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This paper presents the modelling approach of a multi-purpose simulation tool called
GT-ACYSS; which can be utilized for the simulation of steady-state and pseudo transient
performance of closed-cycle gas turbine plants. The tool analyses the design point
performance as a function of component design and performance map characteristics
predicted based on multi-fluid map scaling technique. The off-design point is analyzed as a
function of design point performance, plant control settings and a wide array of other off-
design conditions. GT-ACYSS can be a useful educational tool since it allows the student to
monitor gas path properties throughout the cycle without laborious calculations. It allows
the user to have flexibility in the selection of four different working fluids, and the ability to
simulate various single-shaft closed-cycle configurations, as well as the ability to carry out
preliminary component sizing of the plant. The modelling approach described in this paper
has been verified with case studies and the trends shown appeared to be reasonable when
compared with reference data in the open literature, hence, can be utilized to perform
independent analyses of any referenced single-shaft closed-cycle gas turbine plants. The
results of case studies presented herein demonstrated that the multi-fluid scaling method of
components and the algorithm of the steady state analysis were in good agreement for
predicting cycle performance parameters (such as efficiency, and output power) with mean
deviations from referenced plant data ranging between 0.1% and 1% over wide array of
operations.

Keywords: Simulation, modelling, closed-cycle gas turbine, corrected parameters, steady state, single-shaft

Nomenclature

Notations

C heat capacity, (J/K)

c heat capacity rate ratio, (nondimensional)
C, specific heat of gas at constant pressure, (J/kg K)
cw compressor work, (W)

CMF corrected mass flow, (kg/s)

CMSF corrected mass flow scaling factor

CSSF corrected speed scaling factor

CH corrected enthalpy drop

CS corrected speed

DH work function

DHSF work function scaling factor

EGT exhaust gas temperature, (°C)

H specific enthalpy, (J/kg)

N rotational speed, (rpm)

NDCW non-dimensional compressor work
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NDTW non-dimensional turbine work

NSF corrected speed scaling factor
NTU number of transfer unit
P pressure, (Pa)
P reference pressure, (Pa)
PR pressure ratio
PRSF pressure ratio scaling factor
0O, heat gained, (W)
Ouctual actual heat flux, ( Wim® )
Onax maximum heat flux, (W/m?)
R specific gas constant, (J/kg K)
S specific entropy, (J/kg K)
SopP shaft output power, (W)
SP specific power, (W/kg s™)
T temperature, (°C)
Ty reference temperature, (°C)
TET turbine entry temperature, (°C)
™ turbine work, (W)
uw useful work, (W)
w mass flow, (kg/s)
Greek Symbols
Y ratio of specific heat of gas
€ effectiveness
n efficiency
N mechanical efficiency
N cycle thermal efficiency
A difference
[ ratio of design pressure to reference pressure
6 ratio of design temperature to reference temperature
Subscripts
c compressor
Cin compressor inlet
cold Sfluid cold stream
Cout compressor outlet
Dp design point
Dprefmap design point reference map
HEX heat exchanger
hot Sfluid hot stream
HPS high-pressure side
in inlet condition
LPS low-pressure side
m mechanical
max maximum
min minimum
oD off design point
out outlet condition
refmap reference map
t turbine
tin turbine inlet
tout turbine outlet
1-7 station number
Abbreviations
A working fluid coefficient
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ACYSS Arekret cycles simulation

CBC closed Brayton cycle

DP design point

FORTRAN IBM patent computer programming language name
GH gas heater

GT gas turbine

HP high pressure

HPC high pressure compreesor

HTGR high-temperature gas reactor

i index

C inter-cooler

JAEA Japan Atomic Energy Agency

LP low pressure

LPC low pressure compressor

MW molecular weight of selected gases

NASA national aeronautics and space administration
OD off-design

PC pre-cooler

ReX recuperator

SF scaling factor

TURBOMATCH tradename of computer code developed at Cranfield Univesity

1.Introduction

With improved modelling techniques, simulations have assumed an essential role in planning, executing and
evaluating operations, in order to reduce acquisition costs, increase system performance and improve
maintenance. Gas turbine (GT) engine simulation can be valuable tools for teaching in an academic environment or
for on-the-job training for engineers within the industry. Simulation tools can assist in the task of explaining, by
making it possible to observe what is happening within each individual component and overall engine behaviour [1].

Consequently, a great deal of research work has been expended in developing analytical tools capable of
evaluating the steady-state and dynamic performance of gas turbine engines such as references [2—-6]. However,
most of the documented models in open literature [4,5,7,8] were developed mainly for open-cycle gas turbine
operations or for specific design point closed-cycle power plant projects which may not be accessible for
commercial use or allow for complex off-design engine configuration simulation. However, the focus of this paper
is on closed-cycle gas turbine simulation. This is so because of the renewed interest in closed-cycle gas turbine
technology development for nuclear, marine, or space power applications, due to its performance advantages at part-
load, environmental compatibility, reliability and flexibility in working fluid usability.

Broadly speaking, a review of the available simulations model for closed-cycle gas turbine; both analogues and
non-linear digital have been discussed by references [7,9]. Vavra [10] described a method that graphically illustrated
the fundamentals of matching components in the closed-cycle gas turbine. The reports of Dostal [11] and Dyreby
[12] documented various aspects of simulations program for Supercritical Carbon Dioxide (S-CO2) closed-cycle gas
turbine plants. Essentially, their approach consists of synthesizing the thermodynamic relationships that described
each engine component. Dynamic equations describing the transient behaviour of the High-Temperature Gas
Reactor coupled to a gas turbine (GT-HTGR) have been documented in references [13—15], and Dupont et al. [16],
described a computer code called TugSim-10 developed for transient simulation of nuclear power plants. The review
by Olumayegun [9] covered various aspects of simulations for closed-cycle gas turbines.

From the review of published works cited so far, it would appear that the modelling tools mentioned above were
developed for either open-cycle gas turbine engine configurations or for only specified design point closed-cycle gas
turbine power plant projects, or specific configuration and specific working fluid applications. There is still need for
a general model that may be used to represent different closed-cycle gas turbine engine configurations, flexibility in
working fluid selection capability and the ability to study the engine behavior at the conceptual design stage;
considering the effect of component performance on the overall performance of the engine, and capability for
complex off-design simulations, and preliminary component designs.

