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The receiver and heat exchangers in a Solar Thermal Brayton Cycle (STBC) have been the
main sources of exergy loss. Duct profiles used in the heat exchange process have been
observed to possess varying degrees of heat transfer effectiveness. To this end, the effects
of the elliptical, circular and rectangular absorber tubes are investigated on three vari-
ants of the dual serial-regenerative STBC models employing reheater, intercooler, or in a
combined arrangement. Also, the impact of the parallel plate heat exchanger (PPHE) and
spiral plate heat exchangers (SPHE) on irreversibility is investigated. The particle swarm
algorithm (PSA), a stochastic optimization tool is used for the minimization of irreversibil-
ities within the cycle and optimization of the geometric parameters of the STBC compo-
nents. The largest irreversibility loss on a component-basis is observed on the receiver. The
rectangular absorber system for the receiver has the least irreversibility loss compared to
other profiles studied, though, a higher internal to external irreversibility ratio was no-
ticed. Improved exergy use via the dual regenerative system was observed on all models
with reductions of 22% and 15% in irreversibility obtained from the receiver and recupera-
tor respectively. In addition, the SPHE produced less irreversibilities compared to the PPHE
system and this could be attributed to its large surface area available for heat transfer.
An optimal second law efficiency of 62% and 74% on the PPHE and SPHE STBC systems,
respectively is achieved at around a pressure ratio of 2.2. The dual serial-regenerative sys-
tem without reheats and intercooling has the advantage of optimal energy available and
efficient exergy use followed by the combined system.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of African Institute of
Mathematical Sciences | Next Einstein Initiative.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

Effective and efficient power generating systems are required by the world to meet its growing energy needs. The ef-
ficiency of a conventional stand-alone Brayton cycle has been observed to be low. Design modifications with subsequent
addition of components has been made to improve it [27]. Reheating and Regeneration are amongst methods used to in-
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Nomenclature

Longer side of channel width-m
Area-m?

Shorter side of channel-m
Specific heat capacity-J/kgK
Dish diameter-m

Channel/dish diameter-m

Dish concentrator error-rad
Exergy-]

Exergy rate-W

Effectiveness

Darcy friction factor
Acceleration due to gravity-m/s2
Convection heat transfer-W/m2K
Height - Recuperator-m
Irreversibility rate-W
Boltzman’s constant

Thermal conductivity-W/mK
Length-m

Mass flow rate-kg/s

Number of fins/ recuperator channels
Nusselt Number

Pressure-Pa

Prandtl number

Heat Energy-]

Heat energy rate-W

Pressure ratio

Reynolds number

Entropy-J/K

Thickness of separator plate-m
Temperature-K

Apparent sun temperature-K
Overall heat transfer coefficient-W/mK
Velocity-m/s

Work-]
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4
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Greek Symbols

n Efficiency

nw Dynamic viscosity-kg/ms
0 Density-kg/m3

v Kinematic viscosity-m?/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
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int Internal

loss Loss due to convection and conduction
Net Net

0 Outlet

rad Radiation

rec Receiver/Recuperator

T Turbine

Th Thermal

v Constant volume

AMbbreviations

CSP Concentrated Solar-Thermal Technologies
EGM Entropy Generation Minimization
HP High Pressure-Pa

LT Low Temperature-K

HTR High Temperature Recuperator
LP Low Pressure-Pa

LT Low Temperature-K

LTR Low Temperature Recuperator
NTU Number of transfer units

PPHE Parallel Plate Heat Exchanger

RIT Recuperator Inlet Temperature-K
SPHE Spiral Plate Heat Exchanger

SLA Second Law Analysis

STBC Solar Thermal Brayton Cycle

TIT Turbine Inlet Temperature-K

crease the TIT which improves the cycle’s efficiency. Notwithstanding, the system is still been plagued by high irreversibility
formation [5].

