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ABSTRACT

Open indirect cycle of gas turbine is almost simita a simple Brayton cycle but it can be used Heat
recovery means in different industries, speciatiypuclear power plants. In this investigation, adal of optimal
thermal efficiency of open indirect cycle of gashine has been developed and it has been apmliedetat
recovery from a nuclear reactor. The model maydbegorized as a nonlinear mathematical programmiodel
and the objective function is maximization of thafrefficiency in a given site conditions. Total cagsion
ratio, cycle temperature ratio and cycle pressatie are identified as three dimensionless numaedsthey have
been considered as basic decision variables. Thelrhad been applied to identify the optimal designdition

of the heat recovery system.

1. INTRODUCTION:

Fuel consumption in industries contributes to thréssion
of greenhouse gases in general and, GO particular.
Emission of CQ is a function of technical operation of the
industries and the waste energy flow. Improvemergrergy
efficiency and the design of technologies has redweasting
energy of industries considerably over last threeades. But
rapid economic growth in many developing countréesl
increased welfare of population in industrializeations has
led to expansion of industrial factories world widdéumber
of factories has increased considerably and ailupoh is
observed in major cities in the world, including thbo
developing and industrialized countries.

Energy recovery is considered as a sufficient metiood
reducing air pollution due to converting waste @geto
useful work in different industries. It may be aidzed as
preheating of combustion air or fuel in industrfatnace,
preparing hot water in ventilation systems, prodgci
superheated steam in boilers or generating addition
electrical power in industries [1].

Open indirect cycle of gas turbine is one of theegel

Many analytical tools have been developed for nindel
open indirect cycle of gas turbine and its contidouto the
implementation of the objectives of heat recoveBpme
kinds of methods that have been suggested are the
thermodynamically orientated simulators [4-12]. Thetydy
operation of the system based on the predefinedgries
conditions.

Identification of optimal thermal efficiency of thepen
direct cycle of gas turbine has been the subjeth®fpresent
work. A model of nonlinear mathematical programmirag
been developed and it has been applied for idéemgifyhe
appropriate means of achieving the objectives dinal
design of the cycle. Theoretical concept of the rhetlall be
presented in the next section and it shall be Vadd by
demonstration of the application of model for defincase
study.

2. THEORETICAL CONCEPT:

The model has been found on the thermodynamicsytheor
and it has been tailored to identify the optimalsige
condition of specified heat recovery technology. The
objective of the model has been to maximize thal tbermal

forms of heat recovery systems which may be used toefficiency of an open indirect cycle of gas turbinhich is

recovery waste heat from cooling circuit of nucleaactors
[2]. Its cycle is similar to a simple Brayton cyclehere
combustion chamber is replaced with a recuperatorder to
heat recovery from coolant fluid in nuclear reactooling
circuit. Absorbed heat is then used for increasimbine inlet
temperature and generating of additional power uclear
power plant [3].

used for heat recovery from coolant flow of cooliguit of
a nuclear reactor. Implementation of this concegs help to
identify optimal design condition while the techogy is
considered as fixed.

Figure (1) shows the system of heat recovery. htaios
two stages compressors with one intercooler betwiem,
one recuperator for absorbing waste heat from obdlaw,



one gas turbine which is coupled with a generatmr f
producing additional electricity in nuclear powéarg.
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Figure 1- Heat recovery system Schematic

Total thermal efficiency in the Brayton cyclg,( ) may be
defined as the ratio of net output pow¥l/(,) to total input

or absorbed heaQ, ) as follows:

W,

net

Qadd

According to figure (1), net output power and total
absorbed heat can be calculated by the help obviaig
equations:

= mOCp{(Ta _Ts) - (Tz _T4) - (Tl _To)}
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W
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Qadd = mOCp (T3 _TZ) (3)
If the heat capacity of working fluid is nearly cidered

constant through the cycle, thermal efficiency aytle
should be rearranged as follows:

- (Ts _Ts) B (Tz _T4) B (T1 _To)
(T3 _Tz)

When the compressor unit is considered as an aiiaba
system, dimensionless compression ratio for each of
compressors may be represented by equation (7ughro
using equations (5) and (6):
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Efficiency of first stage compressor may be defibgdhe
help of equation (8):
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Substituting equations (8) and (7) into equationy{élds:
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And it will be obtained for second stage compressor

similar to first stage compressor:

T
T,-T, :_Z(CCZ -1 (10)
N,
With following stream flow from inlet of first stag
compressor to outlet of second stage compressor,
dimensionless total compression ratio can be defias

follows:

R =(R-A)r (11)

PZ = (Pl - (:82 + AF)inc))rcz (12)
RS A

ce = (R-A)Cera~(BR, +B)Ce
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When compressed flow enters to the turbine, itSque
will be reduced. It will be clear that the outleepsure of the
turbine should never reach to atmospheric pressire.
dimensionless parameter is introduced to contislrttio:

