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Modeling and Simulation of a Gas
Turbine Engine for Power
Generation

The gas turbine engine is a complex assembly of a variety of components that are
designed on the basis of aerothermodynamic laws. The design and operation theories of
these individual components are complicated. The complexity of aerothermodynamic
analysis makes it impossible to mathematically solve the optimizarion equations involved
in various gas turbine cycles. When gas turbine engines were designed during the last
century, the need to evaluate the engines performance at both design point and off design
conditions became apparent, Manufacturers and designers of gas turbine engines became
aware that some tools were needed to predict the performance of gas turbine engines
especially at off design conditions where its performance was significantly affected by the
load and the operating conditions. Also it was expected that these tools would help in
predicting the performance of individual components, such as compressors, turbines,
combustion chambers, etc. At the early stage of gas turbine developments, experimental
tests of prototypes of either the whole engine or ifs main components were the only
method available to determine the performance of either the engine or of the components.
However, this procedure was not only costly, but also time consuming. Therefore, math-
ematical modeliing using computational techniques were considered to be the most eco-
nomical solution. The first part of this paper presents a discussion about the gas turbine
modeling approach. The second part includes the gas turbine component maiching be-
tween the compressor and the turbine which can be met by superimposing the turbine
performance characteristics on the Compressor performance characteristics with suitable
transformation of the coordinates. The last part includes the gas turbine computer simu-
lation program and its philesophy. The computer program presented in the current work
basically satisfies the matching conditions analytically between the various gas turbine
companents to produce the equilibrium running line. The computer prograim used to
determine the following: the operating range (envelope) and running line of the matched
components, the proximity of the operating points io the compressor surge line, and the
proximity of the operating points at the allowable maximum turbine inlet femperature.
Most importantly, it can be concluded from the output whether the gas turbine engine is
operating in a region of adequate compressor and turbine efficiency. Matching technigue
proposed in the current work used to develop a computer simulation program, which can
be served as a valuable tool for investigating the performance of the gas turbine at
aff-design conditions. Also, this investigation can help in designing an efficient contral
system for the gas turbine engine of a particular application including being a part of
power generation plant. [DOL 10.111571.2061287]

mathematical model for each component was created using physi-

1 Modeling of Gas Turbine Components

Aero-derivative and industrial gas turbine engines are used for
a variety of applications, such as electrical power generation, driv-
ing pumps, compressors on gas and liquid fuels, etc. The engine
configuration may vary to suit the application. The cormmon con-
figurations are a single-, twin-, or triple-spool construction or a
single-stage or multistage construction. In this study only the gas
turbines used for electrical power generation are considered.

A gas turbine engine essentially consists of the following com-
ponent parts: (i) intake, (ii) compressor(s), (iil) combustion cham-
‘ber(s), (iv) murbine(s), and (v} engine auxiliaries, such as fuel
pump, Iubrication pump, electrical power supply, starting gear,
and control system. A block diagram of the gas turbine engine
showing these components is given'in Fig. 1.

Overall performauce of the complete gas turbine engine is
mainly determind by the main components i, i, iii, and iv. The
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cal laws or emphrical data when available. The thermodynamic
properties of combustion gases and air at various stages through-
out the gas turbine are calculated by considering variation of tem-
pesature or instead universal gas constant {R) can be used since
(R) is temperature independent,

Tables containing the values of the specific heats against tem-
perature variation have been published in many references, such
as Chappel and Cockshutt [1]. In the present work, to compute the
values of specific heais at constant pressure and various tempera-
tures for air and combustion gases, data from the tables were fitted
with polynomial curves to obtain Egs. (1)-(5). These equations
provide details of the polynomiais. Here, T, and 7, refer to the
average temperatures during the compression and expansion pro-
cesses in the compressor and turbine, respectively.