This paper introduces Gas Turbine Arekret Cycle Simulation (GT-ACYSS), a program developed by the authors
for closed-cycle gas turbine steady-state performance simulation and preliminary component designs. It describes
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the structure of the code, computational models used, and verifications based on the open literature of reference
power plants used in case studies. The code allows the choice of key design point parameters and computes the
cycle performance at different off-design conditions, e.g. at varying temperature ratios, pressures, rotational speeds
and part load. The code also allows the user to simulate different working fluid namely; helium, water, air, nitrogen,
and carbon dioxide, to give the user a valuable understanding on how these working fluids could affect performance
and component design decisions. This code can be a useful educational tool since it allows the student to monitor
gas path properties throughout the closed-cycle configuration without laborious calculations. Another important
benefit of the code is the flexibility it gives the user to understand the different closed-cycle gas turbine control
strategies by selecting any specific control mechanism mentioned in section VII during off-design or pseudo
transient simulation.

Therefore, the GT-ACYSS model presented is envisioned as building blocks for more complex shaft
configurations, more working fluid selection options and for flexibility in meeting specific simulation needs.

2.Description of GT-ACYSS Simulation Tool

The code was developed in FORTRAN 90 and enables the performance and component sizing analysis of the
single-shaft closed-cycle gas turbine. The main objective of its development was to produce a user-friendly program
for closed-cycle gas turbine performance simulation to support teaching and training purpose like the
TURBOMATCH code [1,2], already developed in Cranfield University to enhance performance simulation
capabilities for open cycle gas turbine configurations. The code was developed based on conceptual division of the
engine into its components as shown in fig. 1.

The overall program structure shown in fig. 1 consists of modules and subroutines that inter-connect to simulate
the steady-state performance of the listed engine configurations. The major advantage of this kind of structure is that
it creates flexibility in case of any further modifications. The function files listed have been briefly described in
Table 1.

Input
! Components
CBC Subroutines (DP/OD) Compaonent
ol Maps
Performance | Control | solver Intake P
Module Options | Compressors
Inter-cooler
(MAIN) Recuperator
Pre-cooler Gas_
l Turbine “~| Properties
- Gas Heater
Output file External Heat Source
Performance

T

DP / OD Shared Variables
(PR, P_in, TET, SOP...)

Fig. 1 Structure of GT- ACYSS: Closed-Brayton Cycle Gas Turbine Simulation Code
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Table 1. Summary of GT- ACYSS Modelling File Functions

List Name Class Name Filename Description
DP/OD shared Variables | Module shared variables.f90 Contains list o_fr:leﬁned shared variables for Design, Off-design Point and
offdesign_variables.f90 | Components sizing (P,W, T etc)
Control Options Subroutine Control_files.£90 Deﬁnes. the engine configuration, control handle, working fluid, &
calculations
CBC Main Program CBC_main.f90 Part of the code which calls all modules and subroutines
Component_name.f90 . .. .
Component Module - Contains components performance and sizing calculations
Input and Output Import/export | name.dat, name.txt Contains input files and writes output files
files
Solver Subroutine Design_Point_Solver Contains the c_)ff design point solver based on analytical or component
map calculation. Calls all component modules based on cycle
configuration
Offdesign_Solver.f90 gur
Gas properties Subroutine Gas_properties.f90 Contains all the fluid properties model
Component Maps Subroutine Com]f:ressorﬁmap.f% Contains component maps and does scaling calculations
Turbine_map.f90

3.Working Fluid Options

GT-ACYSS allows the user to make a selection from different working fluid namely; helium, air, nitrogen, and
carbon dioxide. The fluid properties were provided by a series of gas properties subroutine which computes
enthalpy, specific heat capacity, viscosity, specific heat capacity ratios and other properties of the fluid.

A. Modelling of Fluid Properties in GT-ACYSS

The correct simulation of the thermodynamic properties of the working fluid is a major premise for the accurate
modelling of the performance simulation code. An estimation of the properties of working fluid listed in GT-
ACYSS was modelled using empirical correlations and coefficients. The empirical equations and coefficients are
power expansions in terms of pressure and temperature. They were obtained experimentally by fitting the power
series to measured isotherm and isobar from experimental data and tables of references [17-20]. A modification on
the curve fitting equation as in reference [21] was used to ensure that the coefficients approximations implemented
in this tool were able to predict the behaviour of the working fluid at different pressure and temperature in
comparison with the tables of reference [20]. For CO.,, its properties change rapidly with pressure and temperature
near its critical points, especially at the low-temperature region. Similarly, all working fluids were modelled as a
function of pressure and temperature. The results of the curve-fitted data were compared against the NASA SP-273
[19], and gas tables of reference [20]. A general representation of polynomial for some of the gas properties is
shown in equations (1) — (6).

1)  Specific Heat at Constant Pressure

=4 (1)
C, = ZAiTi for T < 127°C
i=0
i (2)
C,= ) iATEY for T >127°C
i=0
Whereas,
A;=f(P)
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2)  Enthalpy: The enthalpy of the working fluids were calculated using integration and averaging as shown in

equation 3
H= f C,dT )
3) Entropy
= g 4)
S =S5y+ A4,InT + ZAi—, forT < 127°C

=

S 5)

S = Sy + AyInT + ZﬁAiT(i‘l) for =127°C
=t
Whereas,

S0 40, A; = f(P)

4) Gamma
(6)

G

y - ———
(Cp - RgaS)

Where Rgqs = ﬁ, R = 8314.36, MW = Molecular Weight of Individual selected gases.

An example of the correlation coefficient utilized for CO, can be found in the appendix.

4.Engine Configuration Options

A computer simulation program should allow the user to assemble the component in the desired configuration
[4,5,22]. Each component has its own distinct performance characteristics, which may be modelled either
analytically or by experimentally obtained performance data. The program should be modular so that if desired, an
individual module may be used to study the performance of the components comprising of a particular engine
configuration.

Similar to the open cycle gas turbine, a closed-cycle gas turbine may either have a single or multi shafts
arrangement of simple, recuperated, or intercooled cycle configuration. At the moment, this code allows for only
single-shaft, simple, recuperated, intercooled, and intercooled-recuperated configuration. Since the program is
modular in structure, other cycle configuration will be incorporated to it in the future.

5.Components Simulation Modelling

The overall performance of the closed-cycle gas turbine is determined by gas path properties and balance of its
components. The mathematical model which describes the physical behaviour of the system components were
created by governing analytical and empirical data described in [23-27].