The second law analysis (SLA) which incorporates the first and second law of thermodynamics provides a reliable method
to detect, quantify and minimize irreversibility generation. ([15,17,23]; W. [30]). Studies revealed that the SLA was used to
identify the compressor and optical errors in the concentrator as the component/parameters responsible for the loss of
exergy [3,21]. The entropy generation minimization (EGM) method uses the principles of heat transfer, mass transfer and
fluid flow in analyzing thermodynamic cycles which is important in determining the operating and geometric parameters of
components while minimizing exergy loss and optimizing the net work output [1,6,8].

In integrating solar receivers to the Brayton cycle, Le Roux et al. [14] determined the optimum points of selected turbo-
machines in four weather conditions in Pretoria using EGM. The study opined that deployment of the solar thermal Brayton
cycle (STBC) is possible in varying weather conditions with mass flow rate controls and optimized turbomachine geometries.
In like manner, EGM was used to select the intercooled variant of a regenerative STBC model as the preferred of three twin-
shaft STBC designs studied [18]. Jansen et al. [10] studied the impact of dual connection of recuperators on the reduction of
irreversibilites in open and closed loop STBCs. The study showed a greater efficiency of the dual over the single recuperative
system.

In the STBC cases studied, higher exergy losses were seen at the receiver and recuperator. Opportunities to reduce irre-
versibilities in the recuperative system exist with the choice of the cross sectional profiles for the absorber tubes. Jebasingh
et al. [11] observed that the efficiency of the collector system was improved with elliptical as against circular cross sectional
absorber tubes. Shah [25] observed circular cross sections has reduced surface areas for flow, lower heat transfer coefficient
and larger pressure drops which encourage the formation of irreversibilities thereby reducing the exergetic efficiency of the
system [7,26].

Efficient recuperation is crucial to improved efficiency and performance for power cycles and counter flow recuperative
systems have been found to be effective in STBC systems [2,25]. The parallel plate heat exchanger (PPHE) has been used
in the study of a simple case and analysis revealed that it is the second most dominant source of exergy loss (|18]; Le
Roux et al., 2014). The SPHE unlike the PPHE circulates cold fluid from its outer section through its rolled plates and exits
it through the center while the hot fluid flows likewise from the alternate direction [4]. The SPHE provides a large heat
surface area amid a reduction in fouling in ensuring an improved heat transfer and would be applied in this study [22].

In this paper, EGM is performed on three variants of a STBC model with a dual serial recuperative system. With an HTR
and LTR in place, it attempts to improve waste heat recovery with dual recuperation as against a single recuperative means
and compare the effects of the spiral and parallel plate heat exchangers in improving the TIT. The solar receiver absorber
tubular would be varied using the elliptical, rectangular and circular geometry. The particle swarm algorithm, a stochastic
optimization tool will be used for the cycle’s optimization. It is intended that the study will provide further knowledge
needed in the optimization and deployment of STBC for small scale power generation.

3
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Fig. 2. Schematic shows Model 2 with Intercooling and Recuperation.

Cycle Description

Figs. 1-3 shows the schematic representation of the modified STBC cycle to be analyzed. The models drawn each includes
the HTR and LTR system and are derived based on component arrangements within the cycle.

Model 1: STBC with recuperation only.

Model 2: STBC with Intercooling and recuperation.

Model 3: STBC with, Intercooling, Reheat and recuperation.

Components used in the STBC design includes dish-mounted modified cavity receiver, counter-flow recuperators
(PPHE/SPHE), intercooler and automotive turbochargers configured as turbomachines.

The system is considered to have air at its ambient temperature of 30K and pressure of 101325Pa as its cycle’s working
fluid. All heat transfer process are assumed to be steady while a constant high temperature reservoir is used as source of
heat addition exergy. For simplicity in calculations, a 2K temperature drop is assumed along the duct connecting components
and working fluid mass flow rate is constant.
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Fig. 3. Schematic shows Model 3 with Intercooling, Reheat, and Recuperation.
Objective function
For a steady flow system, Jubeh, [12] showed that the exergy balance is derived as (1),
Epeat = W + Enass — Xgest =0 (1)

The parameters in Eq. (1), Epear, W, Emass and Xgei, are defined as exergy transfer by heat, mass, work and lost respec-
tively with Xg.; obtained from (2).

