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Abstract This paper proposes combined regenerative Brayton and two parallel inverse Brayton cycles
with regeneration before the inverse cycles. Performance analysis and optimization for the combined cycle
are performed based on the first law. The analytical formulae of thermal efficiency and specific work are
derived. The performance analysis and optimization of thermal efficiency and specific work are carried
out by adjusting the compressor pressure ratios of the bottom cycles. The influences of the effectiveness
of the regenerator and other parameters on the optimal thermal efficiency and the optimal specific work
are analyzed by numerical examples. It is found that the combined regenerative cycle can obtain higher
thermal efficiency than that of the base cycle but with smaller specific work. It is revealed that if the
effectiveness of regenerator equals to 0.9, the combined cycles will attain an optimal thermal efficiency
of 51.2%.

© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, gas turbines are widely used as power and
energy plants. In order tomeet the growing demands of energy-
saving and environmental protection, an increasing number
of proposals on new configurations of the gas turbine cycle
(i.e. Brayton cycle) is seen, which could potentially obtain a
better performance and release less pollution.

Frutschi and Plancherel [1] studied two basic gas turbine
plants with water injection. In steam injection gas turbine
(STIG), the steam is raised in a heat recovery steam generator
downstream of the turbine, and is injected into the combustion
chamber or into the turbine nozzle guide vanes. The evaporative
gas turbine (EGT) inwhichwater is injected into the compressor
outlet and is evaporated there, and then the mixture will be
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further heated in the cold-side of the heat exchanger. It enters
the combustion chamber and then passes through the turbine
and the hot-side of the heat exchanger. It was found that STIG
cycle shows substantial improvement on the simple Brayton
cycle,mainly in specificwork and also in thermal efficiency; and
EGT cycle increases the thermal efficiency while the optimum
pressure ratio is still quite low.

Vecchiarelli et al. [2] proposed a modified Brayton cycle
in which the usual constant pressure heat addition would
be constrained to a given temperature and then further heat
addition is carried out in a manner approaching an isothermal
process. It was found that the emissions of NOx may be
reduced by as much as 50% owing to the limited peak
combustion temperature of the overall heat addition process,
thus offering an environmental benefit. Moreover, themodified
Brayton cycle has significant efficiency improvement of over 4%
compared with conventional Brayton engines.

Horlock [3] studied the Brayton cyclewith turbine cooling. In
the earlier researches, it has been emphasized that the thermal
efficiency of the gas turbine increases with its maximum tem-
perature. However, in practice, higher maximum temperature
requires improved combustion technology, particularly if an in-
crease in harmful emissions such as NOx is to be avoided. With-
out improvement in materials or heat transfer, it is doubtful
whether much higher maximum temperature can be achieved

Peer review under responsibility of Sharif University of Technology.

1026-3098© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V. All rights reserved.

doi:10.1016/j.scient.2012.07.009

www.SID.ir



Arch
ive

 of
 SID

1280 Z. Zhang et al. / Scientia Iranica, Transactions B: Mechanical Engineering 19 (2012) 1279–1287

Nomenclature

c Specific heat (kJ/(kgK))
h Enthalpy (kJ/kg)
k Ratio of the specific heats
P Pressure (kPa)
q Heat (kJ/kg)
T Temperature (K)
w Specific work output (kJ/kg)

Greek symbols

ε Effectiveness of the regenerator/the heat ex-
changer

ϕ Pressure ratio
η Thermal efficiency
τ Temperature ratio

Subscripts

b Burner
c Compressor
in Input
max Maximum
opt Optimal
p Pressure
R Regenerator
t Turbine
1–12 State points/sequence number

in practice; as a result, a practical limit on plant efficiency may
be near, before the stoichiometric limit is reached.

The exhaust gases contain a lot of waste heat content,
so using regenerator to recover a part of waste heat energy
has been widely applied to improve the energy consumption
of gas turbine cycles. Sato [4] studied the performance of
conventional regenerated gas turbine cycles. It was found that
the gas turbine cycle with regenerator can augment thermal
efficiency with little effect on the work output. Second, waste
heat of the exhaust gases also can be further used as heat
reservoir for steam or other power plants through using heat
exchanger. Combined steam and gas turbine cycles are widely
used in mid and large scale power productions due to their
high efficiency and reliability [5]. The waste heat of the gas
turbine is used as heat reservoir for the steam power plant in
these combined cycles. These cycle types are considered the
most effective power plants and thermal efficiency of these
cycle types exceeded 55% several years ago and is now at
approximately 60%.