A. Compressor

The behaviour of the compressor is described by dimensionless parameters. The performance characteristics are
usually plotted as pressure ratio against dimensionless or Corrected Mass Flow (CMF), speed (CS) and enthalpy
(CH). For a particular working fluid, the dimensionless parameters can be represented by the following expressions.
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(7
eur = (V0 [R), cs:(L), CH:(A_“)

6 14 \JORy \JORy
Where,
6 ! dé P
= B an =
Tref Pref

The temperature at the exit of the compressor is obtained from the inlet temperature, isentropic efficiency,
pressure ratio and ratio of specific heats, given by the expression

y—1
Tcin PCout ( 14 ) (8)
Tcout = TCin + r] P— -1
¢ Cin

Where the compressor discharge pressure is derived from the given pressure ratio

P, 9
PR, = —2 = f (CMF, CS) ©)
Pcin
The corrected compressor work (NDCW) is derived as
(10)

NDCW = (%) = f (CMF, CS)

Where CW is the compressor work, which is a product of the mass flow rate, specific heat capacity at constant
pressure and the overall temperature rise in the compressor.
CW =WCp,,,T, (11)

Cout

- WCP in TCin
In order to solve Egs. (7)- (11), the needed input data can be obtained from the design point inlet conditions and
compressor performance map.

B. Turbine
Similar to the compressor, the performance characteristics of the turbine is described by a number of

dimensionless parameters. The non-dimensional parameters described for the compressor is similar to the turbine.
The input data at the design point are the turbine inlet conditions (mass flow rate, temperature, and pressure), and

component efficiency
The temperature at the outlet of the turbine is obtained from the following expression:

y—1

Ptout (T) (12)
Ttout = Ttin - Ttinr]t 1- P,
tin

The corrected turbine (NDTW) work can be obtained from

™w P, (13)
NDTW = (—) = Ut CS
575) = G es)
Where TW is the turbine work, which is expressed as:
W = WCPoutTtout - WCPinTtin (14)
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Implementing system components pressure losses will mean that the turbine pressure ratio becomes;

Py S = AP (15)
=75, PR [2(1+ AP)LPS]

C. Heat Exchangers

The heat exchangers which include the recuperator, intercooler, gas heater and pre-cooler were modelled using
the e-NTU method and a counter-flow shell and tube configuration was assumed. The e-NTU method was used
since the inlet condition (temperature and pressure) of the fluid stream can be easily obtained and simplifies the
iteration involved in predicting the performance of the flow arrangement. This method is fully described in
references [28,29] and has been applied to complex counter flow heat exchanger by Navarro [30]. The approach also
assumes that the heat exchanger effectiveness is known and the pressure losses are given.

Therefore, the effectiveness of the heat exchanger is the ratio of the actual heat transfer rate to the
thermodynamically limited maximum heat transfer rate available in a counter flow arrangement.

e = Qactual _ Chot (Thotin = Thotout) _ Ceota (Teotaout = Teotain) (16)

Qmax Cmin (Thatin - Tcoldin) B Cmin (Thatin - coldin)
Where C,,;, and C,,,, are the smaller and larger of the two magnitudes of C,,; and C,.4

Chot = (WCp)hot fluid Stream, Coora = (WCp)cold fluid Stream

(17)
C.. = {Chot fOT Chot < Ccold
mn Ccold fOT' Ccold < Chot
For counter flow shell and tube heat exchangers, Number of Transfer Unit (NTU) is given by:
(18)
LOG [2 —€(1+C" — Nyex
NTU = €l2—e(14+C* + Nyey
NHex
Where
(19)
* . . Cmin
C* = Capacity rate ratio =
max
NHex = 2+ 1)0'5 (20)
Assuming Pressure losses, then the exit pressure at design point is given as;
Poyt = P (1 — AP) (21)

Where AP is the percentage of pressure loss specified at the input by the user on each component of the heat
exchangers. It is important to emphasis, that GT-ACYSS allows the user to specify whether the pre-cooler utilizes
water cooling or dry cooling in order to be able to assess the cogeneration capability of the plant modelling in future
applications. The code was modelled to have the working fluid temperature after pre-cooling process equal to the
compressor entry temperature; although in a real scenario the temperature may vary a little.

D. Heat Source Model

In GT-ACYSS, the energy input to the system is modelled as an external heat source supplying thermal heat
input at a specified temperature and combustion efficiency. The model allows the user to assume the type of heat
source (nuclear, fossil or solar).

Therefore, heat gained is given by:
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Qg = W(CPautTout - CPinTin) (22)
Calculating for a given total pressure loss is similar to Eqgs. (21).

E. Engine Performance Calculation
The overall plant cycle assessment is represented as Shaft Output Power (SOP), Specific Power (SP), and cycle
thermal efficiency. These are given by the following equations:

SOP =TW — CW /N, (23)
The capacity of the plant is represented as specific power (SP), given by:
SP = SOP/W 24)
The cycle thermal efficiency is given by:

n,, = SOP/Q, (25)

6.Components Matching

The interaction of the gas turbine components is often referred to as component matching. To be able to predict
an accurate design and off-design point performance of the closed-cycle gas turbine would require an accurate
assessment of the component performance, sizing and matching of both the turbomachinery and heat exchangers,
which is accomplished through details of their maps or analytical models. These operating maps give detailed
illustrations at a wide range of operating conditions for both design and off-design points. The interaction of the gas
turbine components defines the operating restrictions to achieve satisfactory performance under different conditions.
The procedure used in GT-ACYSS was based on references [10,24,26,27]. The components matching were analyzed
in line with mass flow compatibility, speed compatibility and work compatibility. A typical illustration using engine
model shown in fig.3 is represented by equations (26)-(30) to describe the matching requirements.

Mass flow compatibility between turbine and compressors is expressed as:

26
WoTe _ WlTe Pu s [Ty Wy 0
Py Py Ps Pg Ta W,

The High Pressure (HP) compressor inlet temperature T, in fig. 3 is controlled by the inter-cooler, and is
assumed to remain approximately constant due to intercooling. Therefore, the operating line on the HP compressor
characteristics will tend towards surge along the line of constant non-dimensional speed as the load demand
increases. Hence, the HP compressor inlet non-dimensional flow will also be approximately constant. The flow
compatibility between the Low Pressure (LP) compressor exit and the HP compressor inlet is given by:

27
Wil WalTy Py T Wy 7

Similarly, the flow compatibility between the LP compressor inlet and exit can be expressed as:
(28)

WofTe_WlTy i s
Py P, Py T, W,

Osigwe NERS-19-1002 9



The Compressor shaft speed equal turbine shaft speed as shown:

Ne N, [n, 29)
_ = — X -
NN NP
The Work compatibility for which (Turbine work > Compressors work) is given by:
UW =TW — (CW1+ CW?2) (30)

7.Multi-Fluid Map Scaling Technique

One major challenge to the accurate simulation of any closed-cycle engine model for a new entrant or existing
power plant is the difficulty in accessing component characteristics maps; hence, researchers often rely on scaling
methods to develop theoretical component maps from existing maps. The maps for different components utilized in
this program were obtained using multi-fluid scaling methods which multiplies the scaling factors derived at design
point to the original component map at the off-design point.

