressor 
assembly, 
exponent of isentrope of the working medium accumulated in 
the 'V' volume, 

- average exponent of isentrope of the working medium in the 
combustion chamber, 

- average exponent of isentrope of the working medium in the 
turbine duct, 
average exponent of isentrope of the working medium in the 
convergent nozzle, 
combustion chamber, 

- steady-state line, 
- Mach number (here: air speed), 
- mass of the working medium accumulated in the 'V' volume, 

mass of the working medium accumulated in the convergent 
nozzle, 

- mass of the working medium accumulated in the combustion 
chamber, 

- rotational speed of the rotor, 
- input power of the compressor, 
- reduced rotational speed of the compressor, 
- initial rotational speed of the rotor, 
- rotational speed of the rotor, 
- idle run rotational speed of the rotor, 
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PO 
Pl 

P2start 

P4 

P4start 

Pdstart 

PH 
Pksstart 

pQ 
pQmax 

pQmin 

Q 
Qmax 
Qi.start 
Qd 
Qg 
Rg 
T 

Tl 

T2 

T3 

T4 
T4t 

- maximum-rotational-speed of the rotor, 
- turbine power, 
- reduced rotational speed of the turbine, 
- average impact pressure of the working medium accumulated 

in the 'V' volume, 
impact pressure of the working medium at the engine inlet, 

- impact pressure of the working medium in front of the compre­ 
ssor, 

- initial average impact pressure of the working medium behind 
the compressor, 
impact pressure of the working medium in the convergent 
nozzle, 

- initial average impact pressure of the working medium in the 
convergent nozzle (in the Model B), 

- initial average impact pressure of the working medium in the 
volume Act (in the Model A), 
ambient pressure, 
initial average impact pressure of the working medium in the 
combustion chamber, 

- first derivative of the rate of fuel flow, 
- upper limit of the first derivative of the rate of fuel flow in tran- 

sient states, 
lower limit of the first derivative of the rate of fuel flow in tran­ 
sient states, 

- rate of fuel flow, 
- maximum rate of fuel flow, 

initial rate of fuel flow, 
lower limit of the rate of fuel flow in transient states, 

- upper limit of the rate of fuel flow in transient states, 
gas constant, 
average impact temperature of the working medium accumula­ 
ted in the 'V' volume, 

- impact temperature of the working medium in front of the com­ 
pressor, 

- impact temperature of the working medium behind the compre­ 
ssor, 

- impact temperature of the working medium in front of the tur­ 
bine, 
impact temperature of the working medium behind the turbine, 

- temperature of the working medium measured with a set of 
thermocouples, 
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oo, 

- impact temperature of the working medium at the entry into 
the 'V' volume, 
time constant of the rate-of-flow control unit, 

- temperature of the working medium at the exit out of the 'V' 
volume, 

- initial average impact temperature of the working medium in 
the convergent nozzle, 
initial average impact temperature of the working medium in 
the combustion chamber, 

- error of iteration, 
error of iteration, 
volume of the selected part of the engine-duct space, 
volume of the duct of convergent nozzle, 
volume of the combustion-chamber duct, 
factor of amplification of iterative loop, 
factor of amplification of iterative loop, 
fuel calorific value, 
air bleed coefficient, 
coefficient of proportional amplification of the rotational-speed 
control unit (limiter), 
amplification factor of the rate-of-fuel control unit, 

- angle of the engine-control-lever setting, 
- increment of temperature of the working medium due to com- 

pression, 
- pressure ratio (of the compressor), 
- pressure ratio of decompression of the working medium while 

flowing through the turbine, 
rate-of-flow coefficient of a convergent nozzle, 

- efficiency of heat emission in the combustion chamber, 
- coefficient of mechanical efficiency of combustion chamber, 
- coefficient of mechanical efficiency of the turbine, 

isentropic efficiency of the turbine, 
average specific density of the working medium accumulated in 
the 'V' volume, 
the impact-pressure-retention coefficient for the combustion­ 
chamber flow, 

