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Nomenclature

Low index
Operator Definition

H, ambient
H;, inlet

Mron fan
B compressor
m, combustion chamber
W, turbine
H,, afterburner
m, nozzle

Latin letters

Symbol Dimension Definition
a my/. speed of sound
Ao my/. critical speed of sound
Cn my/. exit speed from nozzle
Csp kg/ " specific fuel consumption
N
G, kg/s air mass flow
H m altitude
k adiabatic exponent
L, effective work of cycle
M Mach number
M; flying speed
Do Pa ambient pressure
p; Pa total pressure at section i
P N thrust
Psp Ns/kg specific thrust
dr relative fuel consumption

q(1) gas dynamic function
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K ambient temperature
K total temperature at section i

J gas constant
/kgK

my/. flying speed

Greek letters

Symbol Definition
a air-fuel ratio
By mass change coefficient
O, air fraction for turbine cooling
ne- efficiency of compressor
Ne effective efficiency of cycle
ul: flying efficiency
Nm mechanical efficiency
Nt total efficiency of cycle
n; efficiency of turbine
A normalized velocity
T, pressure ratio of compressor
T, disposable pressure
T; pressure ratio of turbine
m(A) gas dynamic function
0; pressure losses in i
T(A1)  gas dynamic function

nozzle speed coefficient



Introduction

The program Gas Turbine Engine Calculation (GTECalc) is designed for
the preliminary evaluation of gas turbine engines performance. It is
included the calculation blocks for turbojet, turbojet with afterburner
(ab), turbofan, turbofan with afterburner (ab) and turboprop engines.
The first order model described in [1, 2, 3] has been used.

The program GTECalc is distributed for free as “as is” without
warranties of any kind. The user assumes all responsibility and risk for
GTECalc usage.

The author would like to thank Prof. PhD Bakulev V. and Prof. Dr. Krilov
B. who were inspiring him for a long time. This program would not be
possible without their encouragement.



Chapter 1. Graphical User Interface (GUI)

The graphical interface of GTECalc is presented in Fig. 1.1.
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Fig. 1.1. The graphical interface of GTECalc.

The program has a Menu bar with general functions as New, Open,
Save, Save As, Print, Exit, Help and About on the top. The functions from
first menu are duplicated in the toolbar (Fig. 1.2). The functions can be
called by combination of keys (hot keys). For example, function File can
be called by combination Ctrl + F, function New by Ctrl + N, etc.
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Fig. 1.2. Top menu and toolbar.

The working window has the tabs with different types of engines:
turbojet, turbojet with afterburner (ab), turbofan, turbofan with
afterburner (ab) and turboprop engines (Fig. 1.2). Each tab is divided to
the two sections: left and right (Fig. 1.3).
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Fig. 1.3. Sections with input and result data.

On the left section there is a window with input data and scheme of
engine. It has the input windows and several radio buttons to select the
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type of inlet, nozzle, etc. On the right section there is a window with the
result(calculated) data. It has a graph on the top for the total pressure
(blue color) and total temperature (red color) at the different engine
sections and calculated data. By mouse pointing, the pop-up help with a
parameter description can be called (Fig. 1.3).

Re 6.4

pressure ratio of
compressor

Fig. 1.4. Pop-up help.

The buttons for the calculation operation are situated on the bottom
of working window (Fig. 1.5).

Run Clear

Fig. 1.5. Operation buttons.

The calculation can be started by “Run” button. The “Clear” button
allows to clean input data. Similar to the menu functions instead of
buttons the hot keys can be used, for example, button Run by Ctrl + R.



Chapter 2. Special and gas dynamic functions

The following special and gas dynamic functions have been used in
the current software:

standard atmospheric conditions [6],

empirical pressure losses curves for subsonic and supersonic inlets [4],
empirical curves for enthalpies [1, 3],

gas dynamic functions (1), (1), g(4) [2].