The referenced map used in GT-ACYSS was adapted from TURBOMATCH; a Cranfield University in-house
performance simulation tool [3]. To accommodate working fluid flexibility, maps were scaled considering the
influence of gamma and specific gas constants. The scaling factor utilized in the program were obtained using
equations (31) — (35), and are documented in references [21,27,31,32].

The corrected mass flow scaling factor (CMSF) is given by:

a— (31
WDp HDp % Rgas

) Dp yg as
CMSF = DP

WDp\/ GDp % Rgas
SDp ygas

DPrefmap

The corrected speed scaling factor (NSF) can be obtained from:

( N ) (32)
vV HDpVgangas DP

N
<\/ 9VR>

The pressure ratio scaling factor (PRSF) is expressed as:

NSF =

DPrefmap

(PRpp — 1) (33)

PRSF =
(PRDPrefmap - 1)

Isentropic efficiency scaling factor is given by:

(Me)op (34

N.SF =
¢ (rlc)DPrefmap

The work function scaling factor is:

Osigwe NERS-19-1002 10



( AH ) (35)
VOYR DP

DHSF =
( AH >
\ HVR DPrefmap

The scaling factors are calculated at the design point, hence, there no changes at off-design conditions.

Hence, the corresponding data points for the new map are obtained using equations (36) — (39)

Pressure ratio (PR) = (PRop = 1) (PRrefma - 1) +1 (36)
(PRosrerman — 1) d

Mass flow (W) = CMSF * Wyepmap 37)

Component Ef ficiency (I],) = I.SF * Nerermap (38)

Work Function (DH) = DHSF * DH,¢fmap (39)

At the moment, GT-ACYSS does not include maps for the heat exchanger; hence the pressure drops were scaled
with mass flow relationship expressed below:

AP, = AP, x(WoD)1'75 (40)
oD Dp WDP

Similarly, the heat exchanger effectiveness is scaled as thus:

For inter-cooler and pre-cooler

NDMF,;, 41)
= —_ — X|——
gop =1 — (1 —€pp) (NDMFDP)

For recuperator and gas heater

W,
gop =1 — (1 —€pp) X (W_OD) (42)

DP

8.Control Options

At the moment, GT-ACYSS allows the user to select from a list of different control options according to
reference plant configuration and performance assessment to be carried out. The control options include Inventory
control mode, Bypass control mode, Heat source temperature control mode and combined mode (integration of the
listed control modes to achieve different control task).

The operating logic for inventory control is that, for any changes in load demand or design point operating
conditions, the working fluid is extracted or injected onto the power plant conversion system via the opening and/or
closing of the inventory valves, resulting in changes in mass flow rate, and other properties of the cycle. During this
operation, the heat source temperature and bypass remain constant. In the case of bypass control, mass flow bled off
from the compressor discharge to short-circuit the turbine. This control is used for fast response to changes in power
Osigwe NERS-19-1002 11



demand. The heat source temperature control alters the turbine entry temperatures based on changes in design point
operating condition at constant mass flow inventory. The combined mode utilizes an integration of control options
discussed above to regulate the behaviour of the engine in order to avoid limitations in shaft speed or low cycle
efficiencies. A typical example is a combined control mode utilizing inventory control for slow load reduction and
bypass control for rapid load response and shaft speed control. Further discussions on closed-cycle gas turbine
control options are documented in reference [33-35].

9.Solution Convergence Method

The solution convergence technique requires the use of a control mechanism to satisfy mass flow, speed and
power compatibility. The mathematical approach to this non-linear relationship between the dependent and
independent variables required several iterations. The approach used in GT-ACYSS was essentially similar basic
technique used in references [10,25-27,36] with minor modifications. The solution to the unknown independent
variable which matches the computed value of the dependent variables to it's required or estimated values were
solved using a combination of the secant-bisection method. The derivation of the method has been extensively
discussed in reference [37]. Basically, the iterative process begins with a first pass through the entire cycle
configuration made with initial guesses for all unknown independent variables determined by the control option
selected (for example mass flow for inventory control and bypass, or Turbine Entry Temperature (TET) for heat
source temperature control, compressor pressure ratio, heat exchanger efficiencies etc). The results of the first pass
are checked through the compatibility matching and the succeeding passes through the configuration are made
changing each respective unknown by a small amount from the convergence solution technique. The convergence
tolerance in GT-ACYSS is 10°. A typical illustration using engine shown in fig.3 to demonstrate the structure of
simulation convergence in GT-ACYSS is described by fig. 2.

| DESIGN-POINT(DP) CALCULATION }—>-| OFF-DESIGN CALCULATION |

/ Input Data ,/ | Components | | Input data for OD Calculations | | Caleulation based on Selected Control Option |

Inlet Temperature
Inlet Pressure
Mass tlow, Mach No. Inlet Duct
Pressure drop

Inlet Temperature

Inlet Pressure Inlet Duct =
Assumed Mass flaw |
Pressure drop |

Compressor -
Pressure matio | DF Scaled Map Properties | -
Bypass flow, Shaft Speed {CMF, CS, PR, Efficiency) / Cheek 1 )
Component Efficiency ) [Converg f
Calgulated Effes

wjth Scaled References

Ettectiveness
Pressure drop
Mass flow leak

Coolant temperature

Reterence

|
| |
|
| Techiveness I Inter-cooler
T ure drop |
| |
| |

Inter-coaler

DP Scaled Map Properties
Compressor

(CMF, CS, PR, Efficiency)

Pressure ratio C .
QMmpressor .
Bypass flow, Shaft Speed - Effectiveness | / \
Component Etticiency Pressure drop | Rccn]'lcmlur Sams as Check |
(Reference) |
Eftectiveness Recuperator |
Pressure drop o Heat Source
Mass flow leak ixit Temperuture o~
= J Efficiency : 7 T~
Exit temperature Heat Source - Same as Check |

Efficiency

Effectiveness

Mass flow leak

Effectiveness et
Pressure drop
(Reterence) .

