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ABSTRACT

This work focuses on evaluating the performance of a laboratory model CM14
turbojet engine through finding and analyzing the engine performance parameters. An
integrated mathematical model was developed for the CM14 turbojet engine by deriving
the detailed equations for the different engine components. The derived engine model
will help in studying the engine performance at different operating conditions without
performing heavily expensive experiments. Simulations for the derived model were
carried out using MATLAB and Simulink. To ensure the reliability of the derived model
the obtained results from the simulation were compared with an experimental data from
the real CM 14 turbojet engine at maximum rpm. The comparison shows that the obtained
performance parameters from the derived model are reasonable and satisfactory.

KEYWORDS: Mathematical Modelling; Simulation; Performance; CM14 Turbojet
Engine.

INTRODUCTION

Aircraft engine represents the heart of an aircraft exactly as the heart of a human
being. The turbojet is an airbreathing jet engine, typically used in aircraft; it consists of a
gas turbine with a propelling nozzle [1]. The CM 14 Turbojet engine, shown in Figure (1),
is a complete aeronautical axial flow gas turbine engine. The engine itself is a small
compact Olympus HP E-start turbine engine, comprising a single stage radial compressor,
annular combustion chamber, and a low mass, high performance axial flow turbine [2].
Full instrumentation is included as standard, allowing the measurement of a wide range
of variables such as temperature, pressure, air, and fuel flows, thrust and shaft speed.
Studying the viability and performance of the jet engine through calculating its
performance parameters. Deriving the mathematical model for the engine by developing
the detailed equations for the different components of the engine will help in developing
the performance parameters. Some of Previous studies are Zare, Fo. et. al. [3], a
concentrated parameter distribution type mathematical model has been developed and
implemented in MATLAB environment for modelling thermodynamically cycles and
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characteristics of the single spool no bypass jet engines. The results of the analysis are
compared with available operational data of the Tumansky R-29 type turbojet engine at
sea level static condition, the simulation results show less than or equal 10.2 percent
difference between the simulated and the available real data. Ujam, A. et. al. [4] presented
an approach to analyze the performance of jet engine with an alternative flow control
mechanism by regulating the flow at the engine inlet to increase the engine rpm for the
same value. The work focused on performance characteristics of turbojet with reduced
inlet pressure to the compressor engine. Simulink was used for dynamic modelling of the
engine. Performance parameters of the engine are analyzed with the increase in
compressor pressure ratio and shaft rpm. Tudosie, A. N., [5] presented a single-spool jet
engine’s rotation speed’s control system, which has integrated a fuel flow rate injection
controller meant to insure the speed and the temperature limitation during the engine’s
transient operating regimes. An improvement has been realized for a previously presented
mathematical model for the system. Tudosie, A. N.,[6] deals with a fuel system meant to
assure the fuel supply of an aircraft turbo-jet engine’s afterburner, with respect to the
aircraft’s flight regime. The non-linear motion equations were established for the
integrated system (afterburning fuel pump-flight regime corrector); based on it, assuming
the small perturbations hypothesis, these equations were transformed into a linear system.
All output parameters are stabilizing at their new values with static errors, so the system
is a static system; however, the static errors are acceptable. Tudosie, et. al. [7] deals with
a single-spool single jet engine with afterburner for thrust augmentation. The authors have
studied engine-afterburning system time behavior, by studying its quality, which means
its time response. To keep the gas-turbine pressure ratio constant, the engine’s fuel flow
rate and nozzle exhaust opening must be controlled. The simulations were based on some
coefficient, experimentally determined, and calculated for the VK-1F jet engine.
Abeykoon, C. [8] implemented a pre-established equation in MATLAB and Simulink to
create a model for a turbojet engine. The influence of atmospheric conditions was
considered in creating the model. The theoretical and Simulink models were in a good
agreement within reasonable limits, which verifies the correctness of the Simulink model
established in this work. Ishola A. Afiz et. al. [9] aimed to control an aircraft fuel system
by means of adopting control systems engineering principles and methods to understand
the applications of control systems in managing an aircraft fuel system. A mathematical
model was developed for the fuel system and simulated using MATLAB-Simulink
software to analyze the fuel consumption rate. The system was tuned with a Proportional
Integral and Derivative (PID) controller. The obtained results were validated with similar
analogous. Ryszard Chachurski et. al. [10], their objective was to calculate the
performance of gas-dynamic of a GTM 120 miniature turbojet engine by determining the
performance parameters and compare it with the theory contained in the literature and
laboratory results. Their obtained results in the analytical method are very similar to those
obtained in the computer calculations and both methods are deviated with a similar level
from the real results. Richa Singh et. al. [11] developed a mathematical model for the SR-
30 laboratory gas turbine engine to obtain a shaft speed response with a fuel flow as input.
To develop the model, they have been used approximated maps and governing equations
that describe the engine behavior. Then the obtained results compared with an
experimental data. The comparison showed good results with small differences in results
for both steady state and transient conditions. The derived model is tuned with a designed
PID controller. Veldsquez-SanMartin et. al. [12] proposed a mathematical model for the
fuel consumption analysis during aircraft cruise. A closed-form formula for the aircraft’s
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weight as a function of time during the cruising flight phase is presented. To obtain such
formula, the equations of motion for this flight phase are considered along with the fuel
consumption relationship. The obtained formula is a closed-form solution of a certain
differential equation. The model results are very close to the reality. This paper focuses
on deriving a mathematical model for the CM14 turbojet engine, then evaluating the
engine performance parameters by simulating the derived model using MATLAB and
Simulink. Then the simulated results will be compared with a real engine data at a certain
operating point using the same input data to the two models for calculating the engine
performance parameters.