- the impact-pressure-retention coefficient for the compressor flow. 
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1. Introduction 

In the available literature on the mathematical modelling of turbine en­ 
gines treated as systems under control [1], [3], [4], [7], [8], [14], the question 
of whether account should ( or should not) be taken of the dynamics of pro­ 
cesses of accumulating mass and enthalpy of the working medium in some 
selected volumes of the engine duct remains a question that all the time gives 
rise to much controversy. Predominating are opinions on both the suitability 
and need to take these phenomena into consideration [1], [3], [4], [14]. In 
consequence, due to relatively high rates of the processes of mass accumu­ 
lation and enthalpy, a suitable digital simulation model requires short-step 
(approx. 0.5ms) integration. This, however, significantly extends time needed 
for simulated processes. In the case no account is taken of the processes 
of accumulating mass and enthalpy of the working medium, the required 
integration step can be many times longer (approx. 0.02s). However, there 
is another problem related to the application of a suitably fast and stable 
algorithm of solving the system of non-linear algebraic equations with the 
iteration method (Fig. 6). On the other hand, the simulation model that takes 
account of the dynamics of the processes of accumulating mass and enthalpy 
of the working medium does not include the system of algebraic equations. 
It only includes an algorithm of numerical integration of the system of or­ 
dinary non-linear differential equations (Fig. 2). The model of an engine, 
which takes account of the dynamics of the processes of accumulating mass 
and enthalpy of the working medium, is further on called 'Model A', whereas 
the model with the dynamics of these processes neglected - 'Model B'. 

To recapitulate, Model A has been applied to examine the effect of the 
nozzle volume on the dynamics of transient processes, whereas Model B - as 
that offering comparative basis to find an answer to the following question: 
To what extent is it reasonable to reduce the dynamics of transient processes 
in a turbine engine down to the dynamics of accumulating the kinetic energy 
in the rotor mass? 

"O" 
I 

"1" "2" Q 
I 

"3" "4" "5" "H" 

KS 

s 
J 

Fig. I. Computational diagram of the S0-3 engine (W - inlet, S - compressor, KS - combustion 

chamber, T - turbine, D - convergent nozzle, Q - rate of fuel flow) 
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Fig. 1 presents a computational diagram of the S0-3, jet engine, with 
all the structural assemblies and assumed computational cross-sections of 
the duct - indicated. To keep descriptions of the models concise, most of 
the equations used to formulate these models have not been given here ex­ 
plicite, since they are to be found in the publications and handbooks on 
the thermodynamics, the fluid mechanics, and the theory of heat engines. 
Major attention has been paid to analogue and block diagrams intended to 
show - in some well-ordered way - the connections between all variables 
and parameters of the models. The enclosed Nomenclature list facilitates the 
studying of these diagrams. 

2. Model A 

A block diagram of the simulation model consists of two parts. The first 
one, shown in Fig. 2, refers to a system of non-linear differential equations 
that describe the working-medium flow in the engine duct. The second one, 
shown in Fig. 3, refers to a differential equation of motion of the rotor of 
the turbine-compressor assembly. 

n 
-~G~3 -Ak, lk, 

n 
PkSstart 

G3t 
P2 

n G3r = f(ntr,&) 

P3 

TJ,= f(nrr,EJ 

Id R& 

~----Ad md ; 

T4 

G4 

Fig. 2. Model A. A block diagram of the system of integrating differential equations that describe 
parameters of the working-medium flow 
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n 

Cp34 

11mt 

Fig. 3. Model A and Model B. A block diagram of the system of integrating equations of motion 
of the rotor 

In the structure of the first part incorporated are blocks 'Aks' and 'Act', 
which comprise differential equations that describe processes of accumulat­ 
ing mass and enthalpy of the working medium within the volume of the 
combustion chamber (Aks) and that of the convergent nozzle (Act). Both two 
blocks show identical structures, presented in full detail in Fig. 4. They have 
been built on the grounds of a system of equations (1-6). 