DP Scaled Map Properties

(CMF, CS, TPR, Efficiency)
Specify SOP (part-load case)

Mechunical Losses

|
Shatt speed : Effectiveness
Targer Output Power y Sy
[ Efficiency : I:I[;j::]:]:;]p ! » Inlet Duct
Eftectiveness Pre-cooler : Inlet Temperature .// “‘\\H
Pressure drop Inlet Pressure |l - . o
Mass flow leak ! Assumed Mass flow ~ Matching Criteria
| Pressure drop e {Flow Compuatibility .
Inlet Temperature Tnlet Duct ! Speed Compatibility,
Inlet Pressure : JW =TW — (CWI+OW2
Mass flow, Mach No. |
Pressure drop |

Engine Performance Calculations | ¢
| Engine Performance Calculations

Fig. 2 Structure of Simulation Convergence in GT-ACYSS
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Fig. 3 Schematic diagram of a closed-cycle plant used for the illustrative purpose in section (VI & VIII)

COMPRESSOR

RECUPERATOR

10.Application of Simulation Tool

To verify the capability of the simulation tool, three closed-cycle gas turbine plants with reference data obtained
from the open literature were adapted and performance simulated. The reference plants selected consist of two
recuperated cycle plants and an intercooled-recuperated cycle plant shown in fig. 4, 5, and 6. The design point
performance of all selected engine was modelled based on published design specifications and an optimal
combination of both known and guessed parameters was utilized to obtain reasonable minimum mean deviations of
performance and major gas path parameters from the published reference data. After the design point specifications
were simulated, off-design performance variation was predicted and verified with available reference data using
appropriate control handle mentioned in section VIIL.

11.Results and Discussion

A. Casel

The modelled plant for this case is a single-shaft recuperated closed-cycle configuration shown schematically in
Figure 4, inspired on GTHTR300. The plant under development by the Japan Atomic Energy Agency (JAEA) is
powered with a nuclear reactor cooled with helium. It consists of a single turbomachinery set (turbine-compressor),
a recuperator, pre-cooler and the reactor. The performance of the engine was simulated with GT-ACYSS and results
at design point compared with data in reference [38—41].
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Fig. 4 Schematic of the reference plant modelled for case 1 [38—41]

During the simulation, total pressure losses accounted for comprises of (1.7% at the recuperator, and 1.4% at
Reactor), Bypass cooling of 0.5% and mass flow leakage of 1% were estimated based on knowledge of the main
design parameters. Table 2 shows a detailed comparison of the simulated performance of the engine with published
data. The predictions of the component performance characteristics and gas path parameters fell within close range
compared with available information. Hence, this enabled a feasible simulation of the engine overall performance
indicators such as power generated, cycle efficiency and Exhaust Gas Temperature (EGT); which were in reasonable
agreement with the reference data. A summary of the deviation of predicted performance to reference data is shown
in Table 2. In general, the average deviation of the simulated values from reference design point data was 0.39%.
This means that the aim of producing the engine performance parameters through accurate prediction of component
characteristics parameters can be realized reasonably using GT-ACYSS.

Table 2. Comparison of Simulated results and Published Design Point Data for case 1

Description Reference Plant DP GT-ACYSS Deviations

(Published Data) [38—41] (Simulated) (%)
Turbine entry temp. (°C) 850 850 -
Shaft Speed (rpm) 3600 3600 -
Compressor pressure ratio 2.0 2.0 -
Compressor inlet Pressure (MPa) 3.5 3.5 -
Compressor inlet temp. (°C) 28 28 -
Compressor polytropic efficiency (%) 90.5 89.9 -0.6
Reactor power (MW) 600 603 +0.5
Turbine polytropic efficiency (%) 93 91.8 -1.3
Turbine pressure ratio 1.88 1.90 +1.0
Turbine EGT (°C) 611 613 +0.2
Flow rate at compressor (kg/s) 441.8 441 -0.2
Plant thermal efficiency (%) 46.8 46.9 +0.2
PC effectiveness (%) 95 95.0 -
ReX effectiveness (%) 95 94 -1.0
Rated power (MW) 280 283.1 +1.1
Working Fluid Helium
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Next, the accuracy of predicting the engine compressor map and off-design condition at part-load was simulated
and compared with results in reference [41]. To achieve this, the reference map was digitized and replotted on the
non-dimensional basis for easy comparison as shown in fig. 5. Figure 5 shows simulated results of the pressure ratio
and corrected mass flow as a function of rotational speed. As the engine throttles from 0% to design capacity speed,
both the pressure ratio and corrected mass flow moves to the right with an increase in their values. Similarly, the
heat input at full load to part-load condition was predicted by varying the compressor inlet pressure at constant
turbine entry temperature. Figure 6 describes the performance at part load using inventory control.

Comparing the simulated results to reference data showed quite a reasonable agreement, which confirms the
validity of the program off-design simulation routine. For the compressor map, six-speed lines of the simulated
result were analyzed and their root-mean-square deviations calculated. The largest root mean square obtained was
less than 0.5% which confirms that the results were quite in good agreement with reference data.

——=Published =——GT-ACYSS (Curve Fit)

3
Rated design point 110%
2.5
100%
'?'_, . 90%
£ < 83%
@
2
$ 15 e
& 50% \
1 —~
0.5 + T T T T 1
500 1000 1500 2000 2500 3000
Corrected Mass flow (kg/s)
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Fig. 6 Heat power requirement comparisons from full to part-load
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B. Case2

The reference power plant simulated in case 2 is an intercooled-recuperated closed-cycle gas turbine inspired by
the Escher Wyss Ravensburg power plant in Germany. Its main design characteristics were based on the cycle
shown in reference [42]. The cycle consists of a low-pressure compressor (LPC), intercooler (IC), high-pressure
compressor (HPC), recuperator heat exchanger (RX), gas-heater (GH), turbine, and a pre-cooler (PC). Both the LPC
and HPC are driven on a single shaft. The engine is run on coal. Total system pressure loss of 8%, mechanical losses
to drive compressors at 10% and total flow leakage of 0.5% were considered during simulation. The design and
operational data used for comparison were obtained from reference [42].

The result of simulation at the design point was compared with published data and the deviation calculated. A
summary of the engine performance is presented in table 3. Again, the results of simulated performance parameters
were in good agreement with the reference data with the largest deviation at 1.7%. In general, an average deviation
of 0.45% was obtained from the predicted performance.