For air at the low-temperature range of 200-800 K,

Cpa=1.0189 X 10° ~ 0.137847T, + 1.9843 X 10775+ 4.2399
X 107778 - 37632 X 10707} (1)

For air at the high-temperature range of 800-2200 K,
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Fig. 1 Schematic diagram of simple gas turbine engine

Cpa = 7.9865 X 10%+ 0.53397, - 2.2882 X 1077, + 3.7421
x 167873 (2)
Far specific heats of products of combustion,
Cpy = Cpy + [fI{1 + f)iBr (3)
where By at the low-temperature range of 200800 K,
Bp= - 3.59404 X 107 + 4.5164T, + 2.8116 X 10775 - 2.1709
X 10757 + 2.8689 X 1077} - 1.2263 X 1077} @
and By at high-temperature range of 8002200 K,
By = 1.0888 X 10°~0.1416T, + 1.916 X 107372 ~ 1.2401
X 107578 +3.0669 X 1077°7% - 26117 X 10775 (5)

1.1 Compressor Modeling and Analysis. The performance
of a compressor is fully described by a number of dimensionless
parameters. The dimensionless parameters would be the same for
every system of units. The dimensionless parameters are shown in
Table 1.

Compressor performance, sometimes called compressor map, is
usually represented by overall performance characteristics as
shown in Fig. 2. These maps are in general, obtained experimen-
tally but sometimes they can be predicted with reasonable accu-
racy using geometric properties of the components, ie., intake,
impeller, diffuser, and casing [2-4].

Mathematically, the compressor performance is described using

the dimensionless parameters as given below
T ,,E,L( &N )—w,,\!c?arm [( .f.’_e%)(""“"’“’" 1]

dipn] N 2ar Te \XCP&TDI G@Po; Pai
(6)
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Equation (6) is in complete dimensionless form, and Eq. (7)is the
general form. :
The compression power W, is given by

o2 oy Ty 1 [ P\t
W =d2p VCpaT s gl cPafal T} lgs ~1 8
¢ 24881 Fat ol d%PD; 7 Pul { )

Using the compressor characteristics, if any two dimensionless
parameters are known then the rest of the parameters can be de-
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Table 1 Dimensionless compressor paramaters

PARAMETER MEANINGS
{ . Compressor
1, CoaTor | e, /8 dimensioniess mass flow
\ a’§ Py ] parameters
Compressor
N ( N \E dimensioniess speed
f ! arameters
. C ra T{)l Jgj p
{ Compressor
e ,{fs.] dimensicniess torque
438 J\ O paramaters
B Compressor
{Hﬁ.’é. dimensionless pressure
Pyt ratio parameters
3 = Isentropic compressor
{P b2 /Pt )" " efficiency
| T5a /Ty 1
4 T Dimensionless
=il temperature parameter
\ Tn_ﬂf
3 I Dimensioniess pressure
s S parameter
Y b, Q_ ref

termined easily. _
The final stagnation temperature il the compression process T,
can be calculated from the following equation:

T P, (v WY
T02=T0;+--’-’i[(——=> -1 (9
T Pai

In order to solve Egs, (6)-(9) the needed input data can be ob-
tained from the compressor performance map. This may require
interpolation and will be dealt with in the section dealing with
computer simulation.

1.2 Combustion Chamber Modeling and Analysis. The
combustion chamber performance is normaily given in terms of
combustion efficiency 7, and the factor for the loss of stagnation
pressure £ Using these parameters the fuellair retio F and the
stagnation pressure af the exit of the combustion chamber P,3 can
be determined from Eq. (10) and (11}, However, there are many
good programs that provide a more accurate determination of F,
such 25 the NASA chemical equilibrium program of Gordon and
McBride [5]
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Fig. 2 General compressor characteristics (map)
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Table 2 Dimensioniess turbine parameters

PARAMETER MEANINGS
. . Turbine dimensioniess
Mg f Creltz mg‘/a mass flow parameters
2 t]
d3 Py s
) Turbine dimensioniess
dy N ( N ] speed parameters
(CosTor S\
¢ Turbine dimensioniess
__;_a_...} [fs,) torque parameters
\d2 Pz J\ G
(P Turbing dirmensionless
- pressure rafio parameter
\ o4
B o lsentropic Turbine
(Pﬂ:i /Pﬂ-iy i efﬁcgency
Tos /Tos 1
4 T Dimensionless
G = 2 J tamperaturs paramster
\ To_ss
2 Dimensionless pressure
5 el parameter
Fo_rt
POSE(I"&::-)Pa?. (11)

1.3 Turbine Modeling and Analysis. The performance char-
acteristics of a turbine, such as those of a compressor, are folly
described by a number of dimensionless parameters. These param-
eters and their cerresponding meanings are tabulated in Table 2
[6-111.

