Entropy 2012, 14, 58-73; doi:10.3390/¢14010058

entropy

ISSN 1099-4300
www.mdpi.com/journal/entropy

Article

Thermodynamic Modeling for Open Combined Regenerative
Brayton and Inverse Brayton Cycles with Regeneration before
the Inverse Cycle

Lingen Chen *, Zelong Zhang and Fengrui Sun

College of Naval Architecture and Power, Naval University of Engineering, Wuhan 430033, China;
E-Mails: zelong404@gmail.com (Z.Z.); hj9b@yahoo.com.cn (F.S.)

* Author to whom correspondence should be addressed; E-Mail: lingenchen@hotmail.com;
Tel.: +86-27-8361-5046; Fax: +86-27-8363-87009.

Received: 13 October 2011; in revised form: 18 November 2011 / Accepted. 3 January 2012 /
Published: 10 January 2012

Abstract: A thermodynamic model of an open combined regenerative Brayton and inverse
Brayton cycles with regeneration before the inverse cycle is established in this paper by
using thermodynamic optimization theory. The flow processes of the working fluid with
the pressure drops and the size constraint of the real power plant are modeled. There
are 13 flow resistances encountered by the working fluid stream for the cycle model. Four
of these, the friction through the blades and vanes of the compressors and the turbines, are
related to the isentropic efficiencies. The remaining nine flow resistances are always
present because of the changes in flow cross-section at the compressor inlet of the top
cycle, regenerator inlet and outlet, combustion chamber inlet and outlet, turbine outlet of
the top cycle, turbine outlet of the bottom cycle, heat exchanger inlet, and compressor inlet
of the bottom cycle. These resistances associated with the flow through various cross-sectional
areas are derived as functions of the compressor inlet relative pressure drop of the top
cycle, and control the air flow rate, the net power output and the thermal efficiency. The
analytical formulae about the power output, efficiency and other coefficients are derived
with 13 pressure drop losses. It is found that the combined cycle with regenerator can reach
higher thermal efficiency but smaller power output than those of the base combined cycle
at small compressor inlet relative pressure drop of the top cycle.

Keywords: regenerative Brayton cycle; inverse Brayton cycle; combined cycle; power output;
thermal efficiency; thermodynamic optimization theory
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1. Introduction

Thermodynamic optimization theory [1-24] is a powerful tool for the performance analysis and
optimization of various thermodynamic processes and cycles. In the current studies, performance
analysis for Brayton (gas turbine) cycles has made tremendous progress by using thermodynamic
optimization theory. For the open Brayton cycles, which are widely used in industry practice, the
principle of optimally tuning the air flow rate and subsequent distribution of pressure drops has been
used [25-31]. The analogy between the irreversibility of heat transfer across a finite temperature
difference (thermal resistance) and the irreversibility of fluid flow across a finite pressure drop (fluid
flow resistance) was exploited by Bejan [25] and Radcenco [26], and was further studied by Bejan [27,28],
Chen et al. [29,30] and Hu and Chen [31]. It had been proved that there existed an optimal pressure
drop for fluid flow process.

A thermodynamic model of an open simple Brayton cycle with pressure drop irreversibility was
established by Radcenco ef al. [32]. They derived the function relations about the compressor power
input, the heat released rate produced by the burning fuel, the turbine power output, the rate of heat
released by the exhaust, the cycle power output, the cycle thermal efficiency and the pressure loss of
the components due to the flow irreversibility of the working fluid versus the compressor inlet relative
pressure drop. They also provided numerical results for the analysis and optimization of the cycle
power output, and the analysis and optimization results of the cycle thermal efficiency under the
constrains of the fuel consumption and the overall flow area, respectively. Chen et al. [33] optimized
the power and efficiency of an open-cycle regenerative Brayton cycle by using a similar method. It
was found that the regenerative Brayton cycle can attain higher thermal efficiency than that of the
simple Brayton cycle but with smaller power output. Wang et al. [34] optimized the power and the
efficiency of an open-cycle intercooled Brayton cycle. The numerical examples showed that the
increase in the effectiveness of intercooler increases both the maximum cycle thermodynamic first-law
efficiency and the maximum net power output. Zhang et al. [35,36] optimized the performance of an
open-cycle gas turbine power plant with a refrigeration cycle for compressor inlet air cooling. It was
found that the net power output and thermal efficiency are improved by using the refrigeration cycle
for compressor air inlet cooling. Chen et al. [37] optimized the performance of a thermodynamic
model for an open regenerative cycle of an externally fired micro gas turbine power plant.

