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In this work, three variants of the Brayton cycle incorporating concentrated solar technologies and dual
regenerative systems are modeled. The first variant employs reheat, intercooling, and regeneration, the
second applies intercooling and regeneration while the third case involves regeneration only. With the
application of the entropy generation method and particle swarm algorithm (PSA), processes with the lar-
gest irreversibilities are noted, minimized and the geometric parameters of participating components are
optimized.
Results show that irreversibilities occurring in the systems were largely due to finite temperature dif-

ferences within components. In all cases, the solar receiver and intercooler are the dominant and modest
sources of entropy generation respectively. The regenerative system entropy generation is highest in the
first case while decreasing in the second and third cases respectively. An improvement in the exergy/
availability was observed in the first case, as the first and second law efficiency peaks at 44.9% and
59.68% respectively. Though, with a lower second law efficiency than the former, its percentage network
output is equal to the first case at 43%. The aspect ratio, hydraulic diameter, and length of the receiver
were observed to vary to enhance greater heat capture and increase the turbine inlet temperature
(TIT). The high temperature (HT) regenerator had its geometric properties of a higher magnitude than
the low temperature (LT) system as the waste heat recovery is aided by an enhanced heat transfer surface
area. In comparison with the single regeneration system, the network output of the dual model was about
33.5% with a significant reduction in the entropy generated, creating a trade-off between operating the
system for more power or less generation of irreversibilities.

� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Y O
F IB

ADAN 
R

1. Introduction

The efficiency of the Brayton cycle has been low despite several
methods conceived to improve it. Factors such as friction, heat
transfer, uncontrolled expansion, and compression amongst others
have accounted for vast losses experienced by the cycle. The Bray-NIV

E
 ton cycle has been employed in numerous applications in the
power generation and aviation industries due to its low start-up,
operation, and maintenance costs [1,2]. The cycle also has other
advantages as it can be deployed in modular units, in combination
with other power cycles, and work with a variety of fuels [3,4]. Its
cycle thermal efficiency is independent of the manner the total
heat conductance is distributed between the hot and cold reser-
voirs [5]. In other to achieve improved efficiency, energy and
exergy analysis will be required to identify components and fea-
tures that facilitate irreversibility generation [6].

Irreversibilities in the heat exchangers have accounted for the
bulk of entropy generation and a reduction in net power output
[7]. Minimization of the exergy loss will ensure efficient thermal
use in the component [8]. Regeneration, reheating and intercooling
are some of the processes employed to improve the Brayton cycle’s
thermal efficiency. Regeneration improves thermal efficiency by
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Nomenclature

Symbol
a Longer side of channel width (m)
A Area (m2)
B Shorter side of channel (m)
BC Brayton Cycle
c Specific heat capacity (J/kgK)
D Dish diameter (m)
d Channel/dish diameter (m)
Ep Dish concentrator error (rad)
E Exergy (J)
_E Exergy rate (W)
eff Effectiveness
F Darcy friction factor
Fig. Figure
g Acceleration due to gravity (m/s2)
h Convection heat transfer (W/m2K)
H Height – Regenerator (m)
HT High Temperature
I Irreversibility rate (W)
K Boltzman’s constant
k Thermal conductivity (W/mK)
l Length (m)
LT Low Temperature
_m Mass flow rate (kg/s)
n Number of fins/ regenerator channels
NTU Number of transfer units
Nu Nusselt Number
P Pressure (Pa)
Pr Prandtl number
PSA Particle Swarm Algorithm
Q Heat Energy (J)
_Q Heat energy rate (W)
r Pressure ratio
Re Reynolds number
S Entropy (J/K)
STBC Solar Thermal Brayton Cycle
t Thickness of separator plate (m)
T Temperature (K)

T* Apparent sun temperature (K)
TIT Turbine Inlet Temperature (K)
U Overall heat transfer coefficient (W/mK)
V Velocity (m/s)
W Work (J)

Greek Symbols
g Efficiency
l Dynamic viscosity (kg/ms)
q Density (kg/m3)
m Kinematic viscosity (m2/s)

Subscripts
1 First/Initial state
2 Second/Final state
atm Atmospheric
avg Average
b Boundary
C Cold stream
Conc Concentrator
Conv Convection
D Destruction
E Exit/Outlet
Ext External
F Fuel
gen Generation
h Hot stream
i Inlet
int Internal
loss Loss due to convection and conduction
Net Net
o Outlet
rad Radiation
rec Receiver
reg Recuperator/Regenerator
T Turbine
Th Thermal
v Constant volume
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ensuring waste heat recovered from the exhaust gas is used to pre-
heat the working fluid and its use has improved the thermal effi-
ciency of power cycles [9]. Intercooling functions by decreasing
the average specific volume of the working fluid, hence, work done
by the compressor is also reduced. Reheating is known to increase
the turbine work output via an increase in the average specific vol-
ume of the gas, thermal energy, and consequently its cycle effi-
ciency [10,11]. This modification to the Brayton cycle has been
used exclusively and in combination to improve its performance.