The nurbine performance is represented by overall performance
characteristics, also known as turbine map as shown in Fig. 3.
This map is in general obtained experimentally but it can also be
predicted with reasonable accuracy by using geometric properties
and on the basis of previous experisnce [2-4].

In the current work, turbine cooling has not been accounted for
ard will be taken into consideration in future work. Using the
turbine characteristics, if any two dimensionless parameters ars
known then the rest of the parameters can be determined easily.
Mathematically, the trbine performance is described using the
dimensionless parameters as follows:
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Fig. 3 Turbine Characteristics (Map)
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(12)
, il
T AL PS)
8 {% Vo 8 P (13

Equation (12} is in complete dimeasionless form, and Eq. (13) is
the general form.

The expansion power W, and the fina] stagnation temperature
T, in the expansion process are calculated using Eqgs. (14) and
{15), respectively.

s 1 VCP T3 P, {rg~1)y,
W, = iP5\ Cp Ty il ) [1—(—"— 14
= daP sV Cp T 2P, P {14

P (=il
T04= 03"T{}3?7, 1- “>
PoB

2 Component Matching

Considering a simple gas turbine used for electrical power gen-
eration application schematically shown in Fig. 1. The perfor-
mance of the compressor and the turbine are known by their char-
acteristics maps as shown in Figs. 2 and 3. In this gas turbine
engine, the component’s matching should meet the following con-
ditions:

(15}

i.  The compressor shaft speed equals the turbine shaft speed,
N.=N,=N

it. The gas mass flow through turbine is of the sum the air
mass flow through compressor and the fuel mass flow,

Mg =i, + Fy
ii. Assuming that the pressure loss in the combustion cham-

ber is a constant small percentage {£..) of the combustion
chamber inlet pressure,

Poy= (1 *fce)Poz
iv. Assuming that the pressure loss in the compressor Inlet is
a constant smal} percentage (£,) of the atmospheric pres-
sure.

Paﬁlr‘{] - ‘gc)Pai &= Pal
v. Power flows, also, in balance.

1t should be noted that the second condidon is subject to modi-
fication in that it is common practice to bleed air from the com-
pressor at varfous stations to provide cooling air for bearings and
turbine blade cooling. Quiet often it is sufficiently accurate to
assume that the bleed air equals the fuel flow, and therefore, the
mass flow is the same throughout the compressor and the turbine,
ie., Hig=m,=m,

The steady-state or equﬁxbnum operanon of this gas turbine
engine can be achieved by the matching of its compressor and
turbine. Matching the compressor and the turbine can be done by
superimposing the turbine performance map on the compressor
map while meeting the components matching conditions. This
matching procedure is schematicaily shown in Fig. 1.

Superimposing the turbine performance map on the compressor
map can be achieved by applying Refs. [2-4] or by applying the
new approach of making both map’s axes (the abscissa and the
ordinate} being identical. The main difﬁculty here is that of tem-
peratures; T,y for the compressor and 7,; for the turbine. The
problem was soiveci by introducing a new dimensionless matching
parameter [MN/d,.P,,] as presented in Sec. 2.1.
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2.1 The Compressor. The abscissa of the compressor char-
acteristics, i.e., the mass flow parameter i3, ﬁta\’Cpa?],lfdiPo;.
The matching parameter [mN/d; P, ] was obtained by multiply-
ing the mass flow parameter with the dimensionless speed param-
gter dy NIVCLT, as follows:

{max;cﬁr{,j} X[ Y }:{ y }
dchal \jcparog dchoi

The ordinate, i.e., the pressure ratio parameter P,y/ P,), remains
unchanged. Once these transformations had been made, the com-
pressor characteristics map was plotted again where P,/ P,y as
the ordinate and [/N/dy.P,,] as the abscissa,

£16)

2.2 The Torbine. The abscissa of the turbine characteristics,
i.e., the mass flow parameter is m ¥ CpeT o3/ d3P,3. The matching
parameter [#,N/dy,P,4] was obtained by multiplying this param-
eter with the dimensionless speed parameter, turbine pressure ra-
tio, and the ratio of the turbine rotor diameter to compressor im-
peller diameter as follows:

52 e ek
d%gP 03 CpgTag P o4 ch dZCP o4
{an

To satisfy the compressor-turbine matching conditions specified
previously, Le., my=m,=nm and Py = Py Then the matching pa-
rameter of the turbine is equal to the matching parameter of the
COITIPrEssor, ie.,

m N N

dreFos 2P
For the turbine pressure ratio parameter, the ordinaie axis of the
turbine characteristics map [Pgs/ Pgq] for matching is developed

mto
[___03 x’ ’Xi___.f‘xu.__—‘z

Note that ngﬂ(l—gm}sz and Pu=P.

