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ABSTRACT

In this paper, multi-objective and thermodynamic optimisation procedures are used to investigate
the performance of a parabolic trough receiver with perforated plate inserts. Three dimensionless
perforated plate geometrical parameters considered in the optimisation include the dimensionless
orientation angle, the dimensionless plate diameter and the plate spacing per unit meter. The
Reynolds number varies in the range 1.02 x 10 < Re < 1.36x10° depending on the fluid
temperature. The multi-objective optimisation was realised through the combined use of
computational fluid dynamics, design of experiments, response surface methodology and the
Non-dominated Sorted Genetic Algorithm-1l. For thermodynamic optimisation, the entropy
generation minimisation method was used to determine configurations with minimum entropy

generation rates.

Keywords: Entropy generation minimisation, Heat transfer performance, Multi-objective
optimisation, Parabolic trough receiver, Perforated plate inserts, Thermodynamic optimisation

NOMENCLATURE

A Area, m?

Ay Collector’s projected aperture area, m*
ac Collector aperture width, m

A Absorber tube’s projected area, m?

Be Bejan number

Cop Inertial resistance factor, m™

Co Specific heat capacity, J kg™ K™
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Cr Concentration ratio

d Perforated plate diameter, m

dgi Glass cover inner diameter, m

dgo Glass cover outer diameter, m

dri Absorber tube inner diameter, m

dro Absorber tube outer diameter, m

DNI Direct normal irradiance, Wm™

f Darcy friction factor

h Heat transfer coefficient, W m?K™

hu Wind heat transfer coefficient, W m2K™

Iy Direct solar radiation. W m™

k Turbulent kinetic energy per unit mass, m? s
L Receiver length, m

Nu Nusselt number

Ns en Entropy generation ratio = Sgen/(Sgen)o

P Pressure, Pa

p Perforated plate spacing, m

Pr Prandtl number

qQ" Heat flux, W m™

r Radial position, m

Re Reynolds number

Sgen Entropy generation rate due to heat transfer and fluid friction, W K™
S'gen Entropy generation rate per unit meter W m*K™*

(S'gqen)n  Entropy generation due to heat transfer per meter, W miK?
(S'een)e  Entropy generation due to fluid friction per meter, W m™ K™
Sm Momentum source term

T Temperature, K

u,v,w Velocity components, m s™

Y, Volume, m®

Vi Wind velocity, m s™

Ui, Uj Averaged velocity components, m s*
ui',uj' Velocity fluctuations, m s™

Xi, Xj Spatial coordinates, m

X,Y,Z Cartesian coordinates

y* Dimensionless wall coordinate
—pu’  Reynolds stresses, N m™

vp Pressure drop, Pa

Am Perforated plate thickness, m

Greek letters

a Absorber tube absorptivity

ap Permeability of the perforated plate, m?
Oht Turbulent Prandtl number for energy

S Plate orientation angle, degrees

Jij Kronecker delta

é Emissivity



Or Collector rim angle, degrees
p Density, kg m™

p Collector Reflectance

A Fluid thermal conductivity, Wm™ K™
No Optical efficiency, %

Tq Glass cover transmissivity
Tw Wall shear stress

0 Receiver angle, degrees

u Viscosity, Pa s

Lt Turbulent viscosity, Pa s

M, Friction velocity,m/s

et Effective viscosity, Pa s

v Kinematic viscosity, m?s™
Subscripts

amb Ambient state

f Fluid

gi Inner glass cover wall

go outer glass cover wall

i, K General spatial indices

max Maximum value

0 Reference case (plain absorber tube - no inserts)
ro Absorber tube outer wall

ri Absorber tube inner wall
sky Sky temperature

t Turbulent

w Wall

Superscripts

- Mean value
- Dimensionless value
Fluctuation from mean value

1. Introduction

Heat transfer enhancement in heat exchangers and in other thermal applications is of significant
importance. Not only does it result in energy savings but has other benefits depending on the
application under consideration such as heat exchanger weight and size reduction, reduction in

device temperatures and reduction in the temperature difference between process fluids.