Thermal efficiency and power of gas turbines can also be
improved by expanding the exhaust gases further below the
atmosphere condition, so various cycles are used as bottom
cycles combined with simple Brayton cycle to extend the
expansion process of turbines [6–9]. Frost et al. [6] proposed
a hybrid gas turbine cycle (Brayton/Ericsson) as ‘‘an alternative
to conventional combined gas and steam turbine power plant’’
which was termed as Braysson cycle. Agnew et al. [9] proposed
a combined Brayton and inverse Brayton cycle. The top cycle
(Brayton cycle) is used as a gas generator to power the bottom
cycles (inverse Brayton cycle), and the bottom cycle produces
the power output. The performance of the combined cycle
was analyzed by using the commercial process simulation
package. It reveals that the performance of this combined

Figure 1: System layout of the combined regenerative Brayton and two parallel
inverse Brayton cycles.

Figure 2: T–s diagrams for the combined regenerative Brayton and two parallel
inverse Brayton cycles.

cycle is superior to simple gas turbine cycle. Based on the
combined Brayton and inverse Brayton cycles, Alabdoadaim
et al. [10] proposed its developed configurations including
regenerative cycle and reheat cycle, and found that the system
with regenerator could attain higher thermal efficiency than the
base system but smaller work output based on the first law
analysis. Alabdoadaim et al. [11,12] also proposed combined
Ranking, Brayton and (two parallel) inverse Brayton cycles. The
combined Brayton and two parallel Brayton cycles [11] can be
realized by splitting the Brayton cycle exhaust gases into two
equal flows and incorporating two inverse Brayton cycles with
a Rankine cycle linked by heat exchangers to generate steam for
a steam turbine. The use of two inverse Brayton cycles provides
an opportunity for the steam to be heated in two locations, heat
exchanger 1 and heat exchanger 2, which can be considered to
be an evaporator and a superheater, respectively. Fujii et al. [7]
also demonstrated that the choice of two parallel bottoming
cycles were better than a single cycle in terms of component
size, mechanical stress and manufacturing difficulties.

For combined steam and gas turbine cycles, the use of two
inverse parallel inverse Brayton cycles provides an opportunity
for the steam to be heated in the twoheat exchangerswhich can
be considered as an evaporator and a super heater, respectively.
All of these works mentioned above [6–12] were performed
based on the fist law of thermodynamics.
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Figure 3: Influence of εR on the ηopt –ϕc1 and wopt –ϕc1 characteristics.

Figure 4: Influence of λ on the ηopt –ϕc1 and wopt –ϕc1 characteristics.

The exergy analysis and optimization of the Braysson
cycle [6] showed that the exergy loss of the combustion was
the largest in the Braysson cycle, and both specific work
and exergy efficiency of the cycle were larger than those of
Brayton cycle [13]. The exergy analysis and optimization of
the combined Brayton and inverse Brayton cycles [9] were

performedby Zhang et al. [14]. Itwas shown that the exergy loss
of combustion chamber was the largest in the combined cycle
and followed by heat exchanger. The combined cycle should be
combined with Rankine cycle in order to increase the exergy
efficiency. Moreover, Zhang et al. [15] performed the exergy
analysis and optimization of the Brayton and two parallel
inverse Brayton cycles [11]. All of these works mentioned
above [13–15] were performed based on the second law of
thermodynamics.

Furthermore, the power, power density and efficiency
optimizations were performed for the Braysson cycle [6]
by Chen et al. [16,17]. It was found that two pairs of
optimum distribution of heat conductance and optimum
working fluid temperature ratio existed, which led to the
double maximum dimensionless power output, and double
maximum dimensionless power density, respectively. Zhang
et al. [18–20] also performed the power and efficiency
optimizations for the combined Brayton and inverse Brayton
cycles [9] as well as the Brayton and two parallel inverse
Brayton cycles [11], respectively. It was found that the net
power output has a maximum with respect to the air mass
flow rate. It was also found that if the total size of the
combined cycle power plant is taken as a constraint, there
exists another optimal compressor pressure ratio of the top
cycle corresponding to the maximum efficiency. All of these
works mentioned above [16–20] were performed based on the
finite time thermodynamics [21–33] for gas turbine cycles. The
principle of optimally tuning the air flow rate and subsequent
distribution of pressure drops has been used.