Fig. 7 shows an off-design performance prediction at changes in compressor inlet temperature due to changes in
the cooling temperature. To achieve the simulation goal, the compressor inlet temperature is used as an input. As
compressor inlet temperature increases, it changes the position of N /\/Tl and at constant TET, the mass flow
inventory is increased to compensate for the drop in power, since the engine was design to operate at constant power
output, mass flow increase cause the system pressure to increase as shown in fig. 7. This change causes both the
LPC and HPC pressure ratio to drop thereby reducing the cycle thermal efficiency. Although, there was no reference
data to compare with the simulated result, however, the performance trend at varying condition seems to be in
agreement with the behavior of closed-cycle gas turbine at changes in compressor inlet temperature.

Table 3. Comparison of Simulated results and Published Design Point Data for case 2

Description Reference Plant DP GT-ACYSS  Deviations

(Published Data) [42,43] (Simulated) (%)
Turbine entry temp. (°C) 662 663.0 +0.11
Shaft speed (rpm) 3000 3000 -
LPC pressure ratio 1.65 1.64 -0.60
LPC inlet pressure (MPa) 0.8 0.80 -
LPC inlet temp. (°C) 17 17 -
HPC Pressure ratio 2.40 2.40 -
LPC & HPC Isentropic efficiency (%) 78.50 78.00 -0.60
Heat input (MW) 9.87 9.88 +0.10
Turbine Isentropic efficiency (%) 88 88.30 +0.30
Turbine pressure ratio 3.64 3.65 +0.20
Turbine EGT (°C) 419.15 427.00 +1.10
Flow rate at Compressor (kg/s) 27.83 27.83 -
Plant thermal efficiency (%) 23.30 23.68 +1.63
IC effectiveness (%) 90.00 90.50 +0.50
PC, RX & GH effectiveness (%) 84.70 85.00 +0.35
Rated power (MW) 2.3 2.34 +1.74
Working Fluid Air
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C. Case3

The major components of case 3 plants consist of a turbine-compressor set, a recuperator, and a pre-cooler as
shown in fig. 8. The thermal energy is provided by the naturally-fired gas heater and nitrogen was used as working
fluid. The engine control system is based on maintaining a constant working fluid inventory in the system at
constant turbine inlet temperature and controlling power output and speed by bypassing working fluid from the
compressor discharge into the low-pressure heat exchanger. The design point and off-design simulation of the
reference engine were carried out in GT-ACYSS and compared with data from open literature [6,24,44]. All units
during simulation design and off-design were converted to the International System of Units (SI), hence, the
reference maps and performance parameters were replotted.

<-HEAT SINK

TURBINE
BY-PASS; «:

RECUPERATOR

r
ALTERNATOR-, II

COMPRESSOR- Z:TURBINE
Fig. 8 Schematic of reference plant modelled for case 3 [6]

Table 4 shows the performance comparison of simulated results with reference data at the design point. The
deviation may be due to the influence of the gas properties but are within reasonable limits with the largest deviation
at 2.5% and an average deviation of 0.86%. Figure 9 and 10 are the off-design performance of the engine compared
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with reference data. The off-design part-load presented in fig. 9 was simulated using bypass control. This means that
the working fluid is bled off to short-circuit the gas heater (GH) and turbine into the low-pressure side of the
recuperator, and, as such, the mass flow, pressure ratio and efficiency of the turbine drop, causing a decrease in the
output power. This control option is usually implemented in closed-cycle gas turbines to achieve fast control
response on power drop and to prevent the shaft from over-speed.

Table 4. Comparison of Simulated results and Published Design Point Data for case 3

Description Reference Plant DP GT-ACYSS  Deviations

(Published Data) [6,24,44] (Simulated) (%)
Turbine entry temp. (°C) 649 648.5 +0.05
Shaft speed (rpm) 22000 22000 -
Compressor pressure ratio 2.72 2.72 -
Compressor inlet pressure (MPa) 0.8 0.8 -
Compressor inlet temperature (°C) 55 55 -
Compressor Isentropic efficiency (%) 82 80.40 -1.95
Heat input (MW) 3.058 3.133 +2.45
Turbine isentropic efficiency (%) 86 84.70 -1.50
Turbine pressure ratio 2.38 2.36 -0.84
Flow rate at Compressor (kg/s) 11.8 11.10 -2.50
Plant thermal efficiency (%) 16.7 16.3 -2.40
PC effectiveness (%) 94 94.0 -
ReX effectiveness (%) 79.0 78.8 -0.25
Rated power (MW) 0.510 0.511 +0.23
Working Fluid Nitrogen

The result in fig. 9 shows a close prediction of part-load performance compared to published data, with a root
mean square deviation of 0.16%. Figure 10 shows an increase of pressure ratio and corrected mass flow as the
engine speed is throttled from idle to synchronous idle at zero power [45], which is consonance to the behaviour of
closed-cycle gas turbines. This result demonstrates the capability of the code to simulate or monitor engine
characteristics during idling.
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Fig. 9 Part Load Performance Comparison
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12.Conclusion

This paper described the procedure that has been used to develop GT-ACYSS; a performance simulation for
closed-cycle gas turbines. The main concluding features and advantages of the simulation tool presented are:

e Components can be assembled to represent different single-shaft engine configurations; therefore it should
prove to be useful for exploratory studies at design stage based on specified operational requirement; which
can save the cost of manufacturing or test an expensive prototype.

e Four different fluids have been incorporated to give the user flexibility and users can either do performance
calculation with or without component maps. Incorporating different working fluid models allows the user
to compare influence working on the cycle performance and component designs.

e The simulation tool can be used to investigate the effect of components performance characteristics on the
overall performance of the closed-cycle engine and the capability to carry out preliminary component
design.

e The physical behaviour of the system components has been described using analytical and empirical
equations. The solution of these equations under varying operating conditions defines the performance and
behaviour of the reference engine in response to prescribed input parameters.

e  The results presented herein demonstrate that the scaling method of component maps and the algorithm of
steady-state analysis were reasonable with mean deviations for different case studies between 0.1 to 1%.

e  Although it has not been possible to compare results with test data, the trends shown in case studies appear
to be acceptable when compared with results in the open literature.

e The engine model, although it shows a good correlation with the expected performance trend, there are
several limitations on the modelling technique that could be improved. Firstly, the component maps utilized
are scaled from maps within the GT-ACYSS libraries for the specified working fluid, which is very
unlikely to be the same as the real engine map. Secondly, the overall pressure ratio was modelled based on
data available in the open literature, however, for cases that required several compressors, the distribution
of the pressure ratio amongst each compressor was made based on assumptions and technical judgment.
Finally, the TETs were chosen so that the required output characteristics are met, however, the real TET
may be different, which could slightly affect the overall cycle performance.

e Modelling of transient behaviour of the closed-cycle gas turbine is another area of improvement that would
be incorporated into the cycle performance simulation tool in future. Also, further modification to
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accommodate complex cycle configuration and component maps would be implemented into the GT-
ACYSS model.