L= &
I:)0
According to equation (14), the dimensionless egjman
ratio of gas turbine can be represented by follgwin
equations:
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Where, X = (%) Y andr, =3
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Turbine stage efficiency then can be calculatedduation
(29):
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According to the principles, difference betwegnand p,

should be negligible and also, air side pressumgp df
recuperator should not be allowed to be high, foese
following relationship may be considered betweetiedwand
inlet pressures ratio through recuperator and tetbi

P3 —_ I:)0
P2 PS

According to the above assumptiol, can be rewrite as
below:

_(sty_ P
=5 = = =
2 P,Cc; v

According to the principles, difference betweBh and P,

should be negligible and also, air side pressump f
recuperator should not be allowed to be high, foese
following relationship may be considered betweetieband
inlet pressures ratio through recuperator and tetbi

(20)
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It can be concluded that equation (21) manifests th
relationship between variations of turbine expamsiatio
based on the compressors compression ratio. Therefors
named dimensionless cycle pressure ratio. It is alsdent
that X should be set at the right level if the thermétefncy
is to be maximized. Hencejdentification of the

relationship betwee, and Cc; is an important factor

of the aforementioned system design.

Respectively, temperature difference between ialed
outlet streams of the turbine may be representeitpwing
equation:

(20)
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According to the principles of gas turbine design,
maximum power which may be obtained from the twehkm
strictly affected by the turbine inlet temperatyiie) [13].
This parameter will be influenced by the amount of
recoverable heat through using the recuperator. efdey,
dimensionless cycle temperature ratiQ {s introduced in the
model on the basis of the Carnot efficiency deafnitfor
controlling ratio of the maximum turbine inlet teevpture to
ambient temperature:

(23)

Dimensionless cycle temperature ratio may be foramd
function of technical indicators of the cycle i, is replaced
by following equations:
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The total net output power can be determined from
equation (30):

W,,, = m°CpT,DSW (30)

Where, DSW is defined as dimensionless specifickvadr

cycle. It will be calculated by substituting eqoat (9), (10),
(22), (25), (27) and (28) into equation (2) asdwi

1 Cc, -1 Cc, -1

)= (- £,)CG (-2 ) — £ (= 2—) (D)
t'X c2 c2

Finally, thermal efficiency of open indirect cyctd gas
turbine may be represented by means of equation (32
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Equation (32) reveals that dimensionless numbers asc
cycle temperature ratio, total compression ratial agcle
pressure ratio and also efficiency of compressonsl a
effectiveness coefficients of intercooler and remafor
influence the thermal efficiency of open indiregtle of gas
turbine through using it as a heat recovery system.

t, @~ Ein (32)

Mn =

3. MATHEMATICAL MODELING APPROACH:

The model is formulated as a constrained optimiratio
programming with nonlinear objective function and
constraints (NLP) GAMS/CONOPT is used to solve the
NLP problem though following format [14]:

! - Nonlinear Programming



Max Z = f(x,....,X,) 33]
Subject to:
g, (X1%,) < b 34
X; 20 (35)
And
i=123...m
] =123...n

Where, Z is defined as objective function arkland b
are represented as decision variables and uppéts lioh
constraints.

According to this mathematical approach, variables,
parameters and constraints are categorized asvillo

3.1. Decision variables:

1)Cc, Cc, and X are defined as independed variables.

2Qt,Ct,n,, N, and 7)., are defined as first order
depended variables.

with increasing of compression ratio of compresdbran be
observed in this figure that the thermal efficiemgyncreased

to its maximum point at each of selected valuesXofrom
0.97 to 0.99 and after that, it will be decreas€dermal
efficiency reaches to the optimum point of 0.268 at
Cc; =2.020. It can be observed that the main difference
between simple Brayton cycle and open indirectecyslthe
regressive trend of thermal efficiency after itdimpim point
due to replacing combustion chamber with recperaitso,
the decision variable X) has direct effect on improving
thermal efficiency due to increasing dimensionlepscific
work of cycle.