Tb 
Tnut 

Tb 

m 

Ga 

Gb 

Ta 

Rg V 

p 

Fig. 4. Model A. A block diagram of the system of integrating equations of accumulation 
of mass and enthalpy of the working medium within the volume of the combustion chamber (Vk,) 

or the nozzle (V ct) 
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The additional figure, Fig. 5, shows the ordering of input and output 
variables and pre-set parameters of the Aks and Ad blocks. In order to do 
that, notation admitted in the system of equations (1-6) has been applied. 

Tb= 2 * T- Ta; (1) 

(2) 

m = V *P; (3) 

I= Cp * T * m; (4) 

dT 1 - = - [Ga* (k * Ta - T) +Gb » (T- k *Tb)]; 
dt m 

dP Rg* T P dT 
- = (Ga - Gb)* -- + - * -. 
dt V T dt 

(5) 

(6) 

Cp k 

Tstart 

Ga 

Tb 

Gb 
Ta 

Pstart o--_,.. 

I 

m 

p 

Rg V 

Fig. 5. The arrangement of input/output variables and constant parameters of the block diagram 
shown in Fig. 4 

An alternative solution of the structure of the Aks block can be found 
in the literature [1], [3], [4], [14]. It consists in matching equations (1-6) 
with the equation of heat balance of the combustion chamber. The equation 
of heat balance of the combustion chamber appears in the structure of the 
model shown in Fig. 2 in a separate block KS. It has been proved that both 
modelling techniques bring about exactly the same results. 
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The process of accumulating mass and enthalpy of the working medi­ 
um has been assumed to proceed in two volumes only, i.e. the combustion 
chamber (Aks) and the convergent nozzle (Act). On the other hand, similar 
processes taking place in the inlet duct, in the compressor and the turbine 
have been neglected. The neglect of the inlet duct has been justified with that 
the planned simulation-based experiments are limited to running an engine 
with short inlet duct only. The neglect of little volume of the turbine duct 
results from the turbine being single-stage. The model does not separately 
show the volume of the compressor duct, since - for the need of experi­ 
ments - this quantity has been assumed included in the combustion-chamber 
volume. 

Model A is featured with what follows: in each subsequent integration 
step, for the known initial values of all integrating elements (nstart, Tksstart, 
Pksstart, Tdstart, Pdstart) one can easily calculate values of all derivatives present 
in differential equations (dn/dt, dTks/dt, dPks/dt, dTd/dt, dPd/dt). 

3. Model B 

A block diagram of the model B also consists of two parts. The first 
one, shown in Fig. 6, refers to a system of non-linear algebraic equations that 
describe the working-medium flow in the engine duct. The second one, the 
same as for model A (Fig. 3), refers to a differential equation of motion of the 
rotor of the turbine-compressor assembly. It has been assumed that processes 
of accumulating enthalpy and mass of the working medium in some selected 
portions of the engine duct are so fast (as compared with the process of 
kinetic-energy accumulation in the rotor) that can be treated as quasi-static. 
Therefore, algebraic equations have been used to describe parameters of the 
working medium in the engine duct in transient states. Hence, in this case 
of a simulation model there is only one differential equation that describes 
the process of accumulating kinetic energy in the rotor (Fig. 3). 

Model B is featured with what follows: in each subsequent step of inte­ 
grating the rotor-motion equation, for some known initial values of rotational 
speed (nstari), there is no simple way to calculate the value of its derivative 
(dn/dt). One should, therefore, apply the method of iteration; this is clearly 
shown in Fig. 6. The suggested method is one of many others applicable in 
such a case. What is of significance resolves itself to a program code of the 
iteration algorithm operating quickly and in a stable way. Results of multiple 
tests have proved that the Euler method used exactly as shown in Fig. 3 is the 
best. Anyway, on the grounds of initial values (P2start and P4siart), a sequence 
of iterations is performed in each integration step, where subsequent iterated 
values (P2 and P4) are calculated in the following way: 
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P2 = P2start + UJ * W1; (7) 