In addition to the cycle models proposed in [6–12], there
is no new cycle configuration in the open literature. Based
on the cycle models proposed in [10,11], this paper proposes
a new configuration of combined regenerative Brayton and
two parallel inverse Brayton cycles with regeneration before
the inverse cycles. The purpose of this combined cycle is to
improve the utilization of heat energy by using a regenerator
to recover a part of heat energy before working fluid entering
the turbine of the inverse Brayton cycle, and expanding the
exhaust gases further below the atmosphere condition by using
two parallel inverse Brayton cycle, which can be combined
with Rankine cycle through using two heat exchangers as
heat reservoir. The first law analysis and optimization for the

Figure 5: Influences of ε1 and ε2 on the ηopt –ϕc1 and wopt –ϕc1 characteristics.
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Figure 6: Influence of τ1 on the ηopt –ϕc1 and wopt –ϕc1 characteristics.

proposed combined cycle will be carried out by adjusting the
compressor pressure ratios of the bottom cycles. Moreover,
the influences of effectiveness of the regenerator and other
parameters on the performance of the combined cycle will be
analyzed by numerical examples.

2. Material and methods

The proposed combined cycle system layout is shown in
Figure 1. It is constructed of a top regenerative Brayton cycle
and two parallel bottom inverse Brayton cycles. The combined
cycle recovers a part of heat energy before the working fluid
entering the turbines of the inverse Brayton cycles as suggested
in [10]. 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 in the top cycle. The power
output of the combined cycle is totally produced by the two
parallel bottom inverse cycles.

Figure 2 shows T–s diagram of the combined cycle. Process
1–2 is an irreversible adiabatic compression process in the
compressor 1. Process 2–3 is an absorbed heat process in the
regenerator. Process 3–4 is an absorbed heat process in the
chamber. Process 4–5 is an irreversible adiabatic expansion
process in the turbine 1. Process 5–6 is an evolved heat process

in the regenerator. Process 6–7 is an irreversible adiabatic
expansion process in the turbine 2. Process 7–8 is an evolved
heat process in the heat exchanger 1. Process 8–9 is an
irreversible adiabatic compression process in the compressor
2. Process 6–10 is an irreversible adiabatic expansion process
in the turbine 3. Process 10–11 is an evolved heat process in
the heat exchanger 2. Process 11–12 is an irreversible adiabatic
compression process in the compressor 3.

The following assumptions are made for simplicity and
manipulating analytical expressions: The working fluid has
constant specific heat ratio k (k = cP/cV = 1.4). The value of
the mass flow rate ṁ is fixed as 1 kg/s. The mass flow rate ratio
λ (0 ≤ λ ≤ 1) is defined, which is the ratio of the mass flow
rate of the first inverse Brayton cycle to the whole mass flow
rate of the combined cycle.

The specific work required for compressor 1 of the
regenerative Brayton cycle is:

wc1 = h2 − h1 = cpT1ψc1/ηc1, (1)

where ψc1 = ϕm
c1 − 1, m = (k − 1) /k, P is pressure, ϕc1 =

P2/P1 is pressure ratio of compressor 1, cp is constant pressure
specific heat, h is enthalpy and T is temperature.

The specific work output of turbine 1 of the regenerative
Brayton cycle is:

wt1 = h4 − h5 = cpT1τ1ψt1ηt1, (2)

where ψt1 = 1 − 1/ϕm
t1 and ϕt1 = P4/P5 is pressure ratio of

turbine 1, and τ1 = T4/T1 is temperature ratio of turbine 1.
The amount of heat added to the system in the combustion

chamber is:

qin = h4 − h3 = cpT1
[
τ1 − εRτ1 (1 − ηt1ψt1)

− (1 − εR) (ψc1 + ηc1) /ηc1
]
, (3)

where εR is effectiveness of regenerator, ηt1 and ηc1 are internal
efficiencies of turbine 1 and compressor 1, respectively.