To define the conditions at the different altitudes H the standard
atmospheric conditions have been used [6]. The geopotential altitude is
defined as

(2.1)
where R, = 6371210m is a radius of earth. The temperature of air is

T():

Too —YF,0< F <11000
{oo Y m (2.2)

T,;, 11000 < F < 25000m’

where Tyy = 288.15K is a temperature on the sea level, T;; = 216.66K
is a temperature at altitude H = 11000m and y = 0.00651122 is a
vertical temperature gradient. The atmospheric pressure is



Jo
Poo (1-X)™,0 < F < 11000m
0

g(F-F11)

Pi;e Rt 11000 < F < 25000m

Py, = , (2.3)

where Pyg = 101325Pa is an atmospheric pressure on the sea level, P;4

is an atmospheric pressure at altitude H = 11000m, R = 287.053kgLK

is a gas constant and g, is an acceleration of gravity at altitude H. The
acceleration of gravity can be defined as

9o = Yoo (Rj:H)Z» (2.4)

where ggo is an acceleration of gravity on the sea level.

Empirical pressure losses curves for subsonic and supersonic inlets are
extracted from Fig. 2.1 [4] by using Lagrange polynomial interpolation [5]
with 7/9 points to provide smooth accurate curve approximation.
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Fig. 2.1. Pressure losses in the inlets as a function of flying speed [4].

The empirical curves for enthalpies are extracted from Fig. 2.2-2.4 by
using Lagrange polynomial interpolation [5] with 9 points.
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Fig. 2.2. Enthalpies as a function of combustion temperature (200K-
1100K) [1].
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Fig. 2.3. Enthalpies as a function of combustion temperature (1100K-
2000K) [1].
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Fig. 2.4. Enthalpies as a function of combustion temperature (2000K-
2900K) [1].
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The gas dynamic function (A1) is calculated as

k-
(1) = (1 - Q—IAZ)H (2.5)
T(A) as
k—1
T(/l) =1- k—-|-1/12 (26)
and g(1) as
-1 k+1 =1
+ 1\1k—1
=152 (5 en

where A is normalized velocity. The normalized velocity is defined as

A=—, (2.8
aCT )

where w is a speed and a,, is a critical speed of sound:
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a, = |[——RT* (2.9)

The gas dynamic functions can be calculated by using Mach number
as well

M = z 2.10
- Cl, ( . )
where a is a speed of sound:

a = VKRT. (2.11)

The relation between Mach number and normalized velocity can be
written as

k+1 .,
o2 1 (2.12)
- k—1M2l L]
1+5=

2
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Chapter 3. Turbojet engine

In general, an aircraft turbojet engine has inlet, compressor,
combustion chamber turbine and nozzle (Fig. 3.1). The coming air is
preliminary compressed in the inlet (subsonic/supersonic) if the aircraft
is on fly. After it, the air is highly compressed in the axial compressor. The
compressed air mix with fuel and burns in the combustion chamber. The
burned gases are expanded in the turbine that rotates the compressor.
The rest of energy is going to the nozzle to generate a jet thrust. The
detailed description of turbojet engine working principles can be found
in the specialized literature [1, 2, 3].

combustlon chamber
e compressor turb/ne nozzle

°|.m'..u

Fig. 3.1. Scheme of turbojet engine.

The calculation of turbojet engine is processed by sections: from the
section before engine inlet to the end at the nozzle exit.

At the given altitude, the pressure p,, temperature T, and speed of
sound a, can be defined from standard atmospheric conditions.

1. The pressure losses ag;, in the supersonic or subsonic inlet are

calculated based on the empirical curves [4]. The total pressure after
inlet is
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k_

* k—1 k-1 PoOin
pin=p0<1+—MJg> Oin =
2 m(2f)

and the total temperature is

k_1 ) TO

* 2 —
Tin—T0(1+—2 M? =En)

The flying speed can be found as
Ve = Mga,.
2. The total pressure after compressor is
Pc = PinTlc-

where 7/ is air pressure ratio in the compressor.

The total temperature is

18
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where 1. is the efficiency of compressor.