(8) 

In each subsequent iteration step new initial values are assumed - by 
means of substitution: 

P2start 

P4start 

(9) 

(10) 

G2, 
G2, - f(nm 'TT) >--'--TM 

G2 

Glr = f(ntr,£) 
G3t 

11, T4 
11t = f(ntr, e) 

Fig. 6. Model B. A block diagram of the system of iteration to find roots of a system of algebraic 
equations that describe parameters of the working-medium flow 

The above-described operations are repeated until both errors of iteration 
(u1, u2) reach sufficiently low values. The convergence of iterations for the 
full range of the model's operation (in this case: for the range of rotational 
speed starting with idle run up to full thrust) has been ensured by means of 
suitable selection of values of w1 and w2 factors. 
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4. Simulation of the engine fuel-supply and control system 

Experiments with simulation models of the SO-3 engine should be sim­ 
ilar to corresponding experiments feasible with a real engine. Therefore, an 
idea arises to join a simulation model of an engine with a simulation model of 
a real engine's fuel-supply system and controls. The real engine's fuel-supply 
system and controls composes a very complicated set of hydromechanical as 
well as pneumatic-and-mechanical units. The block diagram shown in Fig. 7 
describes - in a simplified way, yet sufficient for conducting and under­ 
standing simulation experiments discussed below - a principle of operation 
thereof. 

bfflt=,. PH TH M 

t(s] 
nsr = n 

Fig. 7. A block diagram of the engine fuel-supply and control system 

What can be found is that within the range of rotational speed from 
the idle run up to the value n ::; n..max the open-loop control is executed, 
where some value of the steady-state rate of fuel flow (Q) is a function of 
the engine-control-lever angle (aDSS). In transient states, e.g. in the course 
of full acceleration, the actual value of the rate of fuel flow is bounded 
from above by means of the value limiter shown in the diagram (Qg). By 
analogy, in the course of deceleration limited is the actual minimum value of 
the rate of fuel flow (Qd). A proportional controller-limiter of the maximum 
rotational speed (n.rnax) also appears in the diagram. 

Since simulation-based investigation has been limited to the engine's 
running under standard weather conditions on the ground (Ph = 760 mm Hg, 
Th = 288.2 K, M = O), there is no barometric correction for the rate of fuel 
flow shown in Fig. 7. This correction, necessary in the case of changes in 
flight altitude and air speed, occurs in actual situation. That is why the in 
the diagram shown value of the reduced rotational speed (nsr) equals some 
physical value (n). Therefore, Qg = f(n,PH,TH,M), Qd = f(n,PH,TH,M). It 
also means that the limiters of actual values of the rate of fuel flow in the 
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course of acceleration (Qg) or deceleration (Qd) operate in a quasi-static way. 
Just as with an actual control system, it has been assumed that any change in 
the rate of fuel flow (Q) resulting from any shift of the engine control lever 
(aDSS) and possible actuation of the maximum-rotational-speed limiter, is 
delayed due to the presence of some value of time constant of the automatic 
engine-control unit (TauASS - shown in the diagram). 

5. Methods of performing simulation-based experiments 

All simulation-based experiments introduced in this paper refer to the 
engine run under ground-level conditions (Ph = 760 mm Hg, Th = 288.2 
K, M = O). Input functions of transient processes were effected by means of 
non-linear function generators: aDSS = f(t) and fkr = f(t) (see Fig. 7). 
Two series of experiments were carried out: 
• In the first series, by means of the function generator aDSS = f(t), 

quick and full-range accelerations/decelerations of the engine were ac­ 
complished for some specific value of the critical jet area of the nozzle 
(fkr). 

• In the second series, by means of the function generator fkr = f(t), simu­ 
lated were responses of the engine to changes in the critical jet area of the 
convergent nozzle, for some specific rates of fuel flow (Q), separately for 
the idle-run range and the maximum-rotational-speed range. The specific 
values of the rates of fuel flow were reached by means of fixing the 
engine control lever (aDSS) in two suitable, constant positions. 
Time- and phase-dependent simulated processes resulting from Model A 

and those from Model B have been plotted on common diagrams to facilitate 
comparisons between the results. 