Tyagi [12] studied the effects of intercooling on the perfor-
mance of an irreversible regenerative Brayton cycle. An optimal
value of the intercooling pressure ratio was found to exist at the
optimized power output and the corresponding efficiency attains
the maximum value. Adibi [13] investigated the effect of the inter-
cooler on the performance and efficiency of the Brayton cycle in
ideal and non-ideal conditions. In all the cases studied, the con-
sumed work in the Brayton cycle with an intercooler was less than
that obtained without it. Haseli [14] studied three different vari-
ants of the Brayton cycle and compared the operational regimes
at maximum thermal efficiency, maximum work output, and min-
imum entropy generation. The study demonstrated that thermody-
namic optimization should be based on thermal efficiency or net
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work output criteria against entropy-based designs. Derivations
from literature show that an increase in the net work output from
a power cycle can be obtained by intercooling with compression
and reheating in the expansion stages at an optimum pressure
ratio. However, these modifications increase the exhaust tempera-
ture of the process and thus would require recuperation to maxi-
mize the resulting cycle efficiency [15].

Isothermal heating can be obtained from renewables aside from
fossil fuels providing the basis for the advancement of solarized
Brayton cycles over Dish-Stirling technologies [16]. Counterflow
recuperators are used in several applications with the reheating
process and are effective in increasing the net work output from
power cycles that embrace its use [17]. Irreversibilities arising
from its use is mostly due to heat transfer through a finite temper-
ature difference and friction with fluid flow[7]. Bejan et al. [18]
noted the major processes which foster entropy generation in a
solar configuration as; sun-receiver heat interaction, receiver–en-
vironment heat transfer, and the irreversibility due to components
in the cycle. A solar receiver is the most important element in solar
hybridization technology and is used to absorb the radiation from
the sun to heat a working fluid in its tubes/ducts [19]. Most recei-
vers have an operating range of 500 – 1200 K depending on the
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materials used for the tubing fabrication [20]. Hence, there exists
an opportunity to improve the working fluid temperature via this
component.

The solar receiver, which is sited at the focus of the dish concen-
trator, is sized to minimize irreversibility formation due to convec-
tive and radiative losses and ensure optimal absorption of heat
[16,21]. Several designs of receivers have been studied and their
effects on the overall flux distribution within its cavity reviewed.
The losses at different inclination angles and wind effects were
investigated. The modified receiver cavity designed by Sendhil
and Reddy [22] had lower convection losses when compared to
other designs. The dish concentrator is the most suitable of the
concentrating solar technologies (CST) and is capable of heating
the working fluid to between 873 K and 1273 K which is required
for the Brayton cycle [20,23].

The deterministic and stochastic algorithms have been exten-
sively used in engineering problem optimization. The resources,
time, and hardware technologies needed for computing time often
limit the researcher’s choice [24]. Chen et al[25] deduced using the
NGSA-II algorithm that a linear relationship exists between the net
work output from a binary Brayton cycle and efficiencies of the tur-
bomachines. In sizing components for solar thermal applications,
the leaf frog algorithm was used to obtain the optimal geometry
for components in an STBC variant. [15,17]. Jansen et al. [1] inves-
tigated combined open and closed looped STBCs models with
either one or two regenerative units, the result gave preference
to the single over the double regenerative process. An investigation
into the reheating and intercooling effects on three STBC models
showed that greater entropy minimization and net power output
were obtained for the intercooler variant over other configurations
[15]. Stochastic algorithms have the unique characteristics of han-
dling several complex constraints and require limited knowledge
of mathematical methods unlike their deterministic counterpart
[26,27]. In a study on the use of the stochastic algorithms available,
the genetic algorithm was observed to be the preferred option fol-
lowed by the particle swarm algorithm (PSA) [26]. With the
advancement of computational techniques, the PSA has witnessed
enhanced adoption in engineering, computing science, automation,
robotics, physics, and mathematics field. Its features of enhanced
robustness, greater control, and ability to handle complex opti-
mizations make it suitable for a thermodynamic study [28].

Previous works have opined that the addition of a recuperative
heat exchanger improves the thermal efficiency of solar Brayton
cycles, though with a concomitant increase in the system’s irre-
versibility. Such studies have focused on the thermodynamic
design of STBCs with single recuperative units using deterministic
optimization techniques. However, from available literature, stud-
ies have not been explicitly performed on open-air STBCs with the
dual regenerative system. Also, literature is very limited on the use
of any of the stochastic algorithms for the optimization of open-air
STBCs. Thus, in this work, a dual serial recuperative system is
incorporated into the STBC model to improve waste heat recovery.
It is anticipated, that the performance of the heat exchangers for
the dual system would further reduce irreversibilities generation
and improve the net power output. The second law analysis would
be used to locate the process and components where the largest
irreversibilities occur within the STBC model [6]. The optimization
of the STBC model would be performed to exploit the simplicity
and robustness of the stochastic optimization tool - the particle
swarm algorithm. MATLAB is used as the programming platform
to model and perform the optimization while CYCLE Tempo is used
for result validation. The results from the analysis are intended to
stimulate further ways to improve and enhance the deployment of
small-scale STBCs.
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2. System description

Plate-type recuperators, dish-mounted modified cavity recei-
vers, and proprietary automotive turbochargers configured as tur-
bomachines were used in the setup for the STBC systems [22,29].
The cases to be investigated are shown in Figs. 1-3 and detailed
below;

Case 1: Intercooling combined with low temperature (LT) and
high temperature (HT) recuperators plus reheat. The working
fluid undergoes multiple compression and intercooling before
flow from its HP compressor is routed through a serial LT and
HT recuperator to recover waste heat.
Case 2: Intercooling combined with LT and HT recuperators.
Case 3: A Simple Brayton Cycle (BC) with LT and HT
recuperators.