3. The total pressure after combustion chamber is

Dg = Dc0g, (3.6)

where gy is the pressure losses in the combustion chamber. The relative
fuel consumption can be found from the following equation [1, 2, 3]

C, Ty — C,T;
Hung - CpnT; + CpnTO,

qr = (3.7)

where the enthalpies C,T and C, T can be found from the empirical
curves [1]. The lower heating value of kerosene is H, = 42900 I’;—é. The

air-fuel ratio is

1
o =

- ) (3'8)
CIfLo

where L, = 14.8 is the stochiometric coefficient for kerosene.

4. The pressure ratio in turbine m; can be found from the balance
equation for compressor and turbine. The final relation can be written as

k(k, — 1)RT, 1 mr k-1
kg(k = 1)RyTy (1 +q5)(1 = 8c) NcNim

m; = |1
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where 7, is an efficiency of turbine, n,,, is a mechanical efficiency and 6,
is an air fraction required for turbine cooling.

The total pressure after turbine is

Pt =— (3.10)

and the total temperature is

1
Ty =Ty (1—|1———=ni || (3.11)

kg—1
kg

*
s

5. The disposable pressure ratio at the nozzle is

Tgm = —. (3.12)

If the pressure is fully discharged in the nozzle

App =pn —po =0, (3.13)

the normalized gas speed from the nozzle is

An = AnsPn, (3'14)
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where a normalized isentropic gas speed from nozzle A, can be find
from

T(ne) = 22 = (3.15)

- =
Pe Tn

The total pressure at the nozzle exit is

Po
s = : 3.16
pn T[,'(/ln) ( )
If the pressure is not fully discharged in the nozzle
Apn = Pn —Po # 0, (3.17)

the normalized gas speed from nozzle is 1, = 1 and the pressure at the
nozzle exit is

p, = pi (1) = 0.54p;. (3.18)

The normalized gas speed from nozzle is

An = Pn. (3.19)

and the total pressure at the nozzle exit is
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Dy = : (3.20)
"on(Ay)
The exit speed from nozzle is
kg *
Cn = An ZWRth . (321)
6. The specific thrust is
_ (1+qc(1-80))Apn T
Pp=(1+q(1—-6))C, — Vs + eI L. (3.22)
where a coefficient m is calculated as
kg+1
= R ()T 3.23
T R\k,+1) (3.23)
The specific fuel consumption is
3600g7(1 — 6
Cop = (1= 9%) (3.24)
Py,

The thrust is
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where G, is an air mass flow.

7. The effective efficiency of cycle is

~1000q;(1 — 8.)H,,

Ne

where L, is an effective work of cycle that can be found from

¢ 2

The flying efficiency is

FspVy
Ny = -
f L,
The total efficiency is
Nt = Nelly-

The thermal efficiency of cycle can be found from

23

Ciar (1+a5(1-380)) - V7

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)
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Chapter 4. Turbojet engine with afterburner

The power of turbojet engine can be increased by installation of
afterburner between turbine and nozzle. The afterburner provides the
additional energy to the gases before nozzle. It increases the exit gases
speed from nozzle and thrust. Usually, turbojet engines with afterburner
are supplied with converging/diverging nozzle as such aircrafts are
designed for supersonic flights. The turbojet engine with afterburner (ab)

is shown in Fig. 4.1.

. compressor
inlet
| ——t —
B
| —
| B — e —
|
-
I—’
— I —— m
0

combustion chamber turbine
|

afterburner
< P—
< |—
T e [
| i
—r
- — ==
— -
M ==
ab n

Fig. 4.1. Scheme of turbojet engine with afterburner.

The calculation of turbojet engine with afterburner is identical to the
regular turbojet engine until a turbine section (Chapter 3(4)).

4 (ab). The total pressure after afterburner is

where g, is the pressure losses in the afterburner.