6. Parameters of simulation 

From the standpoint of the objective of this paper, the following are 
the most important parameters of the simulation model A: volume of the 
combustion chamber (Vks) and that of the nozzle (V ct). The volume of the 
combustion chamber of an actual engine SO-3, defined as the volume of 
the engine duct between the compressor outlet and the turbine inlet, is ap­ 
prox. 0.070 m3, whereas the nozzle volume understood as that of the engine 
duct between the turbine outlet and the duct-outlet cross-section is approx. 
0.05 m3. The above defined values as applied to Model A make the obtained 
results differ only slightly from similar simulation-based results gained from 
Model B. This slight difference makes, in turn, that some significant scale­ 
up of diagrams/plots is required to compare between these results. That is 
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why V ct = 0.1 m3 has been assumed the least hypothetical value of the nozzle 
volume. In the series of experiments with Model A, simulated were processes 
for different values of convergent nozzle volume ranging from V d = 0.1 to 
Yct = 0.6 m3, each 0.1 m3. For each simulation performed on Model A, 
the combustion-chamber volume Vks = 0.075 m3 was assumed. For both the 
models, the method of numerical constant-step rectangular integration was 
used. 

7. Simulated full-range accelerations and decelerations 

The most important results of full-range acceleration/deceleration simu­ 
lations with Models A and B engaged are presented in Figs 8 and 9. Fig. 8 
shows a series of 6 simulated time functions of rotor rotational speed (n) 
gained from Model A and superimposed on the plot of a similar function 
gained from Model B. To better show differences in results gained, the se­ 
lected (and indicated in Fig. 8) portions of the plot have been scaled up and 
presented in Figs 8a and 8b. 

What has been phase-mapped in Fig. 9, are 6 time functions of actual 
average impact temperature of gas in the nozzle (T4) against engine rotational 
speed (n), gained from Model A and superimposed on those gained from 
Model B. Figs 9a and 9b show scaled-up portions of Fig. 9. 

n x10·3 [rpm] 
16 '~-~ 

14 . 

u . 

10 

8 . 

6~--~-------~--~ 
o 20 40 60 80 

t[s) 

Fig. 8. Comparison between rotational-speed plots gained from Model A and Model B 
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n x10·3 [rpm] 
7.5 

Al ... A6 - from Model A 
B - from Model B 

A4 
Al - Vd = O.I ml 
A2-Vd=0.2ml 
A3-Vd=0.3ml A2 
A4-Vd=0.4ml Al 
A5- Vd= 0.5 ml 

7.0 · A6-Vd=0.6ml 

B 

12 
t[s] 

Fig. 8a. Comparison between rotational-speed plots gained from Model A and Model B 

10 11 

Al ... A6 - from Model A 
B - from Model B 

7.0 

Al-Vd=O.lml 
A2-Vd=0.2ml 
A3-Vd=0.3ml 

A5 

A4 

A3 

60 
t[s] 

Fig. 8b. Comparison between rotational-speed plots gained from Model A 
and Model B - a portion of the plot selected from Fig. 8 

6.5 ~-----------------' 
45 

B 

50 55 

The simulated time functions of average impact temperature of gas in 
the nozzle (T4), shown in Fig. 9, considerably differ from those recorded in 
the course of tests with an actual SO-3 engine. Responsible for these dis­ 
crepancies are dynamic errors (difficult to compensate for) of measurements, 
i.e. of actual values of temperature, taken on an engine by means of a set of 
thermocouples. More detailed discussion on this issue of great significance 
exceeds the limits of this paper [ 1 O]. 
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700 . 