Xdest = To Z sgen (2)

The irreversibility generated in the system is a function of the surrounding temperature and the entropy generated
through all the components in the cycle and is obtained using Guoy-Stodola theorem as seen in Eq. (2). The component
by component entropy generation rate is calculated using Eq. (3). Hence, the total entropy generated by the cycle is calcu-
lated as the sum of the entropy generated by all the components of the cycle.

. . Tout . Pout 1
Sgen = mc,,In(%) - mRIn(%) -7 Z Qe (3)
The total work derived from the power cycle is calculated as;

. . . . T; .
Whet = Qner + mcp(Tin — Tour) — mTonIn(Tl> — Xdest (4)

out

The objective function is taken as Eq. (4), and its parameters are changed to suit other models to be investigated.

Solar receiver and reheater

Parabolic concentrator is used to converge the solar rays from the sun to the receiver for isothermal heating of the
working fluid. Several receiver types have been investigated and suggested for use in solar concentrating technologies (CST).
The modified cavity type shown in Fig. 5 is preferred to the semi-cavity and cavity receiver variant as it produces lower
convection losses. A wall to cavity area ratio of eight (8) is adopted as it was observed to produce minimum convection
losses compared to other design studied [24].

The receiver is made with copper tubes as it has a high thermal conductivity and a melting point of 1200K which is
higher relative to most metals [16]. The simulation is performed with circular, rectangular and elliptical absorber tubes as
shown in Fig. 4. For simplicity in calculations losses due to convection and radiation in the receiver are considered to be
equal [10].
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Fig. 4. Modified cavity receiver with (a) circular, (b) elliptical and (c) rectangular tubing system [24]

Fig. 5. Schematic of the (a) PPHE and (b) SPHE cross-section [13,20].

Hence, the entropy generated in the receiver is calculated using Eq. (5);

. * Q . T . P
Sgen.rec = _% + % + mcplnf = mRInF‘: (5)

Recuperator

The component is used for recovering waste heat from the gas exhausted from the turbine and an optimal heat transfer
area exists which improve the thermal efficiency [5]. Using the PSA, component geometries that dissuade high formation of
irreversibilities will be selected. The PPHE and SPHE systems to be considered on the STBC design are shown in Fig. 5.

The entropy generation in the recuperator is obtained from Eq. (6);

a-k

: . TceThe PcePhe B Tth(Tm reg_To)
S = I — | — —_— 6
gen,reg = MCplN TeiTns \ PeiPhi + T, (6)
The temperature from the cold outlet of the selected heat exchanger is calculated as;
Tc,out = Tc,in —&n (Th,in - Tc,in) (7)

The Intercooling Unit

The cross-flow design of an intercooler, shown in Fig. 6, used by Meas and Bello-Ochende, [18] is employed for its sim-
plicity as its design is oriented to aid the flow of surrounding air by natural convection through its vertical channels.
To obtain the entropy generated by the intercooler, Eq. (8) is used

. T. P, T, — T
Sgen,intercooler = mI:Cp,hicln% - Rlnﬁ + Cp,hic%} (8)
i i sc,ic
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Fig. 6. Schematic representation of the cross-flow intercooler.

Turbine and Compressor Components

Automotive turbomachines are used to simulate the turbine and compressor parameters. The mass flow rate through the
compressor of the microturbine is taken as the mass flow rate of the system. The Garrett range of turbomachines was used
in this work because its work range is readily obtainable [9].

The exergy loss from the turbine and compressor is evaluated using Eq. (9) [12].

: . T, P
Sgen,turbomachine = m[cplni - Rlni] (9)
T; I

The subscripts, i and e denotes inlet and exit of thermodynamic parameters.