In parabolic trough receivers, heat transfer enhancement has potential to reduce absorber tube
circumferential temperature gradients [1,2] and also reduce absorber tube temperatures thus

lower receiver thermal loss and improved receiver thermal performance [3-5]. Moreover, as



parabolic trough systems with high optical efficiencies and high concentration ratios become
feasible [6,7], high heat fluxes and high absorber tube temperature gradients will result. As such,
improved heat transfer performance will be essential to minimise absorber tube temperature
gradients as well as improve the performance and reliability of the receiver at these high
concentration ratios. More still, an increase in concentration ratios leads to increased entropy
generation rates due to the increased finite temperature differences as concentration ratios
increase [8,9]. As such, heat transfer enhancement can also act to minimise the entropy
generation in the receiver. For these reasons, heat transfer enhancement in parabolic trough

receivers has received considerable attention in the last few decades.

Passive heat transfer enhancement techniques are widely researched and applied in many
industrial applications since they require no direct power input as compared to active techniques.
Several researchers have applied some of the passive heat transfer enhancement techniques to
improve the performance of parabolic trough receivers. Reddy et al. [10] numerically analysed a
receiver with various porous and longitudinal fin geometries. Ravi Kumar and Reddy [11]
investigated the performance of the receiver with a porous disc. Different angles of orientation,
porous disc heights and distances between the consecutive discs were considered. Mufioz and
Abanades [2] analysed an internally helically finned absorber tube to improve the thermal
performance of the receiver and minimise the temperature gradients in the receiver’s absorber
tube. Recently Cheng et al. [12] analysed the heat transfer enhancement of parabolic trough
receivers using unilateral longitudinal vortex generators. In these studies, the potential for

improved heat transfer performance in receivers with heat transfer enhancement is demonstrated.

Most heat transfer fluids used in parabolic trough receivers decompose rapidly at temperatures
above 400 °C [13,14], leading hydrogen permeation in the receiver’s annulus space which
exacerbates receiver heat loss. Therefore, heat transfer enhancement mechanism in the receiver’s
absorber tube should avoid any hot spots and absorber tube surface modification should be done
while taking into account likely thermal stresses. Therefore, use of tube inserts appears to be a
sure way of avoiding temperature hotspots and thermal stress in the absorber tube. Porous media
or perforated inserts present several benefits when compared with solid inserts such as
lightweight, low fluid friction and potential for forcing uniform flow distribution [15]. In this
study, the use of perforated plate inserts for heat transfer enhancement in a parabolic trough

receiver is investigated.



However, besides improving heat transfer performance, heat transfer enhancement techniques
also result in an increase in fluid friction. Therefore, to optimise the performance a particular
heat transfer enhancement technique, increasing the heat transfer and reducing fluid friction
should be considered at the same time. This presents a multi-objective optimisation problem, in
which the heat transfer performance is to be maximised and the fluid friction is to be minimised.
In this case, the two objectives are conflicting with each other such that as the heat transfer
performance increases the fluid friction also increases. There is no single design that is “best” for
all the objectives when both objectives are of the same importance.

In such a case, a set of best solutions often called non-dominated solutions or Pareto optimal
solutions [16,17] is sought, such that selecting any one solution in place of another sacrifices
quality of one of the objectives while improving the other objective. Genetic algorithms are
suited for optimisation of these classes of problems in many applications including fluid flow
and heat transfer problems [18]. Detailed description of genetic algorithms and their suitability
for use in optimisation of multi-objective problems is provided in Refs. [17,18]. Researchers who
have used genetic algorithms for multi-objective optimisation of heat transfer and fluid flow
problems include Kim et al. [19], Ndao et al. [20], Cortes-Quiroz et al. [21,22] and
Karathanassis et al.[23]. Other authors have applied multi-objective optimisation to thermal

systems such as refrigeration systems [24] and energy storage systems [25-27].

Most investigations on heat transfer enhancement use the first law of thermodynamics to
characterize the resulting thermo-hydraulic performance. Studies that use the second law of
thermodynamics to investigate both the thermo-hydraulic and thermodynamic performance of
heat transfer enhancement techniques are not wide spread. The second law of thermodynamics
provides a means of specifying the quality of the available energy. In this investigation, we use
both multi-objective optimisation and thermodynamic optimisation to optimize the heat transfer,
fluid friction and thermodynamic performance of a parabolic trough receiver with perforated

plate inserts.