Once these transformations had been made, the turbine charac-
teristics map was plotted again in terms of these new parameters
using Egs. (17) and (18).

(13"

3 Gas Turbine Computer Simulation

A computer program for simulating a gas turbine engine would
basically satisfy matching conditions anatytically between the
various components to produce the equilibrium running lire. Rep-
resenting this line either in the form of lookup tables or an equa-
fion is known as modeling and solving that equation with the help
of a computer is computer simulation such that all energy and
mass balances, all equations of state of working substances, and
the performance characteristics of all components aré safisfied.

Testing of the gas turbine engine is expensive and time consuzm-
ing. Therefore, simulation can be an economic and fast too] for
predicting its performance. The simulation of the gas turbine en-
gine can be one of the following:

1. simolation at the design stage where no real gas turbine
engine to meet the design specifications yet exists

5. simulation at the application stage where engine is already
constructed

3, simulation at the application stage where the generation of
design data for additional or anxiliary équipment, such as
Lube oil reguirements, biow off valve requirements, and
limitations for transformers, ete., are needed

4. simulation for performance extrapolation of existing plant to
meet higher output requirements

Journal of Engineering for Gas Turbines and Power
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Fig. 5 (a) Centrifugal pump in fluid-flow diagram, and (b) Pos-
sibie information-flow bioeks representing pump

This stedy concentrates on the second purpose. The perfor-
mance of the gas urbine plant at off-design couditions would
always be of interest where the gas wrbine simulation program for
this purpose. This simulation may pin-point the cause of operating
problems or shows how the effectiveness of the gas turbine plant
may be improved.

Essentially, transient operation of a gas turbine plant is more
difficult than the steady-state operation of a gas turbine plant. That
field of study was considered to be outside the scope of present

paper.

3,1 Toformation-Flow Diagrams. For system simulation,
fluid-flow and energy-flow disgrams are standard engineering
100ls, An equally useful tool is the information-flow diagram, for
example, a block diagram of a control system is an information-
flow diagram wherein a block signifies that an output can be cal-
culated when the input is known. A centrifugal pump might ap-
pear in a fluid-fow diagram, such as shown in Fig. 5(«), while in
the information-Aow diagram the blocks shown in Fig. 5(b). These
figures represent functions or expressions that permit calculation
of the outlet pressure for one block and the flow rate for the other.
A block, as in Fig. 5(b), is called a transition function and may be
an equation or may be tabular data to which interpolation would
be applicable.

Figure 5 shows only one component. To illustrate how these
individua! blocks can build the information-fow diagram for a gas
turbine plant, consider the simple gas turbine cycle in Fig. 1
shown earlier. The componenis in this cycle are the compressor,
the combustion chamber and the turbine.

The information-flow diagram is arranged in Fig. 6 in a manner
that might be used if the net power output Wy, was a be calcu-
lated for the system with & given rawe of fuel mass flow rate, ie.,
heat input at the combustion chamber. Further input information
includes the ambient conditions T, P,; and rotational speed N.

The compressor block diagram signifies that when the rota-
tional speed N, inlet pressure Py, iniet temperature T, and air-
fiow rate m, are specified, the outlet pressure Py and the cem-
pressor efficiency 7, can be determined from the compressor
characteristics map as shown previously in Fig. 2 furthermore,
power W, tequired by the compressor and outiet remperature T,
can be calculated from Egs. (8) and (9), respectively.

The combustion chamber block diagram signifies that when the
fuel fiow rate w1y, inlet temperature T2, and inlet pressure P,y are
specified, the outlet pressure Py and the outlet ternperature T s
can be calculated from Fas. (10) and (11), respectively.