Appendix

Correlation Coefficient for Equation 1 at 1atm

Ay = 4.2360E+02 | A, = 1.8618E00 ‘ A, = -1.8068E-03 | A; = 1.0375E-06

A, =-3.2606E-10

As=4.3032E-14 Ag=-1.5604E-19
Correlation Coefficient for Equation 2 at 10atm

A, =6.1387E+02 | A, =5.8227E-01 ‘ Az =-2.5931E-04 | Ay = 6.9978E-08

As=-9.6851E-12

Ag =3.8926E-16

(1]

(2]
(3]

(4]

(3]

(6]
(7]
(8]
(9]
[10]
[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

References

Osigwe, E. O., Li, Y. G., Sampath, S., Jombo, G., and Indarti, D., 2017. Integrated Gas Turbine System Diagnostics:
Components and Sensor Fault Quantification Using Artificial Neural Network, 23rd ISABE Conference Proceedings,
Manchester, United Kingdom, September 3-8, Paper# ISABE-2017-2605, 10 pages.

Nikolaidis, T., 2015. TURBOMATCH Scheme for Aero/Industrial Gas Turbine Engine, Program Manual, Cranfield
University, Cranfield, United Kingdom, 108 pages.

NATO RTO, 2007. Performance Prediction and Simulation of Gas Turbine Engine Operation for Aircraft, Marine,
Vehicular, and Power Generation, NATO Research and Technology Organisation, Vol. 36, RTO-TR-044, Paris, France.
Free download from: https://apps.dtic.mil/dtic/tr/fulltext/u2/a466188.pdf .

Visser, W. P. J., and Broomhead, M. J., 2000. GSP, a Generic Object-Oriented Gas Turbine Simulation Environment,
ASME Turbo Expo 2000: Power for Land, Sea, and Air, Munich, Germany, May 8-11, 8 pages. doi: 10.1115/2000-GT-
0002

Kurzke, J., 1995. Advanced User-Friendly Gas Turbine Performance Calculations on a Personal Computer, ASME
International Gas Turbine and Aeroengine Congress and Exposition, Texas, USA, June 5-8, 8 pages. doi:10.1115/95-
GT-147

Jordan, F. D., 1969. An Analog Computer Simulation of a Closed Brayton Cycle System, ASME Gas Turbine
Conference and Products Show, Ohio, USA, March 9-13, 16 pages. doi:10.1115/69-GT-50

Shapiro, S. R., and Caddy, M. J., 1974. NEPCOMP- The Navy Engine Performance Program, ASME Gas Turbine
Conference and Products Show, Zurich, Switzerland, March 30-4 April, 7 pages. doi:10.1115/74-GT-83

Sankar, B., Shah, B., and Thennavarajan, S., 2013. On Gas Turbine Simulation Model Development, National
Conference on Condition Monitoring, Bangalore, India, October 4-5, Paper# NCCM-2013-12, 17 pages.

Olumayegun, O., Wang, M., and Kelsall, G., 2016. Closed-Cycle Gas Turbine for Power Generation: A State-of-the-Art
Review, Fuel, Vol. 180, pp. 694-717. doi: 10.1016/j.fuel.2016.04.074

Vavra, M. E., 1965. A Graphical Solution to Matching Problem in Closed-Cycle Gas Turbine Plant, DTIC Database
Washington, USA. URL: https://archive.org/details/graphicalsolutio45vavr [cited 14 May 2017].

Dostal, V., 2004. A Supercritical Carbon Dioxide Cycle for Next Generation Nuclear Reactors, PhD Dissertation,
Massachusetts Institute of Technology, Massachusetts, USA, 317 pages.

Dyreby, J. J., 2014. Modelling the Supercritical Carbon Dioxide Brayton Cycle with Recompression, PhD Dissertation,
University of Wisconsin-Madison, Wisconsin, USA, 164 pages.

Korakianitis, T., Vlachopoulos, N. E.; and Zou, D., 2005. Models for the Prediction of Transients in Closed
Regenerative Gas Turbine Cycles With Centrifugal Impellers, ASME Journal Engineering and Gas Turbines Power,
Vol. 127, pp. 505-513,. doi:10.1115/1.1806450

Kikstra, J. F., and Verkooijen, A. H. M., 2002. Dynamic Modeling of a Cogenerating Nuclear Gas Turbine Plant—Part
I: Modeling and Validation, ASME Journal of Engineering and Gas Turbines Power, Vol. 124, No. 3, 2002, pp. 725—
733. doi:10.1115/1.1426086

Bardia, A., 1980. Dynamics and Control Modelling of the Closed-Cycle Gas Turbine (GT-HTGR) Power Plant,
Proceedings of the Fourth Power Plant Dynamics, Control and Testing Symposium, General Atomic Company,
Gatlinburg, Tennessee, USA, March 17, Paper# GA-A15677. Free download from:

Dupont, J., Jeanmonod, R., and Frutschi, H. U., 1977. Tugsim-10, a Computer Code for Transient Analysis of Closed-
Cycle Gas Turbine Cycles and Specific Applications, Nuclear Engineering and Design, Vol. 40, No. 2, pp. 421-430.
doi: 10.1016/0029-5493(77)90050-4

Hilsenrath, J. et al., 1960. Tables of Thermodynamic and Transport Properties of Air, Argon, Carbon Dioxide, Carbon
Monoxide, Hydrogen, Nitrogen, Oxygen and Steam, Pergamon Press, Oxford, United Kingdom.

Hendricks, R. C., Baron, A. K., and Peller, 1. C., 1975. GASP - A Computer Code for Calculating the Thermodynamic
and Transport Properties for Ten Fluids: Parahydrogen, Helium, Neon, Methane, Nitrogen, Carbon Monoxide, Oxygen,
Fluorine, Argon and Carbon Dioxide, NASA Technical Report, Ohio, USA, 212 pages.

Osigwe NERS-19-1002 20



[19]
[20]
[21]
(22]
[23]
(24]
[25]
[26]

[27]
(28]

[29]
(30]

(31]

[32]

[33]

(34]

[35]

[36]
[37]
[38]
[39]

[40]

[41]
[42]
[43]

[44]

[45]

Gordon, S., and McBride, B. J., 1996. Computer Program for Calculation of Complex Chemical Equilibrium and
Applications: Part II, User manual and Program Description, NASA Reference Publication, Ohio, USA, 135 pages.
Irvine, T. F. and Liley, P. E., 1984. Steam and Gas Tables with Computer Equations, Academic Press, Orlando, USA,
pp. 17-161.