600 

8 10 u 14 16 
nx10·3 (rpm) 

Fig. 9. Gas temperature in the nozzle against rotational speed - comparison between results 
gained from Models A and B 

850 

800 
B - from Model B 

Al-Vd=0.lml 
A2-Vd=0.2ml 
A3-Vd=0.3ml 
A4-Vd=0.4ml 
A5-Vd=0.5ml 
A6-Vd=0.6ml 

6.9 7.0 
nx10·3 [rpm) 

Fig. 9a. Gas temperature in the nozzle against rotational speed - comparison between results 
gained from Models A and B - a selected portion of the plot(s) in Fig. 9 

750""----___... _;__ .._ __ __, 

6.5 6.6 6.7 6.8 
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T4 [KJ 
1000~--'--'--------~-------~ 

900 . 

800 

700 B-fromModelB. 

Al - Vd= 0.1 m3 
A2-Vd=0.2m3 
A3-Vd=0.3m3 
A4-Vd=0.4m3 
A5-Vd=0.5m3 
A6-Vd=0.6m3 

16 
nxto·3 [rpm] 

Fig. 9b. Gas temperature in the nozzle against rotational speed - comparison between results 
gained from Models A and B - a selected portion of the plot(s) in Fig. 9 

Al 
500~--------------~ 

14 15 

8. Simulated responses to changes in the jet area of the nozzle 

Simulated responses of engine parameters to changes in the jet area of 
the convergent nozzle (fkr) were investigated for some specific positioning 
of the engine control lever, i.e. in the idle-run position (aDSS = O deg), and 
steady-state conditions of engine running (n = n.ibj). They are presented as 
time functions in Fig. 10. 

20 25 30 35 40 
t[s] 

Fig. 10. Time function due to a change in the jet area of the nozzle 

Three simulated time functions of the rotor rotational speed (n) gained 
from Model A and then superimposed on the plot of a similar function gained 
from Model B are shown in Fig. 11. This time, unlike with results presented 
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in Figs 9 and 10 and to make the plots legible, only three (3) curves from 
Model A have been shown for the following cases: V d = 0.2, 0.4, 0.6m3. A 
similar procedure was applied in the case of simulation-effected functions of 
average impact temperature of gas in the nozzle (T4). 

6.48 ·····················:-····· 

6.44 . 

6.40 ; . 

6.36 ; . 

: : 
: : 

A6\ Al,A4,A6 - from Model A 
·······>· B - from Model B · 

A4 A2-Vd=0.2ml 

6.32 ·1,,············ A2 .: . ~_::_:_~_:_:_~_::_:_:_~ 

B j 
6.28~---~-----------~ 

o 20 40 60 80 
t[s] 

Fig. 11. Rotational speed versus time - comparison between results gained from Models A and B 

T4 [KJ 
790 

780 

770 

760 

750 

740 
o 20 40 

Al,A4,A6 - from Model A 
B - from Model B 

60 80 
t[s] 

Fig. 12. Time functions of gas temperature in the nozzle - comparison between results gained 
from Models A and B 
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o 10 20 30 40 50 
t[s] 

Fig. 13. Time function due to a change in the jet area of the nozzle 

nxio-3 [rpm] 
16.----~--~---~--~----, 

15 

14 

13 

A6 - from Model A 
B - from Model B 

12'-----------------_J o 10 20 30 40 50 
t[s] 

Fig. 14. Comparison between rotational-speed functions gained from Models A and B 

Figures 14 and 15 illustrate effects of rotational-speed (n) response and 
impact temperature of gas (T4) on changes in critical jet area of the conver­ 
gent nozzle (fkr) in the course of engine's steady-state operation within the 
maximum range of rotational speed (n = n..max). This time accomplished 
was the excitation in the form shown in Fig. 13. In this case as well, to make 
the plots legible, only one simulated time function gained from Model A has 
been shown for the nozzle volume V ct = 0.6 m3• Then, it was superimposed 
on that gained from Model B. Figs 15a and 15b show scaled-up portions of 
Fig. 15. 