2. Physical model and computational domain

The physical model of the receiver with perforated plates under consideration in this study is

shown in Figs. 1(a) and 1(b). Similar to the conventional parabolic trough receivers, the space
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Fig. 1 Representation of the parabolic trough receiver physical model (a) longitudinal section of the receiver with
perforated plate inserts (b) cross-section of the receiver tube with perforated plates (c) Periodic computational
domain

between the absorber tube and the glass cover is considered evacuated. Thus, only the radiation

heat loss takes place between the absorber tube and the glass cover.

From Fig. 1(a), three geometrical parameters of the perforated plate are defined: the spacing
between the two consecutive perforated plates (p), the diameter of the perforated plate (d) and
the angle of orientation (f). The angle of orientation is measured from the positive y-axis, where

p is positive in the anti-clockwise direction and negative in the clockwise direction. In our



analysis, the effect of the central rod and other supports on the receiver’s thermal performance is

considered negligible.

Because of the symmetrical nature of the problem, only half of the receiver was considered.
Furthermore, the flow in the absorber tube becomes periodically fully developed far from the
entrance, as such, only a periodic module of the receiver is considered. The computational
domain used is shown in Fig. 1(c). The receiver has an absorber tube with an internal diameter
of 66 mm and an outer diameter of 70 mm. The glass cover inner and outer diameters are 115
mm and 120 mm respectively similar to the SEGS-LS2 receiver [28]. The geometrical and other

parameters used in this study are shown in Table 1.

Table 1. Geometrical and optical values of the parabolic trough collector

Reflector Receiver Perforated plate
ac 6.0m di 0.066 m p -30° to 30°
L, 7.8m dro 0.07m d 0.03-0.06 m
p 0.96 Ty 0.97 p 0.04-0.20m
o 0.0002 mrad a 0.96

3. Numerical analysis
3.1 Governing equations

Due to the high heat fluxes on the receiver’s absorber tube, high flow rates are usually used for
better heat transfer performance. Therefore, we considered the flow inside the absorber tube to

be steady-state and fully developed turbulent. As such, the governing equations are:

Continuity equation

olpu,)
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Momentum equation
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Where — puju’ are the Reynolds stresses, u; u; are the time-averaged velocity components in the
I- and j-directions respectively, T is the time-averaged temperature and P is the time averaged
pressure. Mt IS the effective viscosity given by uetr = u+ur and A is the fluid thermal conductivity.
For relatively low computation cost, the Reynolds stresses are related to the mean velocity
gradients using the Boussinesq approach [29] through:

e ou, ou; | 2 ou
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PU; U] M[éx_ ax) 3[19 H axk] ) (4)

] 1

Where K is the turbulent kinetic energy per unit mass given by
kzl(u_’2+\7+m) )
2

A number of turbulence models based on the Boussinesq approach have been developed to solve
the closure problem in Egs. (1) - (3). The k-¢ models are the widely used and validated models
for most flows present in engineering applications [29-31]. For this study, the realisable k-¢

model [29,31] was used for turbulence modeling.

The source term (Sp) added to the momentum equation in Eq. (2) represents the pressure drop
across the perforated plate. The perforated plate is modeled as porous media of finite thickness
with directional permeability over which there is a pressure drop. For porous media, the pressure
drop is defined accordingly as a sum of the viscous term and an inertial loss term according to

Darcy’s law as [29]

ap

Vp:—(iui +C2p%p|u|uiJAm (6)

Where oy is the permeability of the porous medium, Cy, is the inertial resistance factor, Am is the
thickness of the porous media. For perforated plates, the first term representing the viscous loss
is negligible and only the inertial loss term should be considered [29,32]. The coefficient Cy, has
been determined from data presented by Weber et al. [33] for perforated plates and flat bar

screens. Cyp = 853 m™ in the stream wise direction for the considered porosity of 0.65 and plate



thickness of 0.0015 m. The values of the inertial resistance factor in other directions are

considered very large to restrict flow in those directions.
3.2 Boundary conditions