Ducts connecting STC Components

A 2K differential is used to obtain the temperature at the duct nodes connecting the components. Its corresponding rate
of entropy generation is obtained via Eq. (10)

' L P 6Ta
A\ m[CpInTj ~Ring + =7 (10)

Nodal Pressure and Temperature Relationship

Values of the pressure and temperature at the commencement of the cycle process is taken as 1 atm and 300K respec-
tively. The pressure and temperature at selected nodes in the system will be obtained using thermodynamic relationship for
calculation of the rate of entropy generation from the individual components.

Pressure and temperature drop at the ducts will be obtained via Eqgs. (11-12)

T. ZTi*Tdrop (11)

Pe=F — (AP *F) (12)
At the turbomachinery components, pressure and temperature are obtained via equations (13-14)

P.=1P, (13)
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Fig. 7. STBC Model 1 Simulation performed using ASIMPTOTE Cycle Tempo.

T, = T(l + (( rek 1)/nwm,,)> (14)

Similar formulation would be used for other cases after the removal of appropriate components unique to the arrange-
ment. For the calculations, thermal conductivity, k, fouling factor, Ry, and plate thickness, ¢, for the recuperator and inter-
cooler are taken as 401 W/mK, 0.001 and 1 mm.

Numerical Optimization

The optimization process commences with the formulation of the objective function and constraints developed with re-
spect to the design [29]. As against the deterministic optimization method, the study leverages the robustness of the stochas-
tic optimization algorithm [28]. The entropy generation parameter, Sgen, is to be minimised subjected to the constraints
imposed on the STBC components. The code begins by generating a swarm of particles which represents the geometric
parameters of components which is weighted by the design constraints. Values defined as “personal best” are then stored
upon evaluating the objective function. The iteration continues until a global best value is obtained. Nabab, [19] summed up
the algorithm in equation (105-106) as;

Vlk]Jrl — W(V{’f]) =+ 1 (Pbestlkj) + Colp (GbeSt]k - Xlk]) (15)

Where X!/ = Xk, + V1(16)
Parameters, ¢; and c, defined as acceleration factors take the value of 2, while the inertia weight, w is set at 0.9.

Program Validation

The codes used for simulating the thermodynamic, geometric and PSO algorithm was written using the MATLAB program.
Optimized geometric parameters obtained for the spiral recuperator in the MATLAB simulation was used to obtain the nodal
pressure and temperature of the STBC Model 1 using Cycle Tempo by ASIMPTOTE as shown in Fig. 7. An observation of the
results as depicted in Fig. 8 shows a good correlation of both results at the start nodes and only begins to deviates as it
approaches the heat exchanger components. A deviation of -0.3 to 6.9% was obtained with an optimal value of 19% recorded
at the exhaust node.

Results and discussions

Optimizations of the three models were performed using the particle swarm-based optimizer tool modelled in MATLAB
with definite collector dish radii and design properties obtained from the Garrett turbomachines. The results obtained from
the simulation are analyzed as follows;

Turbine Inlet Temperature and Recuperator Inlet Temperature

The TIT is amongst the parameter that determines the amount of expansion work available from the turbine. An increased
TIT almost equivocally leads to an increased network output. A comparison of the TIT generated via the STBC variants
studied is presented in Fig. 9-11. Data obtained from a single regenerative system studied by Meas [18] was included in
the analysis (Fig. 11). It is deduced that the TIT values for the dual recuperative system are higher compared to the single
system. Model 2 is observed to generate higher TIT at lower pressure ratios. An optimal TIT value is obtained with the
double serial regenerative SPHE STBC variant at a pressure ratio of 1.8 to 2.0 across all models. It is also observed that
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Fig. 9. Plot showing the TIT values

the SPHE performed better

obtained for Model 1 using the PPHE and SPHE recuperators incorporating differing receiver/reheater channel profiles.

across the pressure ranges compared to the PPHE variant with the elliptical and rectangular

tube configurations delivering higher TIT values. RIT values for the SPHE is also found to be higher than all other models
studied, however it is further observed that the amount of energy available for waste heat recovery reduces with increase
in turbomachine pressure ratio.
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Fig. 10. Plot showing the TIT values obtained for Model 2 using the PPHE and SPHE recuperators incorporating differing receiver/reheater channel profiles.
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Fig. 11. Plot showing the TIT values obtained for Model 3 using the PPHE and SPHE recuperators incorporating differing receiver/reheater channel profiles
(reference case included for comparison).