In order to meet the increased request to the effective thermodynamic cycles, more and more new
cycle models have been proposed in recently years. Agnew et al. [38] proposed combined Brayton and
inverse Brayton cycles in 2003, and performed the first law analysis of the combined cycle by using
the commercial process simulation package. It revealed that this combined cycle’s performance is
superior to the simple gas turbine cycle and suitable for low-grade cogeneration applications.
The exergy analysis and optimization of the combined Brayton and inverse Brayton cycles were
performed by Zhanger al. [39]. Based on the combined Brayton and inverse Brayton cycles,
Alabdoadaim et al. [40—42] proposed its developed configurations including regenerative cycle and
reheat cycle, and using two parallel inverse Brayton cycles as bottom cycles. They found that the
system with regeneration attains higher heat efficiency than that of the base system, but with smaller
work output based on the first law analysis. Zhang et al. [43] performed exergy analysis of the
combined Brayton and two parallel inverse Brayton cycles.
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Analysis of thermodynamic cycles based on the first law and the second law are usually used when
proposing new cycle configurations such as the combined Brayton and (two parallel) inverse Brayton
cycles. In order to know more about the performance of the new configurations, Zhang et al. [44]
studied the performance of the combined Brayton and inverse Brayton cycles by using the
thermodynamic optimization theory. The power and the thermal efficiency were optimized by
adjusting the bottom cycle pressure ratio and the mass flow rate. Moreover, they studied the
performance of the combined Brayton and two parallel inverse Brayton cycles [45,46]. A further step
of this paper beyond [37,42,44—46] is to analyze and optimize the performance of the combined
regenerative Brayton and inverse Brayton cycles proposed in [42] with consideration of the pressure
drops and the size constraints by using similar principles and methods as used in [25-31].

2. Physical Model

The system proposed in [42] is shown in Figure 1. It is constructed from a top cycle (regenerative
Brayton cycle) and a bottom cycle (inverse Brayton cycle). The top cycle is used as a gas generator to
power the bottom cycles. The purpose of the turbine in the top cycle is solely to power the compressor
of the top cycle. The power output of the combined cycle is totally produced by the bottom cycle. This
combined regenerative Brayton and inverse Brayton cycles recover heat energy before the working
fluid entering the turbine of the inverse Brayton cycle.

Figure 1. Pressure drop and mass flow rate distributions for the combined regenerative
Brayton and inverse Brayton cycles.
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Proceeding along the path followed by the working fluid, the following modeling assumptions
are made:

(1) The working fluid (air, gas) is an ideal gas with a specific heat that depends on temperature and
composition.
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The air flows into the compressor of the top cycle (process 0—1) irreversibly and accompanied
by the pressure drop AR, =F,—F and the entropy increase As, at the ambient temperature
T, [26]. In the following analysis, P represents overall pressure.

The air compression process 1—2 of the top cycle is adiabatic and irreversible, leading to the
entropy increase As,, . In Figure 2 this process is represented schematically by the isentropic
compression 1—2s" followed by the throttling process 2s”—2, which accounts for the pressure
drop AP, associated with fluid friction through the compressor stages of the top cycle.

The air flows into the cold-side of the regenerator (process 2—3) irreversibly and accompanied
by the pressure drop AP, . In Figure 2 this process is represented schematically by the throttling
process 2—2" (entropy increase is As,, ) followed by the isobaric absorbed heat process 2’ -3
(pressure is P'=P, =P, —AP,).

The combustion process (process 3—4") and flow through the combustion chamber are
characterized by the pressure drop AP, . In Figure 2 this process is represented schematically by
the throttling process 3—3" (entropy increase As_) followed by the isobaric absorbed heat
process 3'—4" (pressure is P" =P, = P,—AP,). A fraction ( 0.,) of the heating rate produced by
the burning fuel (Q_f) leaks directly into the ambient through the walls of the combustion
chamber [25,26,28].

The pressure drop associated with the flow out of the combustion chamber and into the turbine 1
(process 4'—4)is AP,. The process is a accompanied by the entropy increase As,,.