The simulated time functions of average impact temperature of gas in the 
nozzle (T4), shown in Fig. 15, differ considerably from those recorded in the 
course of testing an actual S0-3 engine. Responsible for these discrepancies 
are the above-mentioned dynamic errors (related to plots shown in Fig. 9) 
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of measurements, i.e. of actual values of temperature, taken on an engine by 
means of a set of thermocouples. 
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920 . 

880 

840 

800 

760~--~--------------~ o 10 20 30 40 50 
t[s] 

Fig. 15. Time functions of rotational speed - comparison between results gained 
from Models A and B 
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Fig. 15a. Temperature of gas in the nozzle against rotational speed. 
Comparison between results gained from Models A and B - a portion selected from Fig. 15 
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Fig. 15b. Temperature of gas in the nozzle against rotational speed. 
Comparison between results gained from Models A and B - a portion selected from Fig. 15 

9. Conclusions 

Differences between simulation-effected results gained from Model B 
and those from Model A, for the lowest nozzle capacity taken into account 
(V d = 0.1 m3), are negligibly small from the standpoint of the modelling 
objective. In particular, they are scarcely noticeable for the range of higher 
rotational speeds. For the range of low rotational speeds, the differences 
are observable, however, lower than errors of the simulation method itself. 
These errors are caused by a number of factors, which give grounds for 
the mathematical modelling of an engine. These factors might be as follows: 
acceptance of a one-dimensional description of flow of the working medium, 
inaccuracy of applied static characteristics of the turbine and the compressor, 
a simplified way of describing - in a mathematical way - the combustion 
chamber, acceptance of constant values of specific heat and isentropic expo­ 
nents of the working medium. 

The following specific properties of aircraft turbine engines can prove 
significant limits to the accuracy of modelling: 
• Well-marked differences between performance-related characteristics of 

different engines of the same type, resulting from the usual production­ 
effected dispersion. 

• Easy to observe - throughout suitably long. time intervals - degradation 
in performance of specific engines due to usual wear and tear [13]. 

• The dynamics of the rotor acceleration and deceleration cannot be pre­ 
cisely described due to considerable effects of thermal deformations ( ob­ 
served in the course of the operational use) of the engine duct and in 
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particular, of the engine turbine, nozzle, and labyrinth seals [5]; also, of 
deformations of gas-temperature distributions at the combustion-chamber 
outlet [2], [6], [8]. 
Therefore, any attempt to perform very accurate modelling proves un­ 

justified. To recapitulate, the method applied to generate Model B proves 
suitable to formulate a simulation-based model of the SO-3 engine treated 
as a controlled source of thrust to provide propulsion to an aircraft. On the 
other hand, the method applied to generate Model A proves well grounded 
with engines furnished with nozzles mounted at the end of suitably long 
(tail) exhaust pipes. Typical are engines furnished with afterburners. 

A simplified method of engine modelling, with the dynamics of the 
processes of accumulation of the working medium's mass and enthalpy dis­ 
regarded, can also be used to develop relatively simple algorithms of the 
so-called non-linear observers [ 11], [ 12]. The observers are of potentially 
great practical importance, in particular, to monitor non-measurable or dif­ 
ficult to measure parameters of operation of turbine jet engines. These may 
include actual values of thrust, temperature at the combustion-chamber inlet, 
mass flow of the working medium, etc. 

The Author supposes that the above-formulated conclusions could prove 
reliable in the case of turbine engines featured with similar values of both 
maximum pressure ratios (n) and maximum mass flows of the working medi­ 
um (G4), as with the SO-3 engine. This is what results from the careful 
examination of simulation effects. On the above-presented plots one can find 
that the greatest effect of the nozzle volume (V d) is observed for the range of 
low rotational speeds (n) of the engine where, at the same time, the pressure 
ratio and the mass flow of the working medium are low (Figs 8, 9). For 
the range of high rotational speeds, featured with high pressure ratio and 
high mass flow of the working medium, the influence of the nozzle volume 
is dramatically reduced to the level, at which making it noticeable requires 
considerable reduction of the number of occurrences of this parameter down 
to three in Figs 11 and 12, and to only one in Figs 14 and 15, which is the 
greatest out of six occurrences assumed. 