The turbine biock diagram signifies that when the rotational
speed N,, inlet pressure P, inlet temperature 7,3, and gas flow
rate i, are specified, the outlet pressure P, and the turbine effi-
ciency 7, can be determined from the turbine characteristics map
as shown previously in Fig. 3. Furthermore, power W, delivered
by the turbine and outlet temperature T4 can be calculated from
Egs. {14} and {15}, respectively.

Somerimes the arrangement of the system permits a direct nu-
merical calculation for the first component of the system using
input information. The output information for this first component
is all that is needed to calculate the output information of the next
component and so on to the final component of the system whose
output is the output information of the system. Such a system

APRIL 2006, Vol. 128 / 305




i
o 7| B N B =5,
Yy v ¥ ¥ .
e
Compressor
W, Ll |
4 | 1
Combustion
Chzmber
2;3 }:3,3
Y. ¥ v ¥
¥
Turbine
i, =y, + 7,
W rW‘ vT:"
Energy Balence
pfm
¥ ¥
Output Information

Fig. 6 Information flow diagram of a simple gas turbine engine

simulation consists of sequential calculations.

Before starting the design of the computer program for simula~

tion purposes, it was necessary to identify its main features. Those
features are summarized as follows:

i.  The computer simulation should allow the user to simulate
components individually or as a complete plant.

H.  The simulation program should be modeled for the linking
with another program to finally simulate the CPP plant.
The outputs of this computer program shouid contain the
needed parameters to start simulating the stearn power
plant,

iii. The simulation program should be modular so that various
moduies may be assembled to represent different gas tur-
bine plant configurations,

iv. The simulation program should be user friendly and writ-
ten in such manner that data can be transferred from cone
module to another easily and efficiently.

To produce a running line, analytically, the computer simulation
program will use the components mathematical models and the
components characteristics. That running line will be essential to
compute the varicus gas turbine performance parameters.

In order to use these maps in a computer program it was nec-
essary to have them in a special form. This form can take one of
the following shapes:

i deriving an equation to describe the performance of the
component and solving this equation to calculate the per-
formance parameters for any selected point on the perfor-
mance map

il. storing the compressor characteristics in look-up tables
and then using an interpolation or extrapolation technigue

306 / Vol. 128, APRIL 2006

Pressure Ratio (1,/R.)

Fig. 7 Probiems with reading compresser maps

to determine the values of the performance parameters for
any selected point on the performance map ‘

iii. using a neural network technique to teach the computer
the pattern of the compressor characteristics then comput-
ing the performance parameters for any selected point on
the performance map

In the present work, the second option was chosen as it pro-
duced 2 more reliable estimate of the parameters at any point on
the component characteristics map,

3.2 Representation of Compressor and Turbine Maps in
the Computer Program. The compressor or turbine characteris-
tics in the standard format as shown in Figs. 2 and 3 cannot be
used directiy in the computer program; they require some process-
ing to convert the maps into a good numerical representation.
There are many problems and difficulties associated with the nu-
merical representation process.

3.3 Representation of Compressor Maps in the Computer
Program, It is not possible to read the compressor map param-
eters with given speed Npy, and pressure ratio P,/ P, as there
might be two values for the mass flow parameter rp;;, at given
pressure ratio (se¢ point A in Fig. 7).

It is also not possible to determine the efficiency 7, from the
compressor map with given speed Np, and mass flow parameter
M, because at some parts of the compressor map the speed
lines can be vertical, Hence, there might be two values for the
pressure ratio P /P,y at a single value of mass fiow parameter
Mg, (see point B in Fig. 7).

Introducing a new coordinates, here called the BETA () [4]
lines, was the solution for this problem. This allowed an indepen-
dent map reading using the shape of the parameter lines with the
£ Hine and speed parameter Npy,.

The auxiliary coordinates {8 lines) can be selected arbitrarily
with only two conditions. First, there are no intersections between
the 3 lines within the range of interest, and second, the 8 Hines are
equally spaced. The S lines will have any numbers of lines with
each line has a parameter number starting from 1. The /8 lines can
be a parabolic lines or straight lines (straight lines are special
parabolic lines}). :

Three-dimensional lock-up tables (Tables 3-5) were created to
represent the compressor characteristics, These tables represented
the mass flow parameter sip;, versus rotational speed parameter
Nrpson, the pressure ratio P,/ P,y versus rotational speed parameter
Npip, and the compressor efficiency 7, versus rotational speed
paramater Npyp.