The turbine 1 expansion process 4—5 of the top cycle is modeled as adiabatic and irreversible
with the entropy increase As, . In Figure 2 this process is represented schematically by the
followed by the adiabatic
throttling process 5s"—5 accounting for the pressure drop AP, through the blades and vanes of

isentropic expansion 4-5s" from P,=P,—AP, to P, =P, +AP,,
the turbine of the top cycle.

The air flows into the hot-side of the regenerator (process 5—6") irreversibly and accompanied
by the pressure drop AP, . In Figure 2 this process is represented schematically by the throttling
process 5—5" (entropy increase is As, ) followed by the isobaric evolved heat process 5" —6’
(pressure is B, = P.—AP, ).

The pressure drop associated with the flow out of the hot-side of the regenerator and into the
turbine 2 (process 6'—6) is AP, . The process is a accompanied by the entropy increase As,,.
The turbine expansion process 6 —7 of the top cycle is modeled as adiabatic and irreversible
with the entropy increase As,,. In Figure 2 this process is equivalent to the isentropic expansion
6-7s" from P, to P, =P, +AP,, followed by the throttling process 7s"—7 accounting for the
pressure drop AP, through the blades and vanes of the turbine of the top cycle.

The flow through the heat exchanger (process 7—8) is characterized by the overall pressure
drop AP, . In Figure 2 this process is represented schematically by the throttling process 7—7"
followed by the isobaric evolved heat process 7'—8 at pressure P,, which accounts for the
pressure drop associated with fluid friction through the heat exchanger. The effectiveness of the
heat exchanger is defined as € =(7, - T;)/(T, - T,).

The flow into the compressor (process 8 —8) of the bottom cycle is irreversible and accompanied
by the pressure drop AP, and the entropy increase As, at the ambient temperature 7 .
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(13) The flow compression process 8 —9 of the bottom cycle is adiabatic and irreversible, leading to
the entropy increase As_,. In Figure 2 this process is represented schematically by the isentropic
compression 8 -9, followed by the throttling process 9., -9, which accounts for the pressure
drop AP, associated with fluid friction through the compressor stages of the bottom cycle.

(14) The discharge of the gas stream from the compressor of the bottom cycle (process 9—e) causes
another pressure drop AP, = F, — F, and entropy increase As, at temperature 7; .

Figure 2. Temperature-entropy diagram and the flow resistances for the combined
regenerative Brayton and inverse Brayton cycles.
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3. Cycle Analysis

There are 13 flow resistances encountered by the gas stream for the combined regenerative Bratyton
and inverse Brayton cycles. Four of these, the friction through the blades and vanes of the compressors
and the turbines, are related to the isentropic efficiencies n,,, 77, , 77,, and 77, , respectively. In
principle, these resistances can be rendered negligible by minimizing friction in the compressors and
turbines in the limit (7,,, 77,,, 77,,, 17.,) — 1. However, the remaining nine flow resistances are always
present because of the changes in flow cross-section at the compressor inlet of the top cycle,
regenerator inlet and outlet, combustion inlet and outlet, turbine outlet of the top cycle, turbine outlet
of the bottom cycle, heat exchanger inlet, and compressor inlet of the bottom cycle. These resistances
control the air flow rate 7z and the net power output W [26-39,43—46]. For example, the pressure
drop at the compressor inlet of the top cycle is given by:

AR =K, (pV}* /2) (1)

where K, is the contraction pressure loss coefficient, and V, is average air velocity through the inlet

flow cross-section 4, see Figure 2. It is assumed that the flow is highly turbulent and, as a first
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approximation, K, is a constant when the change in the flow cross-section is fixed [47]. The air mass

flow rate through the same cross-section is n2 = A4,p,V,, or:
m= A4 (2p,F, /Kl)l/z l/fll/2 (2)
where y, = AF, / F, is the relative pressure drop associated with the first flow resistance.
The modeling of the flow through the compressor stages of the top cycle continues with the

apparent compressor pressure ratio f, = P,/F, as an input parameter [47]. The effective pressure ratio

B.=PB/B=p/(1-y,) is related to the isentropic temperature ratio 6, across the compressor,

6

cls

=T,/T = ﬂcl(y"“l)/ 7o where the ratio of the air specific heats ¥, :(Cp / CV) _ decreases as the

mean air temperature 7, = increases. The empirical correlation for y,, was developed by Radcenco [49]:

Y =1438—(1.05x107K™")- T, 3)

ma

and is valid with 0.5% in the range 350K <7, <1000K , where T, =T (1+6,,)/2.