Net Work Output

The amount of work derived from the turbine across the mass flow range for all variants studied is shown in Figs. 12-13.
Increased work output is obtained in all the models studied with the SPHE system. At higher pressure ratios however, the
net work obtainable is slightly lower than the alternate PPHE system. Optimal net work is observed at a mass flow range of
2.2 - 2.3kg/s, hence a significantly proportional relationship is observed between the TIT and the net work output.

Irreversibility Distribution

Figs. 14-15 shows the distribution of irreversibility generation in the system components at maximum net work output
for Model 1, 2 and 3. It can be deduced that the receiver contributes significantly to the formation of irreversibility within
the system.

Systems with the least irreversibility generation from the receiver include the SPHE for Model 1 and 2 while the PPHE
system achieves this feat in Model 3. An approximate reduction in exergy loss of 22% and 11% from the receiver is observed
in the former and latter respectively.

First and Second Law Efficiency

Based on the work out and heat input to all STBC configurations studied, the first and second law efficiencies were
determined.
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From Fig. 16, it is observed that a strong positive correlation exists between the first and the second law efficiencies.
Optimal efficiencies are noted for all models studied at about a pressure ratio of 1.9 to 2.2 except the circular channel type
which hovers at a ratio of approximately 1.8. With reference to Figs. 9, 10 and 11, efficiency occurs at regions where TIT
peaks. An improved second law efficiency is observed with the SPHE STBC and Model 1 accounts for improved exergy use
amongst the cases studied. It was also noted that the efficiency obtained via rectangular absorber channels were better
compared to the elliptical and circular in that order.
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Fig. 16. Plot shows the first and second law efficiencies of STBC models.

Conclusion

The performance of a serial regenerative solar thermal Brayton cycle was studied using entropy generation minimization
method. The network output was defined as the objective function and a stochastic optimization tool - particle swarm
algorithm was used to minimize the exergy generated within the system. As studies have indicated, the solar receiver and
recuperator are two components with the highest values of entropy generated. This necessitated the modelling of the former
with varying cross-sectional profiles and introduction of the SPHE with the PPHE. Three recuperative STBC case studies
employing the reheat and intercooling methods exclusively and in combination were modelled.

The rectangular profile was observed to reduce exergy loss in the receiver and reheater the most compared to other ab-
sorber profiles. It was also observed that the geometric profiles of the receiver were minimized with the elliptical absorber
profiles. The circular absorber profiles had optimal receiver sizes amidst the most exergy loss. First and second law efficien-
cies were improved on the rectangular profiles for the parallel plate heat exchanger, however it increased further with the
application of the spiral plate exchanger system. The increased total heat surface area obtainable from the latter was influ-
ential to reducing the exergy loss from the regenerative unit. Of all the models studied, the simple dual serial recuperative
system had an improved exergy use.

The impact of the combined recuperative STBC system should be compared with experiments and subjected to further
analysis in the near future. These areas could be in the use of ductless receivers which would reduce complexities arising
from installation, operation and maintenance; optimization of duct lengths. In addition, thermoeconomic study performed
on the system. This would be required to foster the energy de-carbonisation scheme through widespread adoption of CSP
technologies in Africa especially now that efficient thermal energy storage systems could be incorporated to ensure all round
usage of the system. The introduction of the SPHE into the STBC will ensure that the energy source is more compact and
can be deployed in remote locations.
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