2.1. Receiver and reheater model for the solar concentrator

Fig. 4 shows the modified cavity receiver/ reheater unit to be
used for increasing the temperature of the working fluid before it
undergoes expansion in the turbine. Amongst other receiver types
studied, it was shown that its convection losses decrease with an
increase in the inclination angle [22]. Also, copper was selected
as the material of the receiver tubes for its high thermal conductiv-
ity [21].

A rectangular tubing system is used for the analysis and its wall
area is expressed as the difference between the surface area of the
hemispherical shell and the circle,

Aw ¼ Ahemisphere � Acircle ð1Þ

Aw ¼ 1
4
p 3D2 � d2
� �

ð2Þ

The width of the tube, a, is expressed as.

a ¼ Dh;rec

2
a
b

� �
rec

þ 1
� �

ð3Þ

The aperture diameter is written in terms of the tube dimension
as.

drec ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dh;recLrec a

b

� �
rec þ 1

� �
4p

s
ð4Þ

From [22], for minimum convection losses,Aw ¼ 8Aa, substitute
for Aw into equation (2);

D ¼
ffiffiffiffiffiffi
3d

p
ð5Þ

Assuming _Qloss;rad ’ _Qloss;conv then the Nusselt number is given as
[31].

Nud ¼ 0:698Gr0:209d 1þ cos bð Þ0:968 Tw

T1

� ��0:317 d
D

� �0:425

ð6Þ

Using the heat transfer coefficient relation with the Nusselt
number,

hconv ¼ Nudk
D

ð7Þ

The radiative and convective heat loss from the receiver cavity
is written as [31];

_Qo ¼1:396Gr0:209d 1þcosbð Þ0:968 Tw

T1

� ��0:317 d
D

� �0:425 kAa

D

� �
Tw�T1ð Þ

ð8Þ
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Fig. 1. Case 1: STBC with Intercooling, Reheat, and Regeneration.

Fig. 2. Case 2: STBC with Intercooling and Regeneration only.
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Hence the net heat absorbed is calculated using the receiver siz-
ing algorithm as [32];

_Qnet;rec ¼ po þ p1d
0:5
rec þ p2drec þ p3d

1:5
rec þ p4d

2
rec þ p5d

2:5
rec þ p6d

3
recþ

p7d
3:5
rec þ p8d

4
rec þ p9d

4:5
rec þ p10d

5
rec

ð9Þ
The entropy generated in the receiver is then calculated using;

_Sgen;rec ¼ �Q �

T� þ
_Qo

To
þ _mcpIn

Te

Ti
� _mRIn

Pe

Pi
ð10Þ
4

Q* is taken as the sum of the net absorbed heat transfer rate and
the heat loss rate and T* is taken as approximately 4500 K [33].
2.2. Recuperator component

The recuperator serves as a means of reducing and increasing
the thermal energy of the exhaust gas and incoming charge respec-
tively. The counter flow plate-type design shown in Fig. 5 is used
for the present analysis. The mathematical formulations for both
the LT and HT recuperator are shown below;



Fig. 3. Case 3: STBC with Regeneration only.

Fig. 4. Schematic of a Modified receiver system [30].

Fig. 5. Cross-section of the counterflow recuperator design.
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The number of channels in the overall recuperator height, H is
given as.

n ¼ H
t þ b

ð11Þ

The channel height, b is.

b ¼ Dh;reg

a
b

� �
reg þ 1

2 a
b

� �
reg

ð12Þ
5

Rearranging the hydraulic diameter, the mass flow rate through
a single channel is.

_mc ¼ 2 _m
n

ð13Þ

The channel surface area is.

As;reg ¼ 2 aþ bð ÞLreg ð14Þ

As;reg ¼ Dh;regLreg
a
b

� �
reg

þ 1
� �

1þ a
b

� ��1

reg

� �
ð15Þ

The velocity of the working fluid through the channels is.

V ¼ _m
qab

¼
4 _m a

b

� �
reg

qD2
h;reg

a
b

� �
reg þ 1

� �2 ð16Þ

The Reynolds number is then calculated.

Re ¼ qVDh;reg

l
¼

4 _m a
b

� �
reg

lDh;reg
a
b

� �2
reg

ð17Þ

The Nusselt number was calculated from the Gnielinski correla-
tion as [34].

Nud ¼ Pr f=8ð Þ Re� 1000ð Þ
1þ 12:7 f=8ð Þ0:5 Pr2=3 � 1

� � ð18Þ

where the f, which is the Darcy friction factor is given as.

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:79In Re� 1:64ð Þ

p
ð19Þ

Therefore, the heat transfer coefficient was determined from.

h ¼ kNud

Dh;reg
ð20Þ

The overall heat transfer coefficient, U is calculated while taking
into account, fouling on either side;

U ¼ h�1
cold þ 2Rf þ t

k
þ h�1

hot

� ��1

ð21Þ

The effectiveness and NTU analysis is appropriate for counter-
flow heat exchangers as its theory is founded on effectiveness
and capacity ratio and number of heat transfer units [35]. The
NTU is obtained from (22) as;

ADAN L
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NTU ¼ UAs

_mcp;min
ð22Þ

and the recuperator’s effectiveness is defined as.

eff reg ¼
1� exp �NTU 1� Cð Þð Þð Þ
1� C exp �NTU 1� Cð Þð Þð Þ ð23Þ

Where the heat capacity ratio, C, is defined in the relationship
as;

C ¼ cp;min

cp;max
ð24Þ

Therefore, the entropy generation in the recuperator is deter-
mined from;

_Sgen;reg ¼ _mcpIn
Tc;eTh;e

Tc;iTh;i

Pc;ePh;e

Pc;iPh;i

� � 1�kð Þ
k

" #
þ _mcp Tm;reg � To

� �
To

ð25Þ

where Tm,reg is the arithmetic mean of the temperatures in the
fluid streams and is defined as;

Tm;reg ¼ Tc;i þ Th;i þ Tc;e þ Th;e

4
ð26Þ
B

2.3. Intercooler component

A cross-flow design shown in Fig. 6 is employed and oriented to
aid the flow of surrounding air by natural convection through its
vertical channels.