The  specific  work  required by the  compressor of the top  cycle,
wo =1, (hy, —h)=1,"7,RT, (0., -1)/(7,,—1), can be related to the pressure drop through the
blades and vanes by writing 6, =7,/T, =1+(6,,-1)/n,, , and noting that h, =h, and
w,=AP,/P,= (061/0015)%1/(%1—1) —1. Taking the constant 4,(2RT,/K,)"* P, whose unit is the same as
that of the energy interaction as the denominator [32], the resulting dimensionless expression for the

compressor power input W, = ritw, of the top cycle is:

7 VVd Va (gcls _1) 1/11/2

CTAK) REL)T () @

The pressure drop associated with the flow of compressed air into the hot-side of the regenerator is
AP, =K,p,V; /2, where K, is the contraction pressure loss coefficient, which is treated as a constant,

and V, is the mean velocity based on the compressor 1 outlet flow cross-sectional area 4, . The relative

pressure drop ¥, = AP, / P, is determined from mass conservation 7 = 4 p,V, = 4,p,V, . The result is:

_ (A2
B4, 1 A (K, I K,) (5)

WCV

The heat transfer rate received by the cold-side of the regenerator is:

. R T, —-T
er=ﬁ1(h3—h2):m 7gﬂ( 1)
ygrl_l

(6)

The pressure drop associated with the flow into the combustion chamber is AP, =K,p, V> /2,
where K, is the contraction pressure loss coefficient, which is treated as a constant, and V; is the
mean velocity based on the cold-side of the regenerator outlet flow cross-sectional area A4,. The

relative pressure drop ¥, = AP_/ P, is determined from mass conservation m = A4 p,V, = 4,p;V;. The
result is:

n/T,
TUv B AT (K TR @

WI"L’
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The heat leakage from the combustor to the ambient is accounted for in terms of combustor efficiency:

Q Qc
S
The heat transfer rate received by the gas stream is O = ncfQ/. =myc, (T, —T,), where m, is the gas

mass flow rate, 71, =m+m, =m (AL, +1), 4 and L, are the excess air ratio and theoretical air quantity:

-1
ﬂ:L Vee . Qf . My -1 9)
LO ygc RTO T_T;/TE)

where 7=T,/T, and Q, = Qf / m, . The fuel considered in this study is kerosene with a composition
by weight of 86.08% carbon and 13.92% hydrogen, theoretical air L, = 14.64 (kg air)/(kg fuel), and
Q, =43100 kJ/(kg fuel) [SO0]. The ratio of specific heats of the gas in the combustor, y,. =(c, / €, gas

has been correlated [49] as a function of A and a average gas temperature 7,  =7,(T}/T,+7)/2:

mgc

Ve =1.254-0.0372/ A+76.7/T, (10)

mgc
The heat transfer produced by the burning fuel can be nondimensionalized and expressed as follows:

_ 0 0,y 1 )7 (z—T/T,)
0, = 1/2f 172 =/~tf = 1+/1 ’ — ) (11)
A2/ K))" F(RT)) L,RT, Ly ) (V. —Dn,

The corresponding heat transfer received by the gas stream is:

1 ygc(T_Y;/T(')) 1/2
L) (e-h (12)

o-n,3, [1

The pressure drop associated with the flow into the turbine inlet of the top cycle
is AP,=K,p,V;/2 , where K, is the contraction pressure loss coefficient, which is

treated as a constant, and ¥V, is the mean velocity based on the turbine 1 inlet flow cross-sectional
area A, . The relative pressure drop y,=AP,/P, is determined from mass conservation
m, = m+m, =m[l/(AL))+1]1= 4 pV|[1/(AL)) +1]= 4,p,V,. The result is:

T[1/(AL) +1T v
(K, K)(A, 1 A 1=y ) -y, ) B (13)

The modeling of the flow though the turbine of the top cycle continues with the apparent turbine
pressure ratio 3, = P, /P, as an input parameter. The effective pressure ratio 3, =P,/P. = f,(1-vy,,)

Ve 1- l//ct) =

(V17D 7g1

is related to the isentropic temperature ratio 6, =T, /T, = f3, across the turbine of the top

cycle where the ratio y,, of the air specific heats is evaluated based on the same Equation (10) where
the average temperature is 7,,,, =77, (1+1/ 6,.)/2 . The specific power output of the turbine of the top
cycle is w, =1,RT;z(1-1/6,,) 7,, / (Yo —1), where the 77, is related to the pressure drop associated
with the friction through the turbine blades and vanes, y, =AP, /P, . Taking note of