The specific work output of turbine 2 of the first inverse
Brayton cycle is:

wt2 = h5 − h6 = λcpT1ηt2ψt2 (τ1 − ψc1/ηc1) , (4)

where ψt2 = 1 − 1/ϕm
t2 and ϕt2 = P5/P6 is pressure ratio of

turbine 2 and ηt2 is internal efficiency of turbine 2.

Figure 7: Influences of ηt1, ηc1 on the ηopt –ϕc1 and wopt –ϕc1 characteristics.
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Figure 8: Influences of ηt2, ηc2 on the ηopt –ϕc1 and wopt –ϕc1 characteristics.

Figure 9: Influences of ηt3, ηc3 on the ηopt –ϕc1 and wopt –ϕc1 characteristics.

The specific work required for compressor 2 of the first
inverse Brayton cycle is:

wc2 = h9 − h8

= λcpT1
{
(1 − ηt2ψt2) (1 − ε1)

[
εR (ψc1 + ηc1) /ηc1

+ τ1 (1 − εR) (1 − ηt1ψt1)
]
+ ε1

}
ψc2/ηc2 (5)

where ψc2 = ϕm
c2 − 1 and ϕc2 = P9/P8 is pressure ratio of

compressor 2, ηc2 is internal efficiency of compressor 2 and ε1
is effectiveness of heat exchanger 1.

The specific work output of turbine 3 of the second inverse
Brayton cycle is:

wt3 = h6 − h10 = (1 − λ) cpT1ηt2ψt2
[
εR (ψc1 + ηc1) /ηc1

+ τ1 (1 − εR) (1 − ηt3ψt3)
]
, (6)

where ψt3 = 1 − 1/ϕm
t3 and ϕt3 = P6/P10 is pressure ratio of

turbine 3, ηt3 is internal efficiency of turbine 3.

The specific work required for compressor 3 of the second
inverse Brayton cycle is:

wc3 = h12 − h11

= (1 − λ) cpT1
{
(1 − ηt3ψt3) (1 − ε2)

×
[
εR (ψc1 + ηc1) /ηc1 + τ1 (1 − εR)

× (1 − ηt1ψt1)
]
+ ε2

}
ψc3/ηc3, (7)

where ψc3 = ϕm
c3 − 1 and ϕc3 = P12/P11 is pressure ratio of

compressor 3, ηc3 is internal efficiency of compressor 3 and ε2
is effectiveness of heat exchanger 2.

For turbine 1 is solely used to power the compressor 1
(wc1 = wt1), one can derive the following expression:

ϕt1 =
[
ηc1ηt1τ1/

(
ηc1ηt1τ1 − ϕm

c1 + 1
)] 1

m . (8)
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Figure 10: Influence of εR on the ϕc2opt –ϕc1 and ϕc3opt –ϕc1 characteristics.

For the total ratios of expansion and compression are equal
(ϕt2 = D1ϕc1ϕc2/ϕt1, ϕt3 = D2ϕc1ϕc3/ϕt1), one can derive the
following expressions:

ψt2 = 1 −
ηc1ηt1τ1

Dm
1 (ψc1 + 1)(ηc1ηt1τ1 − ψc1)ϕ

m
c2

, (9)

ψt3 = 1 −
ηc1ηt1τ1

Dm
2 (ψc1 + 1)(ηc1ηt1τ1 − ψc1)ϕ

m
c3

, (10)

where D1 = P1/P9 and D2 = P1/P12.

The specific work outputs of the first inverse and the second
inverse Brayton cycle are:

wg1 = wt2 − wc2

= λcpT1ηt2
(
1 − a/ϕm

c2

)
[εRc + b (1 − εR)]

− λcpT1
{[

1 − ηt2
(
1 − a/ϕm

c2

)]
[εRc + b (1 − εR)]

× (1 − ε1) + ε1
}
(ϕm

c2 − 1)/ηc2, (11)

wg2 = wt3 − wc3 = (1 − λ) cpT1ηt3
(
1 − d/ϕm

c3

)
× [εRc + b (1 − εR)] − (1 − λ) cpT1
×

{[
1 − ηt3

(
1 − d/ϕm

c3

)]
[εRc + b (1 − εR)]

× (1 − ε2) + ε2
}
(ϕm

c3 − 1)/ηc3 (12)

where:

a = ηc1ηt1τ1/[Dm
1 (ψc1 + 1)(ηc1ηt1τ1 − ψc1)],

b = τ1(1 − ηt1ψt1),

c = 1 + ψc1/ηc1 and
d = ηc1ηt1τ1/[Dm

2 (ψc1 + 1)(ηc1ηt1τ1 − ψc1)].