Heat transfer occurs through forced convection between the hot
fluid and the internal plate surfaces and conduction between the
hot and cold surfaces (as labeled in Fig. 6).

The mathematical formulation for the intercooler is as follows.
The number of plates, n, needed is given by.

n ¼ W= t þ að Þ ð27Þ
The channel length is given as.

a ¼ Dh a=bð Þ þ 1ð Þ
2

ð28Þ

and the surface area is.

As ¼ bL ¼ Dh a=bð Þ þ 1ð Þ
2 a=bð Þ L ð29ÞIT

Y O
F I
Fig. 6. Schematic representation of the cross-flow intercooler.
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The Reynold’s number, friction factor, Nusselt number, and heat
transfer coefficient were determined respectively from equations
(30–33) [34].

Re ¼ 4 _m a=bð Þ
lDh a=bð Þ þ 1ð Þ2

ð30Þ

f ¼ 0:79In Reð Þ � 1:64ð Þ�2 ð31Þ

NuD ¼ Pr f=8ð Þ Re� 1000ð Þ
1þ 12:7 f=8ð Þ1=2 Pr2=3 � 1

� � ð32Þ

h ¼ kNuD

Dh
ð33Þ

Also, the Rayleigh number, coefficient of volume expansion,
Nusselt number, and heat transfer coefficient were estimated
respectively from equations (34–37) [15].

Ra ¼ 9:81bPrcold Ts;cold � T0
� �

a3

m2
ð34Þ

b ¼ Ts;cold þ T0

2

� ��1

ð35Þ

NuD ¼ 576
Ra a=bð Þ
� �2

þ 2:873
Ra a=bð Þ
� �0:5

" #�0:5

ð36Þ

h ¼ kNuD

Dh
ð37Þ

The effectiveness of the intercooler can then be calculated after
calculating the internal and external heat transfer coefficients.

2.4. Turbomachines

Automotive turbochargers were used to simulate the turbine
and compressor parameters. The mass flow rate through the sys-
tem was taken as that through the compressor of the microturbine.
The Garrett range of turbomachines was used in this work because
its work range is readily obtainable [29]. A similar study using the
same set of turbomachines on an STBC system showed that the
maximum efficiency was achieved at a pressure ratio of about
2.5 [15].

The entropy generated in the various turbomachine is evaluated
using equation (38) [36].

_Sgen;turbomachine ¼ _mcpIn
Te

Ti
� _mRIn

Pe

Pi
ð38Þ
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2.5. Objective function

The Guoy-Stodola theorem expressed in equation (39), is
employed to determine the exergy loss from the closed system
[37]. It takes to account the ambient temperature and the entropy
generated through all the components in the arrangement.

_Edestroyed ¼ To

X
_Sgen ð39Þ

The component entropy generation rate is calculated using
equation (40), [36].

_Sgen ¼ _mcpIn
Tout

Tin

� �
� _mRIn

Pout

Pin

� �
� 1
T

X
Qcv ð40Þ

Hence, the net work out of the power cycle is calculated as;
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_Wnet ¼ _Qnet þ _mcp Tin � Toutð Þ � _mTocpIn
Tin

Tout

� �
� _Edestroyed ð41Þ

Qnet is the difference between the net absorbed heat and the
heat lost from the system and is obtained using equation (42), [15].

Qnet ¼ Q � 1� To

T�

� �
ð42Þ

Hence the objective function is taken as equation (41) and its
parameters are changed to suit the cases investigated.

2.5.1. Pressure and temperature relationship
The temperature and pressures of the working fluid in each pro-

cess are calculated with the following assumptions.

i. The working fluid is air
ii. There is no change in the mass of the working medium

throughout the cycle.
iii. Heat is assumed to be supplied from a constant high-

temperature source and not through the combustion of fossil
fuels.

All processes commence with the entry of the working fluid into
the compressor. This stage has the parameters fixed as 1 atm for P1
and 300 K for T1.

The Tout and Pout were calculated using the compressor pressure
ratios. This and other calculations are shown below;

P2 ¼ rP1 ¼ rPatm ð43Þ
The temperature T2, after compression, is gotten from T1 = Tatm.

T2 ¼ T1 1þ r
k�1
k

c � 1
� �

=gcomp

� �� �
ð44Þ

where ƞcomp and k are the turbomachine compressor efficiency
and the air’s specific heat ratio respectively. The pressure, P3, and
temperature, T3, of the fluid as it enters the intercooler via duct
on node 2–3 is;

P3 ¼ P2 � ðDP2�3 � P2Þ ð45Þ

T3 ¼ T2 � Tdrop ð46Þ
where DP2-3 and Tdrop, are the pressure and temperature drop

between nodes 2 and 3.
The pressure, P4, and temperature, T4, of the fluid after removal

of heat generated via compression from the intercooler are shown
in equations (47 – 48), [15].