The relative fuel consumption in the afterburner is

* %k
pab = PtOab>

25
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CoTap — CpTe + q7(Cp, Tap — Cp. T¢)
Hunab - CpnT;b + CpnTO

Afab = ) (4.2)

where the enthalpies C,T and C, T can be found from the empirical
curves [1]. The lower heating value of kerosene is H, = 42900:—;.

5. The disposable pressure ratio at the nozzle is

*
_ Pab

-~ (4.3)

Tlgn

If the pressure is fully discharged in the nozzle the normalized gas speed
from nozzle is

kg, . 1
Cn=n |27 RgTap(1 — =) (4.4)
9 K
7Tdng

or by using gas dynamic function:

k
C,=21, Jzk—frleT;b. (4.5)
g

6. The specific thrust is
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Pspab = (1 + CIf(l — ) + CIfab)Cn - Vf (4.6)

and the specific fuel consumption is

_ 3600(61f(1 - 6C) + qfab)

(4.7)
sp Psp
The thrust is
Pyp = GaPspab- (4.8)
7. The effective efficiency of cycle is
Leab
= ) 4.9
Meab CIf(l — 66) + 1000qfabHu ( )
where L., is an effective work of cycle that can be found from
C2(1+q;(1—6.) + — V?
Legp = n( i 26 qfab) f . (410)
The flying efficiency is
PopunV.
np = spabVf (4.11)



The total efficiency is

Ne = NeabMy- (4.12)
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Chapter 5. Turbofan engine

Nowadays, the usage of turbojet engines is drastically reduced due to
a low efficiency. To increase the efficiency, the additional bypass duct
has been introduced (Fig. 5.1). The bypass air going through a fan directly
to the separated nozzle. The ratio between bypass and core mass flow is
called bypass ratio. Sometimes, the bypass air mix with core gases in the
mixing section situated between turbine and nozzle. Such scheme
usually is used with afterburner (Chapter6) or in the turbofan engines
with low bypass ratio. Here, the turbofan engine with separated nozzle
is considered (Fig. 5.1).

high pressure

fan compressor -
P turbine

Fig. 5.1. Scheme of turbofan engine.

1. The calculation of inlet section is identical to the turbojet engine.

2 (fan). The total pressure after fanis
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p;an = p;nn;an' (5.1)

where 77, is a pressure ratio of fan. The total temperature after fan is

Tian = Tin| 1+ |, (5.2)

where 174y is an efficiency of fan.

2-4. The calculation of core (gas generator) is identical to the turbojet
engines until a section after turbine of high-pressure compressor (HPC).
5. The pressure ratio of fan’s turbine can be found as

1
T[tfan = k., ’ (5-3)

g
(1 o thom)kg_1

where the coefficient X; ¢4y, is

X _ Co(1 +m) (T, — Tran) (5.4)
tan Cpth*Cn:fan(l + qf)(l _ Sc)nmfan. .
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Here Ty, is a total temperature after compressor’s turbine, 154, is an
efficiency of fan’s turbine and 7,74, is @ mechanical efficiency of fan’s
turbine.

The total pressure after turbine is

. _ Dt
i =——, (5.5)
7than
and the total temperature is
Tt* = Tt,“*c[1 - thann:fan]' (5.6)

5 (int). The calculation of internal (core) exhaust is similar to the turbojet
engine (Chapter 3). Below, the algorithm to calculate the core exhaust
with converging nozzle is presented.

If the pressure is fully discharged in the nozzle the normalized gas speed
from the nozzle can be calculated as

1 = nisPn1- (5.7)
The normalized isentropic gas speed from nozzle A,;5 can be find from

T(Ass) = 2 (5.8)

*

t
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and the total pressure at the nozzle exit of internal duct is

Po

Pn1 = ) (5.9)

If the pressure is not fully discharged in the nozzle the normalized gas
speed from nozzle is A,,;; = 1 and the pressure at the nozzle exit is

Pn1 = Pt * (1) = 0.54p;. (5.10)
The normalized gas speed from nozzle is

Ap1 = Pn1- (5-11)

and the total pressure at the nozzle exit is

Pn1
T(An1)

Pn1 = (5.12)

The exit speed from nozzle is

kg
Coy = Ay j X +1RT (5.13)

The equivalent gas speed from the nozzle exit is
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\/T_;(Pm — Do)

1 =Chy + —|. (5.14)
m nl myq(An1)Pn1
6 (int). The specific thrust of core is
P = (1+ 4,1 6.)) Gy =V (5.15)

5 (ext). The calculation of external (bypass) exhaust is similar to the
internal exhaust.