If the values of any parameter with 3 line parameter are speci-
fied, the program searches and picks the other two parameters

Transactions of the ASME



Table 3 Mass flow parameter versus rotational speed
parameter

BETA Line (ﬁilﬂ!} »
Bine s | Bume 2 | Pne 3 | Bone_s | Prine i
-g Npiwm 1
o Noim_2 [ Ecquivalent Mass Flow
g Npim 3 Parameter (M)
g
£ N pim 4 VU =
?_, N Dim_i ; [

from these look-up tables, The other problem with the numerical
representation of the compressor map is the surge line. One or
both of the following can achieve the solution to this problem:

i.  deriving an equation to describe surge line and solving this
equation to check if the points are beyond the surge line

ii, storing the surge fine in look-up table and then use an
interpolation or extrapolation technique o check if the
points are beyond the surge line

Either one of the two solutions can be efficient. In this program
the secord method was used for maintaining the consistency of
the whole program (Table 6) shows the pressure ratio P/ Po,
versus mass flow parameter ripy, of the surge line.

A linear interpolation technique was used to estimate the pa-
rameters values lying at intermediate points, This method of in-
terpolation is followed in most books of numerical analysis.

3.4 Representation of Turbine Maps in the Computer

Program, As in the compressor case, the 3 lines must be intro-
duced to the turbine maps to solve the problem of converting the

Tahie 4 Pressure ratio versus rotational speed parameter

BETA Line ( Sy, ) >
ﬂir‘ns n ﬁum .2 ﬁ!inc 3 ﬂi’ine A ﬂ'im: i

A

'g Npim 1

é? N Dim 2 Equivalent Pressure Ratio

g Npim_2 Parameter (£, /Py )
2 i [

Din_4 S

5
3_, N Dim i ! l

Table 5 Compressor efficlency versus rotational speed
parameter :

BETA Line (S ) >
ﬁﬂne_l ﬁiine 2 ﬂﬁm ! ﬁﬂm WA ﬁ!ins i

L]

'§‘ Npm R!

] Npm_z Equivatent Compressor

Efficiency Parameter
Npim 3 el

;2'“ Nom 4 S,
3._, N, Dim i l I

Journal of Engineering for Gas Turbines and Power

Tahie 6 Pressure ratio versus mass flow parameter of the
compressor surge line
Pressure Ratio

Poa [Pl

Mass Flow Parameter
(mﬂim)

U5

(*%ys)
Mmﬂd
160}, SSE}Y uRfRAINDY

maps into tabulated data. This can be seen clear in Fig. 3, where at
the chocking condition and same speed parameter, more than one
pressure ratio results from the same dimensionless mass flow
parameter.

Three-dimensional look-up ables, as in the compressor case,
have been developed and used to represent the turbine character-
istics, These mbles have the same forms as those of the compres-
sor characteristics shown in Table 6. In these tables, linsar inter-
polation technique was also used to compute the values lying at
intermediate points. ‘

3.5 Computer Simulation Program. The computer simula-
tion program uses the components models based on either math-
ematical equations or performance characteristics to achieve
matching between the various components in the gas turbine
plant. This matching produces the engine equilibrium running
line. The equilibrium rusaing line can be used to calculate the
different gas turbine performance parameters.

The principal advantages of gas turbine simulation program
would be as follows

1. The computer simulation program can help in investigating
the effects of the components performance characteristics on
the performance of the complete engine. This investigation
can be carried out at the design stage without bearing the
cost of manufacturing and testing an expensive prototype.

2. The conceptual designs of the engine can be studied and the
choice of particular concept can be made to suit the specified
operational reguirements.

3. The matching of the components can be explored for the
design, off-design, and transient conditions.

4. The simulation program can serve as 2 valuable tool for
investigating the performance of the gas turbine at off-
design conditions. This investigation can help in designing
an efficient control system for the gas turbine engine for a
particular application, such as being a part of the combined
power and power (CPP) plant.