e

Figure 1: CM14 Turbojet engine [2].

ENGINE MODELING

A mathematical model will be derived for the CM14 turbojet engine with basic
components, inlet, compressor, combustor, turbine, and nozzle. The derived model will
help in studying the engine performance at different operating conditions without
performing heavily expensive experiments. All operational gas processes in a jet engine
are irreversible due to friction. Thus, the compressor, turbine and nozzle isentropic
efficiencies will be assumed and applied beside the pressure loss in the intake and
combustion chamber. The burning efficiency will also be considered. With respect to
Figure (2), the flow enters gas turbine over section (a-2). The air is compressed and
delivered from section 2 to section 3 by the compressor, while the combustion process
occurs between sections 3 and 4. The turbine is located between sections 4 and 5. The
final part of the engine is the exhaust nozzle, which is located between sections 5 and 9.

Figure 2: Station numbering for the engine modelling [13].

Mathematical Model

Steady thermo-dynamical equations are used for calculating and plotting the real
cycle of the engine process in T-s diagram [14]. Only some of the mathematical equations
that were used in describing the engine are listed here.

Ambient properties
The stagnation ambient air temperature and pressure can be calculated for the given
flight Mach number from the following equations

Tor = T, (1 +252 M7) )
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Yc

c—1 c—
Poy = Py (1 + X2 M2 )7 2

Inlet

The inlet performance is defined by the pressure recovery from the free stream to
the engine. The process in the intake can be achieved by the constant total temperature
and determining the total pressure by the pressure recovery factor of the intake as:

Toz = To1 3)
Poz = 14 Poq 4)

However, the diffuser efficiency ng can be expressed and calculated from the following
equation:

Yc
( c_l) c—
Poz = Py (147 2=2 M2 )™ 5)

Compressor
The outlet total pressure of the compressor is calculated by the knowledge of the
total pressure ratio of the compressor and the intake outlet total pressure:

Py = 1Py, (6)

The total temperature from the compressor outlet can be calculated by knowing the
isentropic efficiency, 1. , equation (8).

Yc—1
Po
To3s = Ty (p_oz) ve ™)
Tos = -2+ T,y ®)

Combustion chamber

The stagnation pressure at the outlet of combustion chamber, state (4), is less than
its value at the inlet because of the real flow assumption. Thus, the outlet pressure of the
combustion chamber is expressed as follows:

Poy = Tec Po3 9)
The fuel to air ratio is calculated by taking into consideration the burner efficiency,

Nnv, equation (10) in the function of combustion chamber and turbine inlet total
temperature.

CpmX(To3—Toq)
= 10
f (1+L0)(Cpyo XToa)~(LoX Cpyp, ) ~(QrXMb) (10)
The Cp,, is the real specific heat of the air at turbine inlet total temperature at
constant pressure. The mass flow rate of the fuel comes from
me = fmg, (11)
Turbine

By using the energy balance of the spool, the turbine exit temperature is obtained
as follows

Cp X(To3~To2)
(1+f)CpTo4Xnn1X€

(12)

Tos = Tos
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The turbine outlet isentropic total temperature can be determined by.

Tb _Tb
Toss = Tos — 47]—7"5 (13)

The outlet total pressure of the turbine is calculated by

Yh

Pos |
Pos = ( io: ) (14)

Toss
Nozzle

The exit velocity from the convergent is given by
Yh—1
P\ \ "

Vo= [2XCp, , X1 X Tos (1 - (P—S) (15)

In equation (17), the nozzle outlet static temperature is determined by the available
nozzle efficiency, n,, and isentropic static temperature of the nozzle Tog, which comes
from equation (16).

P o
Tos = Tos (Eas) Th (16)
Ty =Tos — nn(To6 - T9s) 17)

Engine Performance Parameters

The performance of an aircraft engine may be rated by its ability to provide the
necessary thrust force in propelling an aircraft efficiently. The engine performance
parameters are identified as:

Thrust

The thrust force can be expressed as following:

7:ma((1+f)V9_Va)+A9(P9_Pa) (18)
Ao is the nozzle outlet area.

Thrust specific fuel consumption (TSFC)

Changing the mass flow rate of air influences the specific fuel consumption (SFC) and
the thrust. The TSFC is given by the following equation:

TSFC =" (19)

Thermal efficiency

The engine thermal efficiency is defined as the rate of addition of kinetic energy
to the air divided by the rate of fuel energy supplied.

WaHs1i (1+£) (Vo—Va)

(20)

Men = Np My QR

Propulsive and burning efficiency
The propulsive efficiency is the ratio of the useful propulsive power produced by

the engine to the rate of kinetic energy addition to the air, equation (21).
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_ Va
My = W +0.511g (14 f) (Vo—V,)2 (21)

The burning efficiency is denoted, 1, can be considered from

— (meR)actual

a (s QR)ideal

b (22)
Overall efficiency

The overall efficiency which is the ratio of useful power and the energy supplied
by the fuel can be calculated from the product of the propulsive, thermal and the burning
efficiencies.

o = b Men My (23)
or
Wa

Thermodynamic cycle
The T-s diagram of the ideal Brayton cycle is shown in Figure (3), the cycle
processes are explained in Table (1).

TA

X
2 o°°5
? e

@
@ P= Pa
S

Figure 3: T-s Diagram for the ideal closed Brayton cycle [1].

-

Table 1: Ideal closed Brayton cycle processes.

1-2 | Isentropic compression

2-3 | Constant pressure heat addition

3-4 | Isentropic expansion

4-1 | Constant pressure heat rejection.

Ideal cycle for turbojet engine

T-s diagram of the ideal jet engine cycle is shown in Figure (4). The air pressure
increases slightly in the diffuser as its speed is decelerated. It is compressed in the
compressor to the highest pressure in the cycle. Then, it is mixed with the fuel in the
combustion chamber, where the mixture is burned at constant pressure. The high pressure
and temperature combustion gases partially expand in the turbine, producing enough
power to drive the compressor and the other auxiliary equipment. Finally, the gases
expand to the ambient pressure through the nozzle and leave at a high velocity [14].
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Figure 4: T-s diagram of the ideal turbojet cycle [1].

Table 2: Ideal turbojet cycle processes
Isentropic decelerates in

a-2 | ..
diffuser
2-3 | Isentropic compression
3-4 | Constant pressure heat addition
Isentropic expansion through
turbine
Isentropic expansion across an
exhaust nozzle

4-5

5-9

MODEL SIMULATION

To study the engine performance parameters, the derived engine model was
simulated using MATLAB and Simulink techniques. The obtained results from the
simulated model were compared with experimental results from the real CM 14 turbojet
engine that carried out at the laboratory.

Components Model Simulation

The engine model using the non-linear component dynamics in a continuous time
sample is developed in Simulink workspace by using the derived model. The input values
are the material properties of the operational fluids, geometrical engine data, flight speed,
compressor total pressure ratio, total inlet turbine temperature and air mass flow rate, and
the assumed efficiencies of the different components of the jet engine model. Some of
these inputs are not available, for example the component efficiencies. So, it is
approximated from the values listed in [3].

Table 3: Input data

Environmental conditions and reference . . Power reduction
values Material Properties and constants coefficients

So [J/kg. K] 1000 M, [kg/k mol] 28.97 Nn 0.952
P, [Pa] 101325 Lo 42.17 nr 0.866
T, [K] 293.15 Ya 1.4 Ne 0.971
V, [m/s] 102.04 Ye 1.33 np 0.93
H [m] 0 R, [J/kg. K] 288.5714 Nin 0.91
Geometry and operational data of the engine R, [J/kg. K] 282.8 Tee 0.93
Ie 2.1 Q. [MJ/kg] 42.80 I'q 0.92
Tos [K] 802.15 Ry, [J/k mol. K] 8314 Tq 0.94
1, [kg/s] 0.59 Cp com [V/kg. K] 1010

d; [m] 0.0732 Cpm [J /kg. k] 1090

dg[m] 0.0859 Cp o4 [I/kg. k] 1100

The different engine components are represented in Simulink as below.
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Ambient and inlet models

Ambient atmospheric and inlet properties are modelled in Simulink as shown in the
Figures (5) and (6) respectively. Where the given input to the model is the altitude and
the output will be the total values of the temperature and pressure, which are available for
the engine inlet.
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Figure 5: Ambient properties model.

Pot

Figure 6: Inlet model.
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Compressor model

The compressor is represented in Simulink as shown in Figure (7). The computed
variables are the compressor exit pressure, entropy, temperature, and specific volume. All
the other engine components are represented in the Simulink by the same way.

T Proouad
Cnaces Function3

Figure 7: Compressor model.
Turbojet Engine Model
Figure (8) shows the complete turbojet engine model that comprises of all models
of the components.
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Figure 8: Simulink model of turbojet engine.
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Performance Calculation
The engine performance parameters are modelled in Simulink as shown in Figure (9).
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Figure 9: Performance calculation.

RESULTS AND ANALYSIS
Table (4) shows the maximum numerical values of some of the important outputs
of simulated model and real engine test data versus different variables for comparison.

Table 4: Qutput Data

Outputs Derived model Real engine Error (%)
Tmax N) f=02 114.1 104 9.7
TSFC 0.001361 0.001524 10.5
Tmax N) 117.6 105 12
My , 0.6133 0.591 3.8
Nen ™ =08kg/s 0.0731 0.1185 383
Mo 0.04005 0.06759 40.7
Tmax N) 118.7 117.7 0.85
My 0.5686 0.5696 0.17
Nen Ve = 300m/s 0.08517 0.1598 467
Mo 0.04512 0.0845 46.6

The comparison shows differences between the simulated and real results. The
difference in thrust is about 12% and 9.7% versus the mass flow rate and the fuel to air
ratio respectively, while the difference of thrust versus the exit velocity is reasonable,
about 0.85%. The TSFC difference is about 10.5% from the real. In addition, the
propulsive efficiency differences are reasonable with values of 3.8% and 0.17% for mass
flow rate and exit velocity respectively. The high values of thermal efficiency differences
of 38.3% and 46.7%, leads to high differences in the overall efficiency as 40.7% and
46.4%. These differences are due to the assumed efficiencies values of the different
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engine components since the real values are not available and the simplifications that
made in deriving the mathematical model. Figure (10) shows the variation of engine’s
rpm versus time from startup and gradually increases until it reaches its maximum and
then the engine shut down.

Time-rpm
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E- |
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- : -] {e ] 35 ol 0 p=-] 3
« 10000
Time

Figure 10: Relation between time and rpm.

Figure (11) shows the engine’s T-s diagram. It is clear from the vure that the entropy
increases with increasing the temperature, and at higher pressures, the temperature to
entropy slope is larger. The change in temperature to change in entropy ratio for a process
should be as high as possible to maximize the efficiency. It can be noted that the effects
of compression efficiency can be seen as a change in entropy moving from Point (a to 3).
The turbine efficiency causes a rise in entropy as the cycle moves from Point (4) to (5).
Pressure loss in the burner can be seen, as points 3 and 4 are no longer on the same
pressure curve. Nozzle efficiency in the form of excess pressure and other losses can be
noticed as an increase in entropy from Points 5 to 9 shows the returning of the cycle to
the ambient pressure, and the length of line between points (5) and (9) is directly related
to the amount of work output by the cycle, which is converted to thrust force in the nozzle.
The points described in this section coincide with the station numbering scheme used in
Figure (2). Figure (12) shows that the thrust force is linearly increasing with increasing
the exit velocity. The difference between the two curves is very small.

600
Entropy [J/kg.K]
Figure 11: T-s diagram for Turbojet Engine.
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Figure 12: Relation between thrust and exit velocity

The thrust force increase is slow with the increase of fuel-to-air ratio and the
difference between the two models is approximately constant because of low effect on
the thrust, see Figure (13). While Figure (14) shows the large effect of the mass flow rate
on increasing the thrust. The fuel to air ratio has a valuable effect on the specific fuel
consumption (TSFC), Figure (15). The differences between the two models in these
Figures (14 and 15) increases as the mass flow rate and fuel to air ratio increases
respectively.
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Figure 13: Thrust and fuel to air ratio.
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Figure 14: Thrust — air mass flow rate.
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Figures (16) and (17) show very small increases in the thermal efficiency versus the
increase in the exit velocity and mass flow rate respectively, which may be because of the
approximated values of m and Q.. Again, the differences between the two models
increases with the exit velocity and mass flow rate respectively. The same happen in
Figure (18) for the variation of the overall efficiency with the exit velocity because the
overall efficiency is a function of the thermal efficiency.
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Figure 15: Relation between fuel/air ratio and TSFC.
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Figure 16: Thermal efficiency — exit velocity.
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Figure 17: Thermal efficiency-mass flow rate.
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Figure 18: Overall efficiency with exit velocity.

The propulsive efficiency decreases with the increase of the exit velocity as in
equation (5), this relation is plotted in Figure (19). Figure (20) shows that the air mass
flow rate has not much significance on the propulsive efficiency, so, its changes can be
negligible and considered constant. These differences are mainly due to the assumed
efficiencies values of the different engine components; since the real values for the real
engine are not available, the used ones were taken from a similar work [14].
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Figure 19: The effect of exit velocity on the propulsive efficiency.
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Figure 20: Relationship between mass flow rate and propulsive efficiency.
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CONCLUSIONS

This work presented is derivation of a mathematical model for the CM14 laboratory
model of a single spool turbojet engine by deriving the detailed equations for the different
engine components. The derived model then simulated using MATLAB and Simulink to
evaluate the engine performance by studying the engine performance parameters. The
results from the derived model then compared with that from real engine tests, which
show some differences in the performance parameters. These differences are due to the
assumed efficiencies values of the different engine components since the real values are
not available and the simplifications made in deriving the mathematical model. So, the
derived model is considered reasonable and satisfied. Further studies include improving
the values of the as summed efficiencies as well as using the derived mathematical model
in calculating the engine performance parameters at different conditions and different
operating points as well as in designing some of control methods for the engine.

LIST OF SYMBOLS

Symbol Definition Unit Symbol Definition Unit
Specific heat at constant
2 .
A Area [m7] Cy volume [J/kg-K]
£ Fuel-to-air ratio . ry Intake pressure recovery _
factor
M Mach number . r, qunpressor total pressure .
ratio
g Fuel mass flow rate [keg/s] Tec Combustion chamber —
pressure loss
m, Mass flow rate of air [kg/s] 7, Nozzle pressure ratio —
P Pressure [ Pa] Y Specific heat ratio —
P, Ambient static pressure [ Pa] Y/ Fluid density [kg/m?]
R Gas constant [J/kg] Mp Burner efficiency —
. Compressor isentropic .
Ry Universal gas constant [J/kmol.K] Ne efficiency
Q. Fuel heating value [kJ/kg] N4 Diffuser efficiency —
S Entropy [J/kgK] N, Mechanical efficiency —
Isentropic efficiency of a
T Temperature [k] Mn nozzle —
Specific volume [m3/kg] 1p Propulsive efficiency —
. Isentropic efficiency of
v, Flight speed [m/s] N¢ turbine —
Thrust Specific Fuel . .
TSFC Consumption [kg/kN./h] Nen Engine Thermal efficiency | —
c Specific heat at constant [I/keK] . Thrust [KN]
pressure
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