Ulizar Alvarez., J. 1., 1998. Simulation of Multi-Fluid Gas Turbines, PhD Dissertation, Cranfield University, Cranfield,
United Kingdom, 436 pages.

Korakianitis, T., and Wilson, D. G., 1992. Models for Predicting the Performance of Brayton-Cycle Engines, ASME
Journal of Engineering and Gas Turbines Power, Vol. 116, No. 2, pp. 361-371. doi:10.1115/1.2906831

Shirakura, T., and Awano, S., 1977. Thermodynamical Performances of Closed-Cycle Gas-Turbine, Proceedings of
JSME/ASME Joint Gas Turbine Congress, Tokyo, Japan, May 22-27, pp. 260-270.

W. M Crim, J., Hoffmann, J. R., and Manning, G. B., 1966. The Compact AK Process Nuclear System, ASME Journal
of Engineering and Gas Turbines Power, Vol. 88, No. 2, pp. 127-138. doi:10.1115/1.3678495

Razak, A. M. Y., 2007. Industrial Gas Turbines - Performance and Operability, Woodhead Publishing Limited,
Cambridge, United Kingdom, 624 pages.

Saravanamuttoo, H., Rogers, G., and Cohen, H., 2001. Gas Turbine Theory, Prentice Hall, Harlow, United Kingdom,
512 pages.

Walsh, P. P., and Fletcher, P., 1998. Gas Turbine Performance, Blackwell Science, Oxford, United Kingdom, 664 pages.
Shah, R. K., and Sekulic, D. P., 2003. Fundamentals of Heat Exchanger Design, John Wiley & Sons, Inc., New Jersey,
USA, 976 pages.

Kakac, S., and Liu, H., 2002. Heat Exchangers Selection, Rating and Thermal Design, CPC Press, New York, USA, 520
pages.

Navarro, H. A., and Cabezas-Gomez, L. C., 2007. Effectiveness-NTU Computation with a Mathematical Model for
Cross-Flow Heat Exchangers, Brazilian Journal of Chemical Engineering, Vol. 24, No. 4, pp. 509-521.

Rademaker, E. R., 2012. Scaling of Compressor and Turbine Maps on the Basis of Equal Flow Mach Numbers and
Static Flow Parameters, National Aerospace Laboratory Report (NLR), Amsterdam, Holland, Report# NLR-TP-2012-
257. Free download from: http://hdl.handle.net/10921/961

Kurzke, J., 2011. Correlations Hidden in Compressor Maps, Proceedings of ASME Turbo Expo: Turbine Technical
Conference and Exposition Vancouver, Canada, Paper# GT2011-45519, pp. 161-170. doi:10.1115/GT2011-45519
Botha, B. W., and Rousseau, P. G., 2007. Control Options for Load Rejection in a Three-Shaft Closed Cycle Gas
Turbine Power Plant, ASME Journal of Engineering and Gas Turbines Power, Vol. 129, No. 3, pp. 806-813.
doi:10.1115/1.2718225

Openshaw, F., Estrin, E., and Croft, M., 1976. Control of a Gas Turbine HTGR, ASME International Gas Turbine and
Fluids Engineering Conference, New Orleans, USA, March 21-25, Paper# 76-GT-97, 12 pages. doi:10.1115/76-GT-97
Covert, R. E., Krase, G., and Morse, D. C., 1974. Effect of Various Contol Modes on the Steady-State Full and Part
Load Performance of a Direct-Cycle Nuclear Gas Turbine Power Plant, ASME Winter Annual Meetings, New York,
USA, November 17-22, Paper# 74-GT-007, 10 pages. doi:10.1115/74-WA/GT-7

Al-Hamdan, Q. Z., and Ebaid, M. S., 2006. Modelling and Simulation of a Gas Turbine Engine for Power Generation,
ASME Journal of Engineering and Gas Turbines Power, Vol. 128, No. 2, pp. 302-311. doi:10.1115/1.2061287

Chapra, S., and Canale, R., 2015. Numerical Methods for Engineers, McGraw-Hill, New York, USA, chapters 5-7.

Yan, X., Takizuka, T., Takada, S., Kunitomi, K., Minatsuki, 1., and Mizokami, Y., 2003. Cost and Performance Design
Approach for GTHTR300 Power Conversion System, Nuclear Engineering and Design, Vol. 226, pp. 351-373. doi:
10.1016/S0029-5493(03)00212-7

Yan, X., Kunitomi, K., Nakata, T., and Shiozawa, S., 2003. GTHTR300 Design and Development, Nuclear Engineering
and Design, Vol. 222, pp. 247-262. doi: 10.1016/S0029-5493(03)00030-X

Yan, X., Sato, H., Kamiji, Y., Imai, Y., Terada, A., Tachibana, Y., and Kunitomi, K., 2016. GTHTR300 Cost Reduction
through Design Upgrade and Cogeneration, Nuclear Engineering and Design, Vol. 306, pp. 215-220. doi:
10.1016/j.nucengdes.2016.02.023

Kunitomi, K., Katanishi, S., Takada, S., Takizuka, T., and Yan, X., 2004. Japan’s Future HTR - the GTHTR300,
Nuclear Engineering and Design, Vol. 233, No. 1-3, pp. 309-327. doi: 10.1016/j.nucengdes.2004.08.026

Frutschi, H. U., 2005. Closed-Cycle Gas Turbines: Operating Experience and Future Potential, ASME Publishing, New
York, USA, 283 pages.

Keller, C., 1961. The Coal-Burning Closed-Cycle Gas Turbine, ASME Gas Turbine Power Conference and Exhibit,
Washington D.C, USA, March 5-9, 7 pages.

Janis, J. M., Braun, G. S., and Ryan, R. D., 1967. Performance Testing of the Compact APCSE Closed Brayton-Cycle
System, ASME Gas Turbine Conference and Products Show, Houston, Texas, USA, March 5-9, Paper# 67-GT-34, 16
pages. doi:10.1115/67-GT-34

Aziaka, D. S., Osigwe, E. O., and Lebele-Alawa, B. T., 2014. Structural and Conceptual Design Analysis of an Axial
Compressor for a 100 MW Industrial Gas Turbine (IND100), World Journal of Mechanics, Vol. 4, pp. 332-347. doi:
10.4236/wjm.2014.411033

Osigwe NERS-19-1002 21