The total pressure at the entrance of external nozzle is

Pz = p]tan * 02, (5.16)

where o, is the pressure losses in the external duct.

If the pressure is fully discharged in the nozzle the normalized gas speed
from the nozzle can be calculated as

Az = AnZs(pnz- (5-17)

The normalized isentropic gas speed from nozzle A,,;5 can be find from

1 (Azs) = 22 (5.18)

n2
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and the total pressure at the nozzle exit of external duct is

Po

Pn2 = m (5.19)

If the pressure is not fully discharged in the nozzle the normalized gas
speed from nozzle is 4,,,; = 1 and the pressure at the nozzle exit is

Pnz2 = P2 * (1) = 0.54p5. (5.20)

The normalized gas speed from nozzle is

Ap1 = Pn1- (5-21)

and the total pressure at the nozzle exit is

Pn1
T = : 5.22
pnl n(}lnl) ( )
The exit speed from nozzle is
k *
Cnl = AnZ Zk—-l—lRTfan (523)

The equivalent gas speed from the nozzle exit is
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T;an (pnz - pO)

Crr =Cny + - (5.24)
n? n My q(An2)Pn2
6 (ext). The specific thrust of bypass duct is
Py, = Cpp — V. (5.25)
6. The total specific thrust is
Pspl + mPSp
= 2
5P 1+m (5.26)
and the specific fuel consumption is
3600qg-(1 — 6
Cop = (1~ %) (5.27)
P, (1 +m)
The total thrust is
P = G, P, (5.28)

7. The effective efficiency of cycle is
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Le

= ) 5.29
Te = 4,1 - 6,)1000H, (5.29)
where L, is an effective work of cycle that can be found from
CE(1+qr(1—8)) +mC — (1+m)Vp
L, = : (5.30)
2
The flying efficiency is
1+m)P,V,
_ ( ) Sp f. (5.31)

Nr L,

The total efficiency is

Ne = Nely (5.32)
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Chapter 6. Turbofan engine with afterburner

Similar to the turbojet engine, the afterburner can be installed in the
turbofan engine to increase the maximal thrust. Usually the turbofan
engine with afterburner has a mixing chamber and afterburner after it
(Fig. 6.1).

combustion
fan HPC chamber turbine

afterburner

nozzle

T

Fig. 6.1. Scheme of turbofan engine with afterburner.

The calculation of turbofan engine with afterburner is similar to
turbofan engine for the section up to afterburner and to turbojet with
afterburner for the section after afterburner.

4. The total pressure after turbine is

Ptc

*
T[tfan

, (6.1)

and the total temperature is
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Tt* = Tl* = Tt*c[1 - thann:fan]' (6-2)

4 (mix). The pressure at entrance of mixing chamber from internal
contour is

p; = pin(A;) = pim(Ay). (6.3)

The total pressure at the entrance of mixing chamber from external
contour is

Pz = p;ano-z (6.4)
and the total temperature is
T, = Tf‘an. (6.5)

The normalized gas speed at the entrance of mixing chamber from
external contour can be find based from condition that static pressure is
equal for internal and external contour exit p; = p5:

P2 P1
T[(ﬂ. ) == . 6.6
n2) =7 D70 (6.6)

The total temperature of mixed gas is
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*

T
Tr (1 + m%}
Tmix = 1+m

and the total pressure at the mixing chamber exit is

24 [ om

p:nix - .
P1CI (A1) Tf an
1+m /
( Pz q (/12))

4 (ab). The total pressure after afterburner is
Pab = Dt Oab-
The relative fuel consumption in the afterburner is

qf (CpnT;b —C

(6.7)