P3 � P4 ¼ 0:79In
4 _mic a=bð Þic
lDh a=bð Þic

� �� ��2
" #

8 _m2
ic a=bð Þ2ic

� �
q a=bð Þic þ 1
� �4

2
4

3
5 L

D5
ic

" #

ð47Þ

T4 ¼ T3 � Ashc

m
:

c
cp;h

0
@

1
A Ts;c � Toð Þ

2
4

3
5�

AseprB T4
s;c � T4

o

� �� �
mc
:
cp;h

2
4

3
5 ð48Þ

The pressure, P5, and temperature, T5, of the fluid as it enters
compressor 2 via duct on node 4–5 are;

P5 ¼ P4 � DP4�5 � P4ð Þ ð49Þ
where DP4-5 is the pressure drop between nodes 4 and 5.

The pressure, P6, and temperature, T6, of the fluid as it exits
compressor 2 are given as;

P6 ¼ rP5 ð50Þ

T6 ¼ T5 1þ r
k�1
k

c � 1
� �

=gcomp

� �� �
ð51Þ
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The pressure, P7, and temperature, T7, of the fluid as it enters the
LT recuperator via duct on node 6–7 is;

P7 ¼ P6� DP6� 7 � P6ð Þ ð52Þ
where DP6-7 is the pressure drop between node 6–7.
Pressure,P8, out of the LT recuperator is gotten from the math-

ematical relationship,

P7 � P8 ¼ 0:79In
4 _mLtrec a=bð ÞLtrec
lDh a=bð ÞLtrec

� �� ��2
" #

8 _m2
Ltrec a=bð Þ2Ltrec

� �
q a=bð ÞLtrec þ 1
� �4

2
4

3
5

L

D5
Ltrec

" #

ð53Þ
The pressure, P9, of the fluid as it enters the HT recuperator via

duct on node 8–9 is;

P9 ¼ P8 � DP8�9 � P8ð Þ ð54Þ
where DP8-9 is the pressure drop between node 8–9.

The pressure, P10, out of the HT recuperator is obtained from the
relationship;

P9 � P10 ¼ 0:79In
4 _mHtrec a=bð ÞHtrec
lDh a=bð ÞHtrec

� �� ��2
" #

8 _m2
Htrec a=bð Þ2Htrec

� �
q a=bð ÞHtrec þ 1
� �4

2
4

3
5

L

D5
Htrec

" #

ð55Þ
The pressure, P11, of the fluid as it enters the receiver via duct on

node 10–11 is given as;

P11 ¼ P10 � ðDP10�11 � P10Þ ð56Þ
where DP10-11 is the pressure drop between node 10–11.

The pressure, P12, and the temperature, T12, out of the receiver
are as given in equations (57–58) shown as follows;

P12 ¼ P11 � 0:79In
4 _mrec a=bð Þrec
lDh a=bð Þrec

� �� ��2
" #

8 _m2
rec a=bð Þ2rec

� �
q a=bð Þrec þ 1
� �4

2
4

3
5 L

D5
rec

" #

ð57Þ

T12 ¼ T11 þ Qnet;rec

m
:
cp;rec

 !
ð58Þ

The pressure, P13, and temperature, T13, of the fluid as it enters
turbine 1 via duct on node 12–13 is;

P13 ¼ P12 � DP12�13 � P12ð Þ ð59Þ
For maximum power output from the system, the pressure ratio

across turbines 1 and 2 must be the same, hence.

rturb ¼ P13

P14
¼ P17

P18
ð60Þ

This ratio, rturb is unknown at first and P13, P14, P15, and P16 have
to be evaluated.

The pressure, P21, into the LT recuperator, is calculated as
follows;

P21 ¼P22

þ 0:79In
4 _mLtrec a=bð ÞLtrec
lDh a=bð ÞLtrec

� �� ��2
" #

8 _m2
Ltrec a=bð Þ2Ltrec

� �
q a=bð ÞLtrecþ1
� �4

2
4

3
5 L

D5
Ltrec

" #

ð61Þ
where P22 is taken as atmospheric pressure (Patm).
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Table 1
PSO Parameters [38].

SN Parameters Value

1 Inertia weight (w1) 0.9
2 Inertia weight (w2) 0.9
3 Acceleration factor (c1) 2
4 Acceleration factor (c2) 2
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The pressure, P20 of the fluid as it exits the HT recuperator, on
node 20–21 is calculated as;

P20 ¼ P21 þ DP20�21 � P21ð Þ ð62Þ
where DP20-21 is the pressure drop between node 20–21.

The pressure, P19, into the HT recuperator, is calculated from.

P19 ¼ P20 þ 0:79In
4 _mHtrec a=bð ÞHtrec
lDh a=bð ÞHtrec

� �� ��2
" #

8 _m2
Htrec a=bð Þ2Htrec

� �
q a=bð ÞHtrec þ 1
� �4

2
4

3
5

L

D5
Htrec

" #

ð63Þ
Hence, the pressure, P18, as it exits turbine 1 is calculated as

follows;

P18 ¼ P19 þ ðDP18�19 � P19Þ ð64Þ
where DP18-19 is the pressure drop between node 18–19.

Considering the pressure losses on the duct 16–17, pressureP17.