The information flow diagram for the simple gas turbine cycle
shown in Fig. 6 was used (o create a computer simuiation pro-
gram. The flow chart for the program logic is shown in Fig. 8, The
program is also suitable for dealing with the simulation of other
configurations. But for the sake of brevity the flow ¢harts for each
configuration have been omitted.

4 Results and Discussion of Modeling, Matching, and
Simulation

The output of the new methodology presented in this work is
illustrated graphicaily in Figs. 9 and 10, which show complete
typical performance characteristics of a centrifugal compressor
and complete typical performance characteristics of @ radial tur-
bine [3], respectively. :

In order to match the turbine with the compressor, Figs. 9 and
10 have to be reproduced by introducing the matching parameter
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(N d.P,;). The transformation is shown in Figs. 11 and 12. For
the compressor it is worth noting that the constant speed lines
were shifted apart, nevertheless the trends stay the same. For the
turbine, the trend of the constant speed lines has changed. The
reason is because the mrbine inlet temperature T is not constant
along any constant speed line while for the compressor case; the
compressor inlet temperature T,; is constant.
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Fig. 9 Complete performance characteristics of a centrifugal
compressor [3]
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Fig. 1¢ Complete performance characteristics of a radial tur-
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Superimposing Fig. 11 on Fig. 12 produces the complete
matching characteristics of the gas turbine performance as de-
picted in Fig. 13. At any point within the matching range the
following parameters can be computed as given in Table 7.

The turbine inlet temperatute T3 lines of 650 and 1400 K were
computed and drawn in Fig. 13. It can be seen that the changes of
constant T3 lines at various pressure ratios are linear and showed
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Fig. 11 Transformed performance characteristics of centrifu-
gal compressor
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Fig. 13 Complete matching characteristics of the gas turbine
performance

divergence at higher values of speed and pressure ratios, The area
between these two lines represents the accepted working range for
the gas trbine engine.

For a power generation driven by a gas turbine engine, let us
consider any running line, for example, a speed of 42,000 rpm.
For clearity, part of this running line enclosed by a rectangular
box in Fig. 13 was enlarged to produce Fig. 14. Based on the
graphical apalysis, the above parameters can be caiculated within
the specified working range. The gutput results are given in Tables
8 and .

Using the resuits in Tables § and 9, the relationship between
thermal efficiency and specific fuel consumption with the net
power output are drawn in Fig. 15. It shows that the maximum
thermal efficiency of 17.57% is attained, which corresponds to a
net power output of 228 kW and minimum specific fuel consump-
tion of 0.3327 kg/kW .hr.

Note that the low thermal efficiency is due to the fact that this
selected gas turbine engine has a pressure ratio (r) of 4 and tur-
bine inlet temperature (To3) of 1000 K.

Figure 16 shows that the gas mass flow rate is decreesing with
an increasing net power output. At the same time the gas exhause
ternperature is increasing under the same condition. This can be
explained because the turbine is considered a constant volumetric
flow component. Iacreasing the turbine. work output at constant
speed can be achieved by reising the turbine inlet temperature T3,
In order to accommodate the same amount of volumetric mass
flow at this higher T3, the mass flow rate must decrease. Conse-
quently, the gas exhaust temperature increases.

Figure 17 shows the variation of temperatures Ty, T3, and Ty
with the net power output. It can be seen that the variation of T
is fairly small because T, depends on the compressor pressure
ratic and within the working range of the constant spesd of
42,000, the pressure ratio varjation is small (see Fig. 14}

Figure 18 shows the relationship between the turbine and com-
pressor torque with net power outpui of the gas turbine engine at

Table 7 Gas turbine parameters

Turbire iniet temperature | Gas turbing thermal efficiency {1, )
( TaS )
Compressor power () Net output torque {7, )
Turbine power (¥, ) Turbine torque {7, )
Net power output (#,,,) | Specific fuel consumption (SFC')
Compressor torque (7,
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Fig. 14 Matching characteristics at running line of 42,060 rpm

a constant speed of 42,000 rpm. Tt can be noted that the variation
af torque and net power output i3 linear and increases at  constant
rate.