Table 1. 
Comparison between times of simulation with Model A and B engaged (Figs 14, 15) 

Integration step Duration of actual proces Duration of simulation 
Model [ms] [ms] [s] 

Model A 0.2 50 126 
Model B 20 50 6 

From the foregoing it clearly follows that there is a great need for similar 
simulation-based experiments with turbine engines of much higher ranges of 
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the pressure ratio and the mass flow of the working medium, i.e. for engines
like RD-33 or FlO0-PW-229. The Author supposes that, on the grounds of
comparing simulation-effected results for a wider range of turbine engines, it
would be possible to formulate some objective numerical criterion. It will be
used to decide if in the simulation-based model there is a need - in some spe­
cific cases - to take account of the dynamics of the process of accumulating
mass and enthalpy of the working medium. It is of great importance because
of much greater rate of performing digital simulation on Model B than on
Model A. To compare both instances, Tab.1 shows measurements of duration
of simulation of the same process accomplished with each of the models. The
simulation was performed by means of a digital computer. Times shown were
gained on the microcomputer PC furnished with the Pentium processor (R), 
the 3.0 GHz CPU-clock and 1.0 GB RAM. Codes of numerical procedures of
both the models were not subject to optimisation aimed at the minimisation
of time of computer accomplishment thereof.

It was mainly the need to apply a very short integration step, well
matched to the fastest process performed in the model, that made time of
simulation with Model A considerably longer. The fastest process mentioned
is the process of accumulating mass and energy in the least selected duct
volume, i.e. in the combustion-chamber volume (Vk5). In Model B, the in­
tegration step has to be well matched to the slowest dynamic process in the
engine, i.e. to the process of accumulating kinetic energy in the rotor mass.
For this reason, it may prove many times longer than the integration step in
Model A.

Manuscript received by Editorial Board, April 03, 2006;
final version, December 28, 2006.
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Wpływ objętości dyszy zbieżnej na procesy przejściowe turbinowego silnika odrzutowego

Streszczenie

W naukowych publikacjach na temat matematycznego modelowania silników turbinowych
(traktowanych jako obiekty sterowania i automatycznej regulacji), często mówi się o wpływie pro­
cesów akumulacji masy i entalpii czynnika roboczego na dynamikę ich procesów przejściowych.
W niniejszej pracy przedstawiono porównanie wyników symulacji przeprowadzonej na dwóch wari­
antach modelu turbinowego silnika odrzutowego typu SO-3. W pierwszym wariancie uwzględniono
dynamikę procesów akumulacji masy i energii czynnika roboczego w objętości komory spalania
oraz w objętości dyszy zbieżnej. W drugim, uproszczonym wariancie modelu, zaniedbano dynamikę
akumulacji masy i energii czynnika roboczego, zakładając, że w obrazie procesów przejściowych
dominuje dynamika akumulacji energii kinetycznej przez masę wirnika. W celu przeprowadzenia
eksperymentów symulacyjnych obie wersje modelu silnika łączono ze specjalnym blokiem symula­
cyjnym, imitującym działanie układu zasilania i sterowania. Wykonano dwie serie eksperymentów.
W pierwszej obserwowano przebiegi procesów przejściowych wywołane szybkim przestawianiem
dźwigni sterowania z pozycji biegu jałowego do pozycji pełnego ciągu - i z powrotem. W drugiej
serii obserwowano procesy wywołane tylko zmianami pola powierzchni przekroju krytycznego
dyszy. Na drugim wariancie modelu zbadano wpływ coraz większych, hipotetycznych objętości
dyszy, na przebiegi procesów przejściowych. Stwierdzono, że w przypadku silnika SO-3 mała obję­
tość dyszy ma niewielki wpływ na przebieg procesów przejściowych, zatem uproszczona metodyka
jego modelowania jest uzasadniona.