P17 ¼ P16� DP16� 17 � P16ð Þ ð65Þ
where DP16-17 is the pressure drop between node 16–17.

The pressure, P15, out of the reheater is gotten from the
relationship,

P15 � P16 ¼ 0:79In
4 _mrec a=bð Þrec
lDh a=bð Þrec

� �� ��2
" #

8 _m2
rec a=bð Þ2rec

� �
q a=bð Þrec þ 1
� �4

2
4

3
5 L

D5
rec

" #

ð66Þ
Also, P15, is defined in the relationship between the node 14–15,

P15 ¼ P14� DP14� 15 � P14ð Þ ð67Þ
The pressure, P14 exiting Turbine 1 is then obtained using equa-

tion (60).

P14 ¼ P18P13

1� DP16�17ð Þ 1� DP14�15ð Þ þ
DP2

15�16

4 1� DP14�15ð Þ2
 !

þ DP15�16

2 1� DP14�15ð Þ ð68Þ

The temperature, T14, at the outlet of Turbine 1 is then obtained
from equation (72).

T14 ¼ T13 1� gturb 1� 1

P13=P14ð Þk�1
k

 !" #
ð69Þ

while noting the temperature drop in node 14–15, the temper-
ature, T16, out of the reheater is calculated as;

T16 ¼ T15 þ Qnet;reh

m
:
cp;reh

 !
ð70Þ

Turbine 1 outlet temperature, T18, after accounting for the tem-
perature drop in node 16–17 is obtained from the relationship in
equation (71).

T18 ¼ T17 1� gturb 1� 1

P17=P18ð Þk�1
k

 !" #

¼ T17 1� gturb 1� 1

P13=P14ð Þk�1
k

 !" #
ð71Þ

The temperature, T10, and T20, out of the HT recuperator for the
cold and hot streams respectively are given as;

T10 ¼ T9 þ eHT;recup T19 � T9ð Þ ð72Þ
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T20 ¼ T19 � eHT;recup
cp;c
cp;h

� �
T19 � T9ð Þ ð73Þ

Hence, the cycle’s exit temperature, T22 is given by.

T22 ¼ T21 þ eHT;recup
cp;c
cp;h

� �
T21 � T7ð Þ ð74Þ

Therefore, the cold stream outlet temperature from the LT recu-
perator is given as.

T8 ¼ T7 þ eHT;recup T21 � T7ð Þ ð75Þ
A similar formulation would be used for other cases after the

removal of appropriate components.

3. Optimisation

The particle swarm algorithm (PSA) is used to solve the objec-
tive function of equation (41). The entropy generation term, Sgen
is minimized to obtain the optimal value for the net work output
from the system. The parameters used to perform this optimization
are presented in Table 1. A swarm of particles representing the
geometric parameters of components is generated and passed
through constraints. The objective function is evaluated and the
particles with the best results (minimum entropy generation) are
termed the personal best. The values are allowed to roam until a
global best value is attained with the intended tolerance as stated
in the iteration. MATLAB computing software is used to perform
this iteration. The turbomachines’ geometric parameters are
exempted from the optimization process for simplicity of the
process.

4. Results and discussion

The system is optimized using definite collector dish radii and
design properties got from the Garrett turbomachines. The optimal
values are obtained using the particle swarm-based optimizer pro-
grammed in MATLAB. The results derived from the cases under
investigation are then compared with the reference case to exam-
ine the effects of the serial regenerative system. Also, the associ-
ated components are analyzed with respect to their optimized
geometry, operating conditions, and irreversibilities generated.

Fig. 7a shows the variation of the total heat added, the net work
output, and the irreversibility generated internally, for the Case 1
variant. The results from optimization indicate that Wnet and its
associated internal irreversibility approximately reach the same
value at a pressure ratio of 2 and mass flow range of 0.808 kg/s.
As seen in Fig. 7b, the first and second law efficiencies reach an
optimal value of approximately 44% and 59% respectively at this
point.

Fig. 8 shows a distribution of the net work output and the irre-
versibilities generated in the STBC system. A maximum net work
output of 43% of the total heat added to the system was derived
in Case 1 and 2 while 42% was seen in Case 3. In terms of value,
Case 1 can produce more power, however, it is observed that its
exergy/availability is the same as in Case 2. The receiver and the
regenerators remain the highest contributors to entropy genera-
tion within all systems in consideration. The use of multi-
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5 Population size (n) 30
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Fig. 7. Plot showing (a) total heat added, the net work output, and the internal irreversibility to the system mass flow rate, (b) comparison of the Carnot, first, and second law
efficiency for Case 1.
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Fig. 8. Distribution of work and irreversibilities at the optimal work output for Cases 1, 2 and 3.
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compression and multi-expansion devices reduced irreversibilities
generated via these devices as observed in Cases 1 and 2.

4.1. System components operating conditions and parameter

4.1.1. Regenerator
The impact of the internal irreversibility is observed to be sig-

nificantly higher than its external irreversibility at any pressure
ratio. With the components within the cycle accounting for the
internal irreversibility produced [1], the regenerator was observed
to be the second most dominant form of irreversibilities formation
9

for Cases 1 and 3 with its values larger at lower mass flow rates as
seen in Figs. 9–11. On the contrary, it is seen to be minimal in case
2, this is attributable to the use of multi-expansion systems.
Figs. 13–17 show a fair correlation in the optimized parameters
aspect ratio and length to the mass flow rate for case 2 dual regen-
erative system unlike cases 1 and 2. Likewise, the aspect ratio, and
length quantities show an increase at higher mass flow rates for
cases 1 and 3 as a substantial increase to its surface area is needed
for optimal heat transfer. In all cases, the hydraulic diameter is
observed to decrease with an increase in working fluid pressure
due to an increase in the HT regenerator heat transfer effective-



Fig. 9. Distribution in the entropy generated with reference to the mass flow rate (Case 1).