The boundary conditions used include: (1) a non-uniform heat flux on the outer wall of the

absorber tube. The heat flux distribution used in this study is shown in Fig. 2 as determined using
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Fig. 2 Heat flux distribution as a function of absorber tube circumferential angle

ray tracing in SolTrace [34]. For this study, the rim angle (o) used was 80° and the aperture
width was 6 m giving a geometric concentration ratio (Cg) of 86 slightly higher than the
Eurotrough collector (Cgr = 82) [1]. The receiver angle 6, is the receiver’s circumferential angle
shown in Fig. 1(b). The direct normal irradiance (DNI) varies with location, time of the day and

tracking mechanism used, in this study a DNI of 1000 W/m? which is slightly higher than values



measured by Dudley et al.[28] was assumed. (2) Periodic boundary conditions are used for the
absorber tube’s inlet and outlet. (3) The inner absorber tube walls are considered no-slip and no-
penetration. (4) For the inlet and outlet of the receiver’s annulus space, symmetry boundary
condition is used such that the normal gradients of all flow variables are zero. (5) For the outer
wall of the glass cover, a mixed boundary condition is used to account for both radiation and
convection heat transfer. The receiver exchanges heat by radiation with the larger enclosure, the
sky. The sky temperature is determined as a function of the ambient temperature from Garcia-

Valladares and Veldzquez [35] as:

T, =0.0552 T, (7
The ambient temperature of 300 K was used and Boltzmann law accounts for this radiation
exchange. The convention heat transfer coefficient used for the convection boundary condition is
given by Mullick and Nanda [36] as:

h, =V,*d,, @)
Where V,, is the wind speed, taken as 2 m/s in this study and dy, is the glass cover outer diameter.
The concentration ratio, Cr is defined as Cr = AJ/A;, where A, is the projected area of the
collector’s aperture and A is the projected area of the absorber tube. (6) On the symmetry plane,

the normal velocity and the normal gradients of all flow variables are zero.
3.3 Solution procedure

The numerical solution was implemented was implemented in ANSYS® 14.5. The
computational domain was discretised using tetrahedral elements with structured elements in the
wall normal directions for the absorber tube and structured hexahedral elements for the
receiver’s annulus space. The governing equations together with the boundary conditions were
solved using a finite-volume method implemented in a computational fluid dynamics code
ANSYS FLUENT [29].

The coupling of pressure and velocity and was done with the SIMPLE algorithm [37]. Second-
order upwind schemes were employed for integrating the governing equations together with the
boundary conditions over the computational domain. To capture the high resolution of gradients
in the near wall regions, the y* value of about 1 was ensured for all simulations. The enhanced

wall treatment [29] was used for modeling the near-wall phenomena for such low values of y™.



Where y* = yu, /v, v is the fluid’s kinematic viscosity, y is the distance from the wall, and u, is the
friction velocity given by u_= J(rwlp) :

The solution was considered converged when the scaled residuals of continuity, momentum,
turbulence kinetic energy, turbulent dissipation rate and energy ceased changing after about 100
successive iterations. The values of the scaled residuals after these iterations were in the order of
less than 10 for the continuity equation, less than 107 for velocity, turbulent kinetic energy and

turbulent dissipation rate and less than 107 for energy.

SYLTHERM 800 was used as the heat transfer fluid [38] in the absorber tube. For fluid
temperatures 400 K, 500K and 600 K used the fluid properties are shown in Table 2. The

Table 2. Heat transfer fluid properties [38]

Ts =400 K T =500 K T¢ =600 K
Density (kg/m°) 840 746 638
Viscosity (Pas) 0.002164 0.000816 0.000386
Thermal conductivity (W/m K) 0.1148 0.0958 0.0770
Specific heat capacity (J/kg K) 1791.64 1964.47 2135.30

absorber tube is made of stainless steel (321H) and the glass cover is made of Pyrex® [39]. The
emissivity of the absorber tube’s selective coating is given by Forristall [39] as
¢=0.000327(T+273.15) - 0.065971. 9)
Where T is the average absorber tube temperature in °C.