Table 1- parameters of the case study

Parameter Uni Value
t

Outlet Coolant flow Temperature C 800

Outlet Coolant flow pressure Bar 1.1

Ambient temperature C 25

Ambient Pressure Bar 1

Table 2- Optimum results of the model

3) Temperatures, Pressures and flow rate of worlind Item Unit Value
are defined as second order depended variables. i % 26.8
3.2. Exogenous Par ameters Ne % 80.2
Temperature, Pressure and flow rate of coolant fihdth % 935
its heat must be recovered by working fluid and a@mbient s )
temperature and pressure are defined as exogenoys Cc 1.49
parameters of the model.
Ct 2
3.3. Technical Constraints: t 3.401
Set of equations (8), (9), (10), (13), (14), (1E@9), (21), T C 184.396
(22), (25), (27), (28), (29), and (31) are consderas L
technical constraints of the model. The limitatimfs Cc T, C 208.862
and X are included according the design condition: T, C 740.402
11<Cc<?2 (36) T, c 60.940
T, C 271.273
x<1 (37) P bar 3.489
3.4. Objective function P, bar 11.791
Objective function Z ) describes degree of utilization of P bar 11.314
the system. In this model, thermal efficiency idinkd as 3
objective function by the help of equation (32) ethshould P, bar 3.4
be maximized subject to satisfying technical caists P, bar 1.306
4. RESULTSAND DISCUSSION: r, 3.489
The model that has been developed in the presetht hasr 10.923
been applied for analysis of open indirect cyclgad turbine N '
as a heat recovery system. A case study has begnédd on CCT 2.020
the basis of heat recovery from the outlet cookow of
cooling circuit of a nuclear reactor. X 0.99
Parameters of the abovementioned case study argles &y 0.9
in table (1). The optimum results of the model can b P 09
observed in table (2). inc

4.1. Impact of dimensionlesstotal compression ratio

Figure (2) shows variation of the thermal efficignaith
the dimensionless total compression ratio. It isaclthat
thermal efficiency will be increased in simple Bi@y cycle

4.2. Impact of dimensionless cycle temperatureratio
Variation of thermal efficiency with dimensionlesstal
temperate ratio is depicted in figure (3). The feguepresents

that the thermal efficiency increases smoothly luits



maximum point att =3.401 andX =0.99 and then decreases
gradually. Unlike simple Brayton cycle, maximum rtinal
efficiency will not be obtained at maximum turbifdet
temperature. It may be explained by the fact thatttrrbine
inlet temperature will be limited by the amountvediste heat
and ability of the recperator for recovering it.

Whereas, the potential of heat source is consiacrease
in turbine inlet temperaturer() necessitates increase in inlet

temperature of working fluid into recuperator,) and

consequently increase in power consumption for steges
compressors. Therefore, after the optimum pointrntlaé
efficiency will be reduced when the turbine inletiperature
or the dimensionless cycle temperature ratio iremsed.

Thermal Efficiency

Dimensionless total compression ratio

Figure 2. Variation of thermal efficiency with
dimensionless total compression ratio

Themnal Efficiency

Dimensionless cycle temperature ratio

Figure 3. Variation of thermal efficiency with
dimensionless total temperature ratio

4.3. Impact of dimensionless cycle pressureratio

It can be observed from figures (2) and (3) thakimam
thermal efficiency will be obtained at maximum
dimensionless cycle pressure rat ¥ 099). The results of
the model indicate that when dimensionless cyclkssure
ratio is increased, it will be possible to obtaieximum point
of thermal efficiency at lower value of dimensicsyetotal

compression ratio@C; ) and cycle temperature ratid ) It

means that a correct estimation ®f is preferred which is
compatible with the objective of the economic desig of
the heat recovery system.

5. CONCLUSION

The objective of this research work has been tmdhitce
an optimal designing approach of open indirect &yafl gas
turbine as a heat recovery system based on themization
thermal efficiency. The results indicate that impdetation
of the optimal designing approach based on cootidimaf
dimensionless parameters such as total compressiin
cycle temperature ratio and cycle pressure ratimuth
operation mode would lead to maximum of thermal
efficiency. The results show that maximum thermftieincy

of the system can be obtained vd@s, = 2.020,

t =3.401and x = 099 at 26.8%.

The results of the model indicate that compressatio r
and turbine inlet temperature increase thermatieficy until
certain point and after that, increment of these factors
reduces thermal efficiency through replacing cortibuas
chamber with recuperator.

Application of the model results would enable teritify
maximum thermal efficiency at maximum allowableugabf
dimensionless cycle pressure ratio. It means that,
dimensionless expansion ratio of turbine shouléténated
as much as closest to dimensionless total compressiio. It
provides an alternative approach to predefined
thermodynamical simulations with the objective dfet
economic designing for the similar systems.

NOMENCLATURE
Symbol Quantity Sl
Unit
Cp Heat capacity kJ/kgC
C, Dimensionless expanssion ratio
Cc Dimensionless compression ratio
Cc, Dimensionless total compression
ratio
m° Flow rate of working fluid Kals
P Pressure of working flow bar
r, Compression ratio of each stage
r, Expansion ratio of turbine
T Temperature C
y Heat capacity ratio
Ny Polytrophic efficiency of compressor
N, Thermal effeicinecy of cycle
B Pressure drop at the inlet section dfar
compressor
AP Pressure drop of intercooler bar
£ Effectiveness coefficient
Subscripts  Quantity
hin Inlet hot stream into recuperator
cout Outlet cold stream from recuperator
cin Inlet cold stream into recuperator
inc Intercooler
H Recuperator
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