Fig. 10. Distribution in the entropy generated with reference to the mass flow rate (Case 2).
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ness. The optimized geometric parameters for the regenerators are
higher for the HT than its LT counterpart.

The aspect ratio of the HT recuperator in all cases is higher than
its corresponding LT recuperator and increases with the system
mass flow as shown in Figs. 12-14. Figs. 15-17 shows that the
length of the former is longer than the latter for most of the mass
flow ranges. It has the highest value for Case 3 and this is expected
as sufficient time is needed for heat transfer between the hot and
cold stream since there is a single compression and expansion
stage. In all cases, the hydraulic diameter of the recuperator tubes
somewhat decreases with the system’s mass flow rate.

U

10
4.1.2. Intercooler
The intercooler hydraulic diameter is observed to be in the

order of lower magnitude compared to the regenerator as seen in
Fig. 18. This could be attributed to the slight variation between
the ambient temperature and the outlet temperature of the work-
ing fluid at the intercooler and its low friction loss which accounts
for the low exergy loss from the component.

The figure shows the plot of the channel hydraulic diameter
increasing, peaking, and decreasing severally across the system
mass flow rate. It is evident from Figs. 19 and 20, that the minimal
entropy generation at the post-plateau range was achieved at the
lower limit of the constraint for the Case 1 variant.



Fig. 11. Distribution in the entropy generated with reference to the mass flow rate (Case 3).
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Fig. 12. Case 1 - Relationship of the regenerator aspect ratio to the mass flow rate.
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The intercooler length for Cases 1 and 2 rises and peaks at the
upper limit as shown in Fig. 19. The length and aspect ratio for both
cases is observed to be slightly above the lower limit of the PSA for
a mass flow rate of above 0.8 kg/s. This could be due to an increase
in the mass flow rate of the hot and cold streams as a result of an
increase in the number of channels.

4.1.3. Receiver and reheater
The receiver remains the leading cause of irreversibility for all

systems under consideration. The rectangular cross-section absor-
11
ber tubes were used for this analysis. At lower mass flow rates,
there is an increased entropy generation in the receiver due to
the receiver aperture increasing to permit more interception of
heat. This is a result of the low temperature at the regenerator out-
let and the need to increase the turbine inlet temperature (TIT). As
the compression ratio increases, the receiver aperture diameter
decreases just to allow for sufficient heating of the absorber tubes
as the temperature out of the regenerator output is significantly
higher than at a low compression ratio. Consequently, as seen in
Figs. 21-22, the receiver’s hydraulic diameter is observed to
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Fig. 13. Case 2 - Relationship of the regenerator aspect ratio to the mass flow rate.
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Fig. 14. Case 3 - Relationship of the regenerator aspect ratio to the mass flow rate.
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decrease as the system mass flow rate increases and after the pla-
teau, it is then seen to increase. Conversely, Fig. 23 shows the recei-
ver length increasing with the system mass flow rate to ensure
sufficient heat interception.

There is an approximately linear relationship between the
reheater length, its aspect ratio, and the mass flow rate increases
12
as depicted in Figs. 24 and 25, respectively. This could be attributed
to the component aperture increasing to encourage greater heat
capture. Several peaks are seen in the figure and are attributed to
the maximum absorber surface temperature which is constrained
below 1200 K.



Fig. 15. Plot showing the relationship of case 1 regenerator (a) length to the mass flow rate. (b). hydraulic diameter to the mass flow rate.

Fig. 16. Plot showing the relationship of case 2 recuperator (a) length to the mass flow rate. (b). hydraulic diameter to the mass flow rate.

O.M. Oyewola, M.O. Petinrin, M.J. Labiran et al. Ain Shams Engineering Journal 14 (2023) 101951

13

UNIV
ERSIT

Y O
F IB

ADAN L
IB

RARY



Fig. 17. Plot showing the relationship of case 3 recuperator (a) length to the mass flow rate. (b). hydraulic diameter to the mass flow rate.
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Fig. 18. Plot showing the comparison of the Intercoolers’ hydraulic diameter to the mass flow rate.
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Fig. 19. Plot showing the hydraulic diameter of the intercooler to the mass flow rate.
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Fig. 20. Plot showing the aspect ratio of the intercooler to the mass flow rate.
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Fig. 21. Plot showing the interaction of the receiver hydraulic diameter to the mass flow rate.
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Fig. 22. Plot showing the interaction of the receiver aspect ratio to the mass flow rate.
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Fig. 23. Plot showing the interaction of the length of the receiver and reheat to the mass flow rate.
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Fig. 24. Plot showing the interaction of the reheater hydraulic diameter to the mass flow rate.
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4.2. Comparison of the single and dual recuperative models