The specific work output and the thermal efficiency of the
whole system are: Eqs. (13) and (14) are given in Box I.

Combining Eq. (13) with Eq. (14), one can find that for
the first inverse Brayton cycle the extremal conditions of
∂η/∂ϕc2 = 0 and ∂w/∂ϕc2 = 0 are the same, and for the
second inverse Brayton cycle, the external conditions of
∂η/∂ϕc3 = 0 and ∂w/∂ϕc3 = 0 are also the same. Thus, the
optimal pressure ratios of compressor 2 and compressor 3
corresponding to the maximum specific work output and the
maximum thermal efficiency are: Eqs. (15) and (16) are given
in Box II respectively.

When the parameters of the first inverse Brayton cycles are
the same as the second inverse Brayton cycle, the performance
of the combined cycle is also the same as the combined
regenerative Brayton and inverse Brayton cycles proposed
in [10]. In order tomeet the practical applications, themass flow
rate ratio can be adjusted under different conditions.

3. Result and discussions

To see how various parameters influence the thermal
efficiency and specific work of the combined cycle, numerical
examples are provided. In the calculations, it is set that λ =

0.5, ηc1 = ηc2 = ηc3 = 0.9, ηt1 = ηt2 = ηt3 = 0.85, T1 =

288.15 K, P1 = 0.1013 MPa, P9 = P12 = 0.104 MPa, ε1 =

0.95, ε2 = 0.9 and εR = 0.9. If the parameters of the two
parallel bottom cycles are the same, λ has no influence on the
performance of the combined cycles.

Figures 3–9 show the influences of the effectiveness (εR) of
the regenerator, the mass flow rate ratio (λ), the effectiveness

Figure 11: Influences of ε1, ε2 on the ϕc2opt –ϕc1 and ϕc3opt –ϕc1 characteristics.
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w = wg1 + wg2 = λcpT1ηt2(1 − a/ϕm
c2) [εRc + b(1 − εR)] − [λcpT1(ϕm

c2 − 1)/ηc2] × {[1 − ηt2(1 − a/ϕm
c2)]

× [εRc + b(1 − εR)](1 − ε1) + ε1} + (1 − λ)cpT1ηt3(1 − d/ϕm
c3) [εRc + b(1 − εR)] − [(1 − λ)cpT1(ϕm

c3 − 1)/ηc3]

× {[1 − ηt3(1 − d/ϕm
c3)][εRc + b(1 − εR)](1 − ε2) + ε2} (13)

η = w/qin

=

ληt2(1 − a/ϕm
c2) [εRc + b(1 − εR)] − [λ(ϕm

c2 − 1)/ηc2] × {[1 − ηt2(1 − a/ϕm
c2)][εRc + b(1 − εR)](1 − ε1) + ε1}

+ (1 − λ)ηt3(1 − d/ϕm
c3) [εRc + b(1 − εR)] − [(1 − λ)(ϕm

c3 − 1)/ηc3]

× {[1 − ηt3(1 − d/ϕm
c3)][εRc + b(1 − εR)](1 − ε2) + ε2}

τ1 − εRb − (1 − εR)c
(14)

Box I

ϕc2opt =

{
a[b(εR − 1) − cεR](ε1 − 1 + ηc2)ηt2

b(εR − 1)(ε1 − 1)(ηt2 − 1) + cεR(ηt2 − 1) + ε1(cεR − cεRηt2 − 1)

}1/m

, (15)

ϕc3opt =

{
d[b(εR − 1) − cεR](ε2 − 1 + ηc3)ηt3

b(εR − 1)(ε2 − 1)(ηt3 − 1) + cεR(ηt3 − 1) + ε2(cεR − cεRηt3 − 1)

}1/m

(16)

Box II

Figure 12: Influence of τ1 on the ϕc2opt –ϕc1 and ϕc3opt –ϕc1 characteristics.