Grid dependence tests were carried out for representative cases of perforated plate arrangements
at all Reynolds numbers considered in the study. The solution was considered grid independent
when the maximum change of the entropy generation rate, Nusselt number and friction factor
was less than 1% as the mesh element size was changed. The number of mesh elements depends
on the insert spacing, insert size and insert orientation. In this study, the number of mesh
elements were in the range 90 800 — 450 800. The changes in friction factor, Nusselt number and

entropy generation as the mesh size was changed are given by
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The indices i and i+1 indicate the mesh before and after refinement respectively. Sample mesh
used in this study is shown in Fig. 3.
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Fig. 3 Sample mesh of a receiver with a perforated plate insert

3.4 Data reduction

From Fig. 1(a) the following non-dimensional variables are defined

p=p/L; B=pIA,;d=d/d, (11)
Where L is 1 m and S, is 30°, pis the non-dimensional plate spacing, dis the non-

dimensional plate size and 3 is the non-dimensional plate orientation angle.

The results from our numerical analysis are presented using the following parameters:

The average heat transfer coefficient is given by



h=q"/(T,-T,) (12)
In which, T, is the average inner wall temperature of the absorber tube and T, is the bulk

temperature of the fluid at the periodic boundaries.
The average Nusselt number is given by

Nu=hd /2 (13)
Where, /1 is the thermal conductivity of the fluid.

The Reynolds number for both the enhanced absorber tube and non-enhanced absorber tube is

defined as
Re = uinlei/' dri (14)

Where, v is the kinematic coefficient of viscosity of the heat transfer fluid.

The friction factor is defined as:

L (15)
7 P Uinet “dri

4. Optimisation

4.1 Multi-objective optimization

In its general form, a multi-objective optimisation problem can be written as [17]:

Minimise/maximise  fy(x), m=1,2,...... M,

Subject to gi(x)>0 J=1,2 . J; (16)
h(X) =0 k=12.......K
Xi(L)SXiSXi(U) i =12 ...........n.

Where fi,(x) is the objective function, M is the number of functions to be optimised. A solution x
is a vector of n decision variables such that x = (X1, Xa,....,Xn)". gj(x) and hy(x) are constraint
functions with J representing the inequality constraints and K the equality constraints. The last
set represents the variable bounds, with each variable taking a value within the specified lower

limit ;" and upper limit ;.



Multi-objective optimisation uses the concept of domination, which is implemented in most
multi-objective algorithms to obtain a set of solutions that are not dominated [17]. A solution x®
is said to dominate solution x® if these two conditions are true [17].

e The solution X is no worse than x® in all objectives

e The solution X is strictly better than x in at least one objective

Determination of a set of solutions that are not dominated with respect to each other is the
purpose of multi-objective optimisation. These solutions are often referred to as the non-
dominated or Pareto optimal solutions. Given two non-dominated solutions, where both
objectives are important, it is not possible to say which of the solutions is better than the other.
The solutions in the non-dominated set are better than the rest of the solutions in the design space
[17].

4.2 Design variables and objective functions

The three geometrical design variables considered are shown in Fig.1(a), the spacing between

two consecutive plates, the orientation angle of the plate and diameter of the perforated plate.

The dimensionless form of these variables is f, 3 and d respectively as defined in Eq. (11).

The two objective functions to be optimised in this study are the heat transfer performance in
terms of the Nusselt number given by Eq. (13) and the pressure drop given in terms of fluid

friction given by Eq. (15). The design space for the optimisation process as defined in terms of
lower and upper bounds of design variables used was -1 < B < 1, 0.31 <d< 0.91 and

0.04 <p<0.20.

4.3 Optimisation procedure

The optimisation was carried out using the design exploration toolbox available in ANSYS®
145 [16]. The flow chart showing the optimisation procedure is shown in Fig. 4. The
optimisation process starts by building an accurate physical model of the problem. This includes
selection of design parameters and their ranges of variation as well as specification of
performance parameters. An initial solution is then obtained and used as a base case for the

optimisation process.
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Fig. 4 Multi-objective optimisation flow chart




Using Design of Experiments (DOE), a set of design points corresponding to different
geometrical configurations was then generated based on the selected DOE type. For
deterministic computer experiments “space filling” designs are considered efficient since they
treat the design space equally [16,41]. They also support the use of higher order meta-models
including Kriging meta-models adopted for this study [16]. Therefore, the optimal space filling

DOE type [16] was used. About 30 design points were sufficient in each case.

Once all the design points are updated, a response surface or a meta-model that relates the
performance parameters to the design parameters was constructed. The accuracy of the response
surface is essential for the remaining steps [42]. In this study, we used the Kriging meta-model
[16] an interpolating meta-modeling technique to improve the accuracy of our response surfaces.
The Kriging meta-model in ANSYS® 14.5 [16] has an automated refinement procedure. It
determines where more design points are needed in a response surface to improve its accuracy.
The refinement terminates when the number of specified refinement points is reached or when
the specified predicted relative error has been achieved [16]. The predicted relative error in all

cases was set to 5% and 10 refinement points were more than enough for a converged solution.

An optimisation algorithm was then applied to the obtained response surface. The multi-
objective genetic algorithm used in ANSYS® 14.5 is a hybrid variant of the famous NSGA-II
(Non-dominated sorted genetic algorithm-I1) based on controlled elitism concepts [16]. The
convergence of the optimisation procedure depends on the problem and the specified Pareto
percentage. Convergence was obtained after less than 15 iterations at a given Reynolds number.

The non-dominated or Pareto optimal solutions obtained in the preceding step represent optimal
designs in the multi-objective sense. To choose any of them designer needs higher level
information such as weights of each objective or relative importance of the objectives. A
decision support process which uses a goal-based, weighted, aggregation-based design ranking
technique [16] was used to obtain a set number of optimal design candidates. In this method, the
design candidates are ranked based on the single weighted objective function. The value of the
weighted objective function depends on the weights given to the performance parameters and
decision variables according to their order of importance. In this study, all the design parameters
and decision variables were assumed equally important. Therefore, default values were used
[16].



The purpose of the sensitivity analysis is to investigate the effect of given variables on the
objective functions as well as optimal results. In this study, the effect of changing the Reynolds
number and inlet temperature on optimal results is investigated. The Reynolds numbers used
were in the range 1.04 x 10* < Re < 1.36x10° depending on the fluid temperature used. The fluid
temperatures were fixed at 400 K, 500 K and 600 K in turn at any given flow rate/Reynolds

number.

5. Results and discussions

5.1 Validation of numerical results

Our numerical model was validated in a number of steps. First, we have compared our results
with experimental data from Dudley et al. [28] for temperature gain and collector efficiency to
validate that our receiver model is accurate. Good agreement was achieved for both the
temperature gain and the collector efficiency with a maximum deviation of less than 8% as

shown in Table 3.

Table 3: Temperature gain and collector efficiency validation with experimental data from Dudley et al. [28]

Efficiency Efficienc

%

Wind Air AT (°C) % ]

DNI Flowrate  Tinet AT (°C) (Experimental y error

) speed  temperature . . (Present  error

(W/m°) (L/min) (°C)  (Experimental) ) (present
(m/s) (°C) study) AT
study)

1 9337 2.6 21.2 47.70 102.2 21.80 22.11 1.44 72.51 72.78 0.37
2 968.2 3.7 224 47.78 151.0 22.30 22.02 -1.26 70.90 72.11 1.70
3 9823 2.5 24.3 49.10 197.5 22.00 21.26 -3.36 70.17 70.61 0.63
4 909.5 3.3 26.2 54.70 250.7 18.70 18.90 1.07 70.25 68.20 -2.91
5 9379 1 28.8 55.50 297.8 19.10 17.71 -7.28 67.98 62.65 -7.85
6 880.6 2.9 27.5 55.60 299.0 18.20 16.95 -6.86 68.92 64.50 -6.41
7 9209 2.6 29.5 56.80 379.5 18.10 17.39 -3.92 62.34 58.48 -6.19
8 9032 4.2 311 56.30 355.9 18.50 17.22 -6.92 63.83 59.60 -6.63

The perforated plate model was validated using data from Gan and Riffat [43]. The variation of
the pressure coefficient k = ps/p, with distance from the perforated plate is shown in Fig. 5. The
same trend was been obtained in the current work with maximum deviation of less than 3%. (ps

is the static pressure and py is the velocity pressure = Y5p17).
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¢ Ganand Riffat [43]
v Present study

Distance from perforated plate (m)

Fig. 5 Validation of the perforate plate model pressure coefficient with literature

Table 4: Validation of the perforated plate model with Ravi Kumar and Reddy [11]

Nusselt Number Drag coefficient = 2AP / pu?
Reynolds
number Kumar and Present Percent Kumar and Present study Percent

Reddy[11] study Deviation Reddy[3] Deviation
6.37 x 10" 550 600 9.1 1380 1250 -9.4
1.27 x 10° 925 986 6.6 1057 1150 8.8
1.91 x 10° 1321 1375 4.1 1008 1040 3.2
2.55 x 10° 1704 1750 2.7 982 1000 1.8

Because the perforated plate is modeled in CFD as porous media with negligible viscous loss,
numerical data from Ravi Kumar and Reddy [11] for a receiver with a wall mounted porous disc

at different angles was also used for further comparison. Table 4 shows the comparison of our



Nu

numerical model with Ravi Kumar and Reddy [11] for the orientation of the porous disc of 30°.

Good agreement was achieved for both Nusselt number and drag coefficient.
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Figs. 6(a) and 6(b) show the variation of Nusselt number with Reynolds number at different

values of plate spacing for 3 = 1 and d = 0.91 when the fluid temperature is 400 K and 600 K

respectively. As shown, higher values of Reynolds numbers give higher heat transfer rates. The

figures further show that, as the spacing between consecutive plates reduces the heat transfer

performance increases. Higher Nusselt numbers and Reynolds numbers are observed for a

temperature of 600 K than for 400 K at comparable flow rates. This is because as the
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Fig. 7 Fluid in a receiver with perforated plate inserts (a) as a function of insert size and insert orientation for Re =

1.94 x10%, T; = 400 K and P = 0.04, (b) as a function of Reynolds number and insert spacing for d =0.91, ,B =1

and T = 400 K and (c) as a function of Reynolds number and insert spacing for d-= 0.91, ﬁ =1 and T;= 600 K

temperatures increase, fluid thermal properties change significantly. The fluid becomes less

dense and less viscous giving higher Reynolds numbers, a thinner thermal boundary layer and

better heat transfer rates as temperatures increase. As expected, the heat transfer performance



was found to increase as the perforated plate size increases at any given fluid temperature,
spacing and Reynolds number. The heat transfer performance also increased as the size of the
plate increases and as the orientation angle increases. An increase in plate size leads to higher
fluid impingement thus higher heat transfer rates. Positive angles of orientation provide slightly
higher fluid impingement on the absorber tube’s lower wall, which receives most heat flux
(concentrated heat flux). For the range of parameters considered the heat transfer performance

increases between 1.02 — 2.34 times compared to a receiver with a plain absorber tube.

Fig. 7 (a) shows the variation of friction factors with plate size at different values of plate

orientation angle. Generally, fluid friction increases with plate size. Low fluid friction is shown
to exist at both # =1 and £ = -1. Orienting the plate slightly reduces fluid friction. Equal but

opposite angles of orientation are shown to give the same resistance to fluid flow.

Figs. 7 (b) and 7 (c) shows the variation of fluid friction with Reynolds number at different
values of plate spacing for Tr = 400 K and 600 K respectively. The same variation is shown to
exist at the different temperatures. A decrease in spacing increases fluid friction due to increased
flow blockage by the increased number of plates. For the range of parameters considered, fluid
friction increases in the range 1.44 — 104 times compared to a receiver with a plain absorber
tube.

5.3 Pareto optimal solutions

Fig. 8(a) — 8(c) shows samples of the 3-D Pareto fronts showing the variation of design variables
with the objective functions at a Reynolds number of 1.02 x 10* and fluid temperature of 400 K.
The figures provide a means for visualising the variation of each variable with the objective
functions. A set of solutions from which to choose is shown in these figures. From these figures,
a 2-D curve showing the Pareto front for friction factor and Nusselt number is derived as shown
in Fig. 8(d). As expected, this is a continuous curve along which selecting any one of the
solutions will improve one of the objectives while sacrificing the quality of the other objective.
Fig. 9 (a) shows different Pareto optimal solution sets at three different Reynolds numbers and an
inlet temperature of 400 K. As discussed earlier, higher Reynolds numbers give better heat
transfer performance, thus at high Reynolds numbers the heat transfer performance is higher.
Fig. 9 (b) shows the optimal solution sets at a flow rate of 43 mh for different fluid

temperatures. The same trend as seen in Figs. 8(d) and 9(a) is obtained. Higher fluid
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temperatures show higher Nusselt numbers as was earlier discussed. All the solutions on the
Pareto front are optimum solutions for a multi-objective optimisation problem. The choice of the

final design point can be obtained, depending on the importance of each objective [16].

Using the decision support process discussed in section 4.3, several design candidates are
identified for each value of Reynolds number in their order of importance. Figs. 10 (a-c) show
the variation of design variables for the highly ranked design point at each fluid temperature and
flow rate. Fig. 10(a) shows the variation of the optimal plate orientation with flow rate at
different values of fluid temperature. As shown, the flow rate and fluid temperature do not affect

the optimal plate orientation significantly. The value of (B) varies between 0.985 — 0.999 as

opt
shown in the figure. Fig. 10(b) shows the variation of the optimal plate size with flow rate at

different values of fluid temperature. The optimal plate diameter does not vary significantly with

the flow rate. The optimal plate size, (d) t is about 0.82, 0.78 and 0.76 at 400 K, 500 K and 600
op!

K respectively. As shown in Fig. 10(c), the optimal plate spacing is very small and almost

constant, about 0.036 for lower flow rates, then suddenly increases and becomes constant again
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for flow rates higher than 36 m%h at each fluid temperature. It should be noted that these values
are just representative and will vary depending on the weights for each objective and other

constraints as well as the decision support method used.

At the optimal values of plate size, plate spacing and plate orientation in Figs. 10(a-c), the heat
transfer performance is enhanced in the range 1.92 — 2.11 while the fluid friction is in the range

30-39 times depending on the flow rate and fluid temperature.
5.4 Thermodynamic optimisation

The entropy generation minimisation method is one of the second law concepts used to define
thermodynamically optimal thermal processes, thermal system components and thermal systems.
The entropy generation method is widely used for design and optimisation of thermal systems
and thermal system components [44-47]. Minimum entropy generation corresponds to the
maximum power output since destruction of available work will be a minimum according to the
Gouy-Stodola theorem [44].

For heat transfer enhancement, the ratio of entropy generation due to heat transfer enhancement
to the entropy generation for a non-enhanced device Nsen= Sgen/(Sgen)o IS Used to characterise the
thermodynamic performance. This ratio should be less than 1 for better thermodynamic

performance [44].

To determine the entropy generation rates, the method proposed by Herwig and Kock [45] was
used in this study. The entropy generation rate is determined as a sum of the heat transfer
irreversibility (Sgen)n and the fluid friction irreversibility (Sqgen)r from the relevant equations [45].

The validation of this method was done in our previous work [8] and will not be presented here.

Fig. 11(a) shows the variation of the entropy generation due to fluid friction with Reynolds
number at different values of plate spacing at T; = 400 K, 8 =1 and d = 0.91. Fig. 11 (b)

shows the variation of entropy generation due to heat transfer with Reynolds number at different
values of plate spacing. In general, as the fluid friction increases, the entropy generation due to
fluid friction increases. As the heat transfer performance increases leading to reduction in the
finite temperature difference, the entropy generation due to heat transfer irreversibility reduces.

The same trend exists at other values of plate orientation and fluid temperatures.
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The superposition of Figs. 11(a) and 11 (b) yields the value of the total entropy generation rate as
shown in Figs. 11(c) and 11(d) for # =1 and d = 0