As seen in Fig. 26 for Case 1 model, the net work output pro-
duced by the model with a dual recuperative system was approx-
imately 33.5% higher than with a single recuperator for the same
range of flow rate. The ratio of the irreversibility generated (inter-
nal to external) was higher for the latter at low mass flow rates and
higher for the former at higher mass flow rates.
17
The increase in the internal irreversibility generation at higher
mass flow rates was largely due to the increased pressure ratio,
friction, and other inefficiencies of the participating components.
Though, this loss is justified by the corresponding increase in the
net power output from the dual regeneration model. In addition,
it is observed that operating the dual regenerative system at mass
flow rates higher than 0.8 kg/s is overly advantageous as there is an
improvement in the net work output over the single regenerator
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Fig. 25. Plot showing the interaction of the reheater aspect ratio to the mass flow rate.
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Fig. 26. Plot showing the net work output and the ratio of internal and external irreversibility for the dual and single regenerative systems.
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equivalent. However, the system reduces significantly the entropy
generated at low pressure ratios with a slightly higher net work
output. This leads to a trade-off between STBC operation for higher
net work output or lower rreversibility generation.
5. Validation of the STBC model

Proprietary components embedded in the Cycle-Tempo soft-
ware were used to reproduce the Case 3 variant of the STBC as seen
18
in Fig. 27. The mass flow through all the components was assumed
to be constant. As presented in Table 2, the computed results from
MATLAB and Cycle-Tempo compared well and were in good corre-
lation. The comparison of the results shows a maximum deviation
below 9% for the temperature and pressure parameters which
occurs at the exit from the Turbine. The observed variation with
a maximum of 9% could be a result of different choices of correla-
tions used in both software for thermodynamic analyses of each of
the components.



Table 2
Variation of Nodal Temperatures and Pressures obtained for Model 3 from MATLAB and Cycle Tempo.

Node Temperature (�C) Pressure (bar)

MATLAB Cycle Tempo Variation MATLAB Cycle Tempo Variation

1 27.00 27.00 0.0% 1.013 1.013 0.00%
2 81.58 82.92 �1.6% 1.621 1.650 �1.79%
3 79.58 82.92 �4.2% 1.614 1.650 �2.23%
4 206.46 203.60 1.4% 1.614 1.620 �0.37%
5 204.76 203.60 0.6% 1.608 1.620 �0.75%
6 419.38 408.00 2.7% 1.607 1.605 0.12%
7 417.73 408.00 2.3% 1.607 1.605 0.12%
8 661.97 648.90 2.0% 1.588 1.555 2.08%
9 659.97 648.90 1.7% 1.581 1.555 1.64%
10 573.52 568.20 0.9% 1.022 1.104 �8.02%
11 571.52 568.20 0.6% 1.018 1.104 �8.45%
12 428.98 440.50 �2.7% 1.017 1.100 �8.16%
13 426.98 440.50 �3.2% 1.013 1.100 �8.59%
14 303.07 325.27 �7.3% 1.013 1.050 �3.65%

Fig. 27. Simulated Results for STBC Model 3 using Cycle Tempo.

O.M. Oyewola, M.O. Petinrin, M.J. Labiran et al. Ain Shams Engineering Journal 14 (2023) 101951

ERSIT
Y O

F IB
ADAN L

IB
RARY
6. Conclusion

This study focuses on the implementation of exergy analysis and
its utilization in the design and operation of components of three
solar thermal Brayton cycle models. The optimization is carried
out on a system basis against individual optimizations of system
componentsusing theparticle swarmalgorithm(PSA). The test cases
were modeled by incorporating the dish concentrator system and a
dual recuperative system. The first case employed intercooling and
reheating means; the second case included intercooling only while
the third is devoid of the intercooler and reheater.

Net work output is selected as the performance indicator and
used to derive the objective function of each cycle while the cycles’
entropy generated is set as the minimization function. The work
output to the heat input for the dual recuperative system was
observed to be approximately 43%. Internal irreversibilities were

UNIV
19
observed to be significantly higher than the associated external
irreversibility and in all cases considered, the receiver system
was the dominant source of exergy loss. It is observed that the
entropy generation due to the receiver, intercooler, and turboma-
chines increased with an increase in system mass flow rate. Irre-
versibility due to the recuperative system was fairly stable across
all mass flow ranges. Geometric parameters of the HT recuperator
were found to be of a higher value compared to its LT counterpart
for all the system’s mass flow rates. This aligns with our expecta-
tions as a larger surface area of the former is required for improved
waste heat recovery. The single and dual regenerative system net
power output peaks at approximately the same mass flow rate,
with the latter producing 33.5% more work than the former. The
dual recuperative system was observed to generate more net work
at higher mass flow rates. On the contrary, with the increase was a
substantial increase in its internal irreversibilities.
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An improvement in the exergy use was observed in the first
model, as its first and second law efficiency peaks at 44.9% and
59.68% respectively. A net work output to total heat input of 43%
was obtained in Cases 1 and 2 while 42% was recorded in Case 3.
It was observed more net power was recorded for Case 1, however,
the ratio of net work output to the total heat input remains the
same as in Case 2. The reheater is useful for an improved TIT and
subsequently enhanced net work output from the system but its
attendant irreversibility is a cause for concern.

Thus, the impact of the combined regenerative system should
be compared with experiments and subjected to further analysis
in the near future. These areas could be in the use of ductless recei-
vers which would reduce complexities arising from installation,
operation, and maintenance; optimization of duct lengths; and
thermo-economic study performed on the system. Also, the impact
of the turbomachines efficiencies on STBC systems can be exam-
ined to size the system adequately. This would ensure a total
assessment of the technical prowess of the STBC as a means of gen-
erating electricity.
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