6,=T, /T, =1/(1-1,+1,6,) and h, =h, (sce Figure 2), one can get ¥, =(6,,/6,)™ " -1,
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where 6, is a function of 77,,. Therefore, the turbine power output of the top cycle W, =7 W, can be
expressed in dimensionless form as:
Wy

]77117(1_1/ tlb)ygl 1/11/2
4, (2/k,)" B, (RT,)"

W, = =[1+1/(4L,) - 1 (14)

Because of the turbine of the top cycle is utilized to drive the compressor of the top cycle,

ie., W, =W,, it can be obtained:

Zala=) 1y par,)
. (7a1 _1) a1 ™

77/17(1_1/ tl€)7/gl
] | (15)

The pressure drop associated with the flow into the hot-side of the regenerator is AP, = K,p.V /2,
where K, is the contraction pressure loss coefficient, which is treated as a constant, and V; is the
mean velocity based on the turbine 1 outlet flow cross-sectional area A;. The relative pressure drop
W, =AP, /P, is determined from mass conservation iz, = ri[1/(AL,) +1]1= 4 pV [1/(AL) +1]= 4 p,V; .

The result is:

fl/(AL)+1T° B,
(Kl /Ks )(As /Al)z (l_l//ct)z(l_l//cr)zﬁlzetl

The pressure drop associated with the flow into the turbine of the bottom cycle is AP, =K, p V. /2,

Wtr = l/ll (1 6)

where K is the contraction pressure loss coefficient, which is treated as a constant, and ¥V is the
mean velocity based on the turbine 2 inlet flow cross-sectional area 4. The relative pressure drop

y, = AP,/ P, is determined from mass conservation r, = ri[1/(AL,)+1]= 4, psV; . The result is:

7(T, /T)[l/(/"tL )+1] ﬁz |
(K, KA,/ 4) (1=, (1=, (1=y,)* B8, {17

The modeling of the flow through the turbine of the bottom cycle continues with the apparent
turbine pressure ratio S, =PF,/P, as an input parameter. The effective pressure ratio

l//rt

B,=P /P =p,(-y,) is related to the isentropic temperature ratio 8, across the turbine of the
bottom cycle, 6

t2s

=T, /T, = ﬁwﬂ RAC , where the ratio of the gas specific heats 7,, in the temperature

range occupied by the turbine of the bottom cycle is correlated by the same Equation (10) where the
average temperature is 7, , =77, (1+1/6, )T, /T.)/(26,) . The specific work output of the bottom

cycle is w,, =7,RT,;z(1-1/6,) (T, /T,)¥,, / [(}/g1 16, }, where the isentropic efficiency 77,, is related
to the turbine blades and vanes, y,, = AP, / P,. Taking note of 8, =1, /T, =1/(1-7n,+n,,/6,,) and

t

h,,=h, (see Figure 2), one can get ¥, =(6,,/6, )7g2/(7g2_1)—1 , where 6, is a function of 77, .

Therefore, the turbine power output of the bottom cycle W, =m,w, can be expressed in

dimensionless form as:

12

W, = e (11 ary) 2T 0T T

4(2/K,)" B, (RT,)" (7, - D6, ‘ (18)
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The pressure drop associated with the flow out the turbine and into the heat exchanger of the
bottom cycle is AP, =K, p,V; /2, where K, is the contraction pressure loss coefficient, which is
treated as a constant, and V is the mean velocity based on the turbine 2 outlet flow cross-sectional
area A4, . The relative pressure drop y, =AP,/P, is determined from mass conservation
m, = m[l/(AL,)+1]= A4,p,V, . The result is:

_ o(T, [T/ (AL) +1T' B, B;
(Kl /K7)(A7 /A1)2(1_l//tr)z(l_l//ct)z(l_l//cr)zﬂlzetleﬂ

The heat transfer rate in heat exchanger is:

Vi ¥ (19)

ygthz-(T;) /TS)
(7grh -16,6,

where 6, =T, /T, =1/[1-£—(£6,6,T;)/(T,7)] is the inlet and outlet temperature ratio of the