(ε1) of the heat exchanger 1, the effectiveness (ε2) of the heat
exchanger 2, the temperature ratio (τ1), the compressor internal
efficiencies ηc1, ηc2 and ηc3 as well as the turbine internal
efficiencies ηt1, ηt2 and ηt3 on the ηopt –ϕc1 and wopt –ϕc1
characteristics, respectively. From Figure 3, one can see that
ηopt increases with an increase in εR, and there exists an
optimal pressure ratio (ϕc1opt ) of compressor 1 which leads to
the maximum optimal thermal efficiency (ηopt max) when εR is
high enough. In the critical range of ϕc1, the optimal thermal
efficiency (ηopt ) of the regenerative combined cycle (εR > 0) is
always larger than that of the simple combined cycle (εR = 0).
wopt decreases with an increase in εR; wopt increases with an
increase in ϕc1 when εR > 0; there exists an optimal pressure
ratio of compressor 1 which leads to the maximum optimal
specific work (wopt max)when εR = 0. The optimal specific work
(wopt ) of the regenerative combined cycle (εR > 0) is always
smaller than that of the simple combined cycle (εR = 0). From
Figures 4–9, one can see that both ηopt and wopt increase with
the increases in λ, ε1, ε2, τ1, ηc1, ηt1, ηc2, ηt2, ηc3 and ηt3.

Figure 13: Influences of ηt1, ηc1 on the ϕc2opt –ϕc1 and ϕc3opt –ϕc1 characteristics.
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Figure 14: Influences of ηt2, ηc2 on the ϕc2opt –ϕc1 and ϕc3opt –ϕc1 characteristics.

Figure 15: Influences of ηt3, ηc3 on the ϕc2opt –ϕc1 and ϕc3opt –ϕc1 characteristics.

Figures 10–15 show the influences of the effectiveness
(εR) of the regenerator, the effectiveness (ε1) of the heat
exchanger 1, the effectiveness (ε2) of the heat exchanger 2,
the temperature ratio (τ1), the compressor internal efficiencies
ηc1, ηc2 and ηc3 as well as the turbine internal efficiencies
ηt1, ηt2 and ηt3 on the ϕc2opt –ϕc1 and ϕc3opt –ϕc1 characteristics,
respectively. From Figure 10, one can see that both the optimal
pressure ratio (ϕc2opt ) of the compressor 2 and the optimal
pressure ratio (ϕc3opt ) of the compressor 3 decrease with the
increase in εR. In the critical range of ϕc1 shown in Figure 10,
the values of ϕc2opt and ϕc3opt will equal to 1 when εR = 1.
In other words, the compressor 2 and the compressor 3 should
be canceled under these conditions. From Figures 11–15, one
can see that both ϕc2opt and ϕc3opt increase with the increases
in ϕc1, ε1, ε2, τ1, ηc2, ηt2, ηc3 and ηt3, whereas they decrease
with the increases in ηc1 and ηt1.

4. Conclusion

A configuration of combined regenerative Brayton and two
parallel inverse Brayton cycles with regeneration before the
inverse cycles is established in this paper. The combined cycle
proposed herein recovers a part of heat energy contained in
the exhaust gases leaving the turbine of the top cycle. This
paper provides a clear idea about the performance of the
combined regenerative cycle by taking the first law analysis
and optimization. The thermal efficiency and the specific work
are optimized by adjusting the compressor pressure ratios
of the bottom cycles. The influences of effectiveness of the
regenerator and other parameters on the optimal thermal
efficiency and optimal specific work are analyzed. It is found
that the combined regenerative cycle can obtain higher thermal
efficiency than that of the base cycle but with smaller work
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output, and the performance of the combined cycle (with
two parallel inverse Brayton cycles) proposed in this paper
is the same as the combined cycle (with one inverse Brayton
cycle) proposed in [10] when the parameters of the two
inverse Brayton cycles are the same. One can adjust the mass
flow ratio and other parameters of the combined cycle in
different practical applications. Further steps will be the second
law analysis and optimization and finite time thermodynamic
optimization for the proposed cycle.
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