5 Closure

Modeling, matching, and simulation of a gas turbine engine for
power generation has been presented. A computer program for
simulating & gas turbine engine has been developed that can sat-
isfy the necessary mawching conditions analytically and, thus,
achieve maiching between the various components in order to
produce the equilibrium running line. Representing the dara for
this line either in the form of lookup tables or an equation is
known as modeling; solving that equation with the help of a com-
puter is computer simulation. Thus, modeling and simulation to-
gether satisfy all energy and mass balances, all equations of siate
of the working fiuids, and the performance characteristics of all
cormponents.

Table 8 Calculated parameters within the specified working
range of 42,000 rpm

4 | Maiching. " r . Turbine | . n
- Parameter [ * Speed N
H 0.0413 3.483 0.242 §3
2 0.0387 3.558 02132 832
3 0.0359 3,585 0,1954 B1.8
4 0.0331 3.597 0.1776 80.8
5 .03 3,61 0,1599 T9.5
1 296.79 28.55 0.00611 0.01095
2 374.59 118.74 0.01143 0.01921
3 415.78 172.66 0.01596 0.02488
4 43572 228.08 0.02205 0.03169
5 493 48 28308 G.03036 0.03955
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Table ¢ Calculated parameters within the specified working
range of 42,000 rpm

# e Tar Ta.‘a . T;J-i- . Wc

1 82 436.82 651.97 508.69 | 268.24
2 84.5 43948 840 647.02 | 25585
3 84.5 443.17 1000 769.1 243.12
4 82.8 44558 | 121052 | 936.02 | 22764
5 80 4437 149334 | 11654 | 2104
# Tt SFC - Te Ty Thet’
i 6.37 0.76%99 203.3% 225.04 | 21.65
2 i5.1 0.3464 194 284.04 | 90.04
3 16.95 03327 184,35 315.27 130.52
4 17.57 0.3481 172.61 345.55 | 17254
3 17.48 {.3861 15%.54 374,19 | 214.65

The results of component matching, modeling, and simulation
are presenied in this paper and lead to the following concluding

remarks:

i.  Matching conditions between the compressor and the tur-
bine may be met by superimposing the turbine perfor-
mance characteristics on the compressor performance
characteristics with suitable transformation of the coordi-

nates,
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Fig. 15 Variation of thermal efficiency and specific fuel con-
sumption at 42,000 rpm
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Fig. 18 Variation of exhaust flow and temperature at
42,000 rpm
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ii. Matching technique can be used to determine the follow-
ing:

« the operating range (envelope) and running line of the
matched components

« the proximity of the operating points to the compressor
surge line

+ the maximum operating poinat at the maximum turbine
inlet temperature (T,3)

»  most importantly, (from the figures) whether the gas tur-
bine engine is operating in a region of adeguate compres-
sor and tarbine efficiencies

Hi. A computer program has been written for simulating a gas
turbine engine. This program basically satisfies the match-
ing conditions analytically between the various compo-
nents to produce the equilibrium running line. Hence, it
can serve as a very useful tool for simulating gas turbine
engines. The principal advantages of the gas turbine simu-
lation program are summarized as follows:

« The computer simulation program can help in investigat-
ing the effects of the components” performance charac-
teristics on the performance of the complete engine. This
investigation can be carried out at the design stage with-
out bearing the cost of manufacturing and testing an ex-
pessive prototype.
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Fig. 18 Varlation of torque values at 42,000 rpm
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+ The conceptual designs of the engine can be studied, and
the choice of a particular concept can be made to suit the
specified operational requirements.

« The matching of the components can be explored for the
design, off-design, and transient conditions.

+ The simulation program can serve as 4 valuable tool for
investigating the performance of the gas rurbine at off-
design conditions. This investigation can help in design-
ing an efficient control system for the gas turbine engine
of a particular application, including being identical to
the combined power and power (CPP} plant,
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Nomenclature

= specific beat at constant pressure
= gpecific heat at constant volume
ratio of specific heats

= mass flow rate

= specific work output, work output
= pressurs

= temperafure

= pressure ratio

efficiency

= lower calorific value

= torque

= fuel-to-air ratio, function
pressure loss in combustion chamber
= diameter
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Subscripts

},2,3 = slate points in the cycles

gr = gas turbine

§ = jsentropic

o = stagnation

g = gas

a = gir

€ = COMmpressor

¢t = turbine

ce = combustion chamber
Superscript

+ = Rate
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