1172

Qi =m, (h, —hy) = m[1+1/(lLo)]R];) (1 _%j (20)

working fluid through the heat exchanger, and y,, in the temperature range occupied by the

heat exchanger is correlated by the same Equation (10), where the average temperature is
T = [7,2(T, | T,)(1+1/6)] / (26,6,,). O, can be nondimensionalized and expressed as follows:

o (1-1/6)2(T,/T,)7,, '

= =[1+1/(AL
" 4(2/k,)"” B(RT,)" YL Ve =080, @0

The pressure drop associated with the flow out the heat exchanger and into the compressor of the
bottom cycle is AP, = K,pVy /2, where K, is the contraction pressure loss coefficient, which is

treated as a constant, and ¥} is the mean velocity based on the compressor 2 inlet flow cross-sectional
area A, . The relative pressure drop ¥, =AP,. /P, is determined from mass conservation
m, = m[1/(ALy)+1]= A4;p;V; . The result is:

_ o(Ty  TOIY(AL) +1T° B, B B,
(Kl /Ks)(Ax /A1)2(1 _l//th)(l_l//zr)(l_l//cr)(l _l//cr )18129;101201'

where f, (5, =PF,/F,) is the ratio of the ambient pressure to the pressure of the compressor inlet of

l//hc l//l (22)

the bottom cycle.

The modeling of the flow through the turbine of the bottom cycle continues with the apparent
turbine pressure ratio B, =P /P, as an input parameter. The effective pressure ratio

B.,=P/B=p,/(1-y,) is related to the isentropic temperature ratio 8,,, across the turbine of the
bottom cycle, 8.,, =T, /T, = ,8527"“2_1)/ %2 and 7,,, the ratio of the gas specific heats in the temperature
range occupied by the turbine of the bottom cycle is correlated by the same Equation (10) where the
average temperature is 7, , = [T,7(T, /T)(1+86,,,)] / (266,6,,). The specific work output of the bottom
cycle is w,, = (hy, ~ 1) /1., = Vo [7,7(T,/T,)6.,, -1)](6,6,6,, cz)"l/(}/gc2 —1), where the isentropic
efficiency 7, is related to the turbine blades and vanes, y,,=AP,/P, . Taking note of
6,=T,/T,=1+(6.,,,~1)/n., and h,, =h,, (see Figure 2), one can get ., =(8,,/6., )" -1,

where 6, is a function of 77,,. Therefore, the turbine power input of the bottom cycle W, = s W, can

be expressed in dimensionless form as:
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— w
W = c2 =(1+1/(AL
“ 4(2/k,)" B(RT))" [yat)

T(Tvé /7-'5 )(002.9 - 1)7gc2 1/2
1000 4 (23)
77(;2(ng2 ) it17e2

The pressure drop associated with the flow out the compressor of the bottom cycle is
AP =K, pV; /2 , where K, is the contraction pressure loss coefficient, which is treated as

a constant, and ¥, is the mean velocity based on the compressor 2 outlet flow cross-sectional
area A, .Therelative pressure drop ¥, =AP /P, is determined from mass conservation
m, = m[1/(ALy)+1]= 4,pV, . The result is:

[+ Y@AL)T (T, /T8,
(4,1 4)(K,/K,)886,6,, "

v, =y, (+y,)’ (24)

The cooling rate experienced by the exhaust as it reaches the ambient temperature 7, is

Q, =m,(h,—h,), or in dimensionless form:

T L ol etk 05

 4,(2/k,)” B(RT)) AL, )| 66,6, Yeo 1
T | (T /T.
where y,, is evaluated based on Equation (10) with 7, , =—> MJA :
¢ T2 66,6,

Because of the energy conservation and the definition of the effectiveness of the regenerator, one has:
mg 7g52RgR (TS - TZ) — mg ygtrR(TS - T6) — n./l;/gch(T3 - TZ)
yg52 _1 ;/gtr _1 ;/gcr _1

QR = €RQ25 = QRH = QRL = (26)

where €, is the effectiveness of the regenerator and y,,, is evaluated based on Equation (10) with
T

mes2 = (Is +T,)/ 2. The numerical values of the working fluid temperature 7; and 7 can be obtained
accurately by using the method of iterative computation.
The overall energy balance for the power plant indicates that ¥ = Wt2 - Wc2 is the net power output.