(6.8)

(6.9)

T;u'x)

CPT;b - CPT;'LI:X + 1 + m

fab = Hyllap — Cp Top + Cp T

, (6.10)

where the enthalpies C,T and C, T can be found from the empirical

curves [1].
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5. If the pressure is fully discharged in the nozzle the normalized gas

speed from nozzle is

C =A, |2 —kg R, T
b b*
na n kg | g a

6. The specific thrust is

le(1—5)
Pspap = <1 + 1 +mC + qrap | Chap — Vs

and the specific fuel consumption is

1-6
3600(‘”& +mC) + Grap)

Pspab

Cspab =

The thrust is

Pyp = GaPspab-

7. The effective efficiency of cycle is

40

(6.11)

(6.12)

(6.13)
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Leab

= , 6.15
Neab Qf(]- _ 6c) ( )
1000H,,( T+m T dfab)
where L., is an effective work of cycle that can be found from
qr(1—6.)
Cl.p <1+ f1+mc fab>—Vf2
Leap = 2 : (6.16)
The flying efficiency is
PepanV,
np = SZ’“” ! (6.17)
eab

The total efficiency is

Ne = NeabMy- (6.18)
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Chapter 7. Turboprop engine

The turbojet and turbofan have relative low performance at the low
speed. In this case the turboprop engines can be used (Fig. 7.1). In
comparison to the turbofan engine, the turboprop engine uses a
propeller instead of fan. Sometimes, the propeller’s turbine is called a
free turbine. As the rotational speed of rotor is high the propeller is
connected to the rotor by gearbox that reduces the rotational speed. The
jet trust of turboprop usually is below 15% of total power. Most of the
aircrafts with turboprop engines fly at speed not exceeding 800 km/h.

propeller ~ compressor C€ombustion 4, pine  nozzle
chamber

gearbox

Fig. 7.1. Scheme of turboprop engine.

The calculation of turboprop engine is similar to the turbojet engine till
section after compressor’s turbine.

Several specific equations are introduced below. The free isentropic
work is

k-1
Lers = CpgTec [1 - (pf) ¥ ] (7.1)

Dtc

42



The optimal coefficient of free energy distribution between propeller
and nozzle for M¢ > 0 can be calculated from

Yopt = §0121Vf2 > (7.2)
2Lrs (M MpThpr)
If Mg =0, Yy, = 0.008...0.01.
The isentropic nozzle work is
Lns = Lersopt (7.3)
and the isentropic work of free turbine is
Legrs = Lers(1 = Wopt)- (74
The work of free turbine is
Lifr = Ltfrs’ftkfr' (7.5)

4 (frt). The pressure ratio of free turbine is
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1

* —
T[tfr - kg

(1 _ LtC _ )kg_l
CpthC

The total pressure after free turbine is

*

p! = Ptc
t = _x
7thr
and the total temperature is
e _ e Legr
Tt == th - C_.
pg

(7.6)

(7.7)

(7.8)

5. If the pressure is fully discharged in the nozzle the normalized gas

speed from the nozzle can be calculated as

An = Aps Pn-

(7.9)

The normalized isentropic gas speed from nozzle A, can be find from

p
ﬂ(/lns) = _(>)k
t
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(7.10)



and the total pressure at the nozzle exit is

% Po

Pn =Ty (7.11)
The gas speed from the nozzle is
C, = An\/Zk—gRth*. (7.12)
kg +1
6. The specific propeller power is
Lerp(1 +47)A = 80) (7.13)

1000

The specific equivalent power for My > 0 can be calculated from

Ve (Co — V) (1 +4,)A - 6)

Ngs, = N.
esp psp + 1000

(7.14)

Nesp = Npsp + 0.068(1 + g7 )(1 — 8.)C,p. (7.15)
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The specific fuel consumption is

3600q;
esp — Nesp .

(7.16)

The equivalent engine power is

Ne = GgN,gp. (7.17)
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