The first law efficiency of the combined cycle power plants is:

_K‘_VKZ_VVCZ w

S|

Ui ===y 27
"0 9 o, V0 7

where VI_// O is the thermal conversion efficiency 77 of the cycle as follows:
(Yee =D | 1,701/ 6,)T/T)7,, 7T/ T) 6 =DV, 28)

- 7@(7_713/7"0) (7g2 _1)911 77(;2(7gc2 _l)eietletz

The objective of this study is to solve 9 /9w, =0 and oW /9 =0 numerically, and to

determine the optimal fuel flow rate and pressure drops that maximize the net power output.
4. Numerical Examples

The effects of the bottom cycle pressure ratio, the air mass flow rate and pressure drops on the net
power output are examined by using numerical examples. The range covered by the calculations is
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0<y, 02,553 <40,1<3<25,4<7r<6, B,=0.1013MPa, n,=09, n,=0.87, n,=0.85,
n,=083,7n,=099, £=0.9 and £, =0.9. The ratio of the outermost equivalent flow cross-sections
(compressor inlet of the top cycle/turbine outlet of the bottom cycle) covered the range 0.25<a, , <4,
where a,_, is the dimensionless group:

Al K9

ayy = Z(Z)m (29)

K.
1 i/2 . __
4 (E) 1= 293949576377879 (30)

1

B A
a_; =—

In the calculations, it is set that a,_,=1/2, a_,=qa, ,=a,_,=a,_,=a,,=a,_,=a,,=1/3, and
T, =300K .

Figures 3—6 show the influence of the effectiveness (&, ) of the regenerator on the W—l//l , =y,
O-v,, O, —, and O, —w, characteristics, respectively. They show that the thermal efficiency (77) of
the system with regenerator (£, =0.9) is always larger than that of the system without regenerator
(& =0) when the compressor inlet relative pressure drop (i) of the top cycle is small than a critical
value, and the thermal efficiencies in the both cases (&£, =0.9 and &, =0) decrease with the increase

in ;. They also show that there exists an optimal (y,,,), which lead to the maximum dimensionless

power outputs (¥, ) in the both cases (&, =0.9 and &, =0), dimensionless power output (7 ) of the

system with regenerator (&, =0.9) is always smaller than that of the system without regenerator
(&, =0), and there exists an optimal £, , which lead to the optimal thermal efficiency 77,, and the
maximum dimensionless power output /¥, in the both cases (&, =0.9 and £, =0). O, O, and Q, of
the system with regenerator are always larger than those of the system without regenerator versus ¥, .
Furthermore, O, O, and O, increase with the increase in ¥, in the both cases (&, =0.9 and &, =0).
They also indicate that the permissible range of y, of the system with regenerator (&£, =0.9) is less

than that of the system without regenerator (£, =0).

Figure 3. The influence of &, on the W —y, and 77—, characteristics.
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Figure 4. The influence of &, onthe O—y,, O,—w, and Q, —y, characteristics.
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5. Conclusion

A thermodynamic model for combined regenerative Brayton and inverse Brayton cycles is
established in this paper by considering the pressure drops of the working fluid along the flow
processes using thermodynamic optimization theory based on the first law analysis of [42]. The
analytical formulae for the relations between power output, thermal efficiency, and the compressor
pressure ratio of the top cycle are derived. To summarize the analytical formulae of the model, one
notes the expressions for compressor input power Equation (4) of the top cycle, heating produced by
the fuel Equation (11), turbine power output Equation (14) of the top cycle, turbine power output
Equation (18) of the bottom cycle, compressor input power Equation (23) of the bottom cycle and heat
rejection Equation (25). Each of these quantities is proportional to the compressor inlet relative
pressure drop (¥,) of the top cycle, which in turn is proportional to the flow rates m2, 1, or m, .
Therefore, the energy interactions Wc1 , Qf , W;l , Wt2 , Ql. and QO decrease in proportion with the flow

rate, for example, the net power output is zero when the flow rate is zero.

The numerical examples show that, for the system with or without regenerator, the dimensionless
power output ¥ reaches its maximum at the optimal value ¥, and that the thermal efficiency 77
decreases with the increase in ¥, . The regenerative combined cycle obtains higher thermal efficiency
than that of the base combined cycle but smaller power output at small compressor inlet relative
pressure drop of the top cycle. They also show that the permissible range of ¥; of the system with
regenerator is less than that of the system without regenerator. The power and efficiency performance of
the combined regenerative Brayton cycle and inverse Brayton cycles will be optimized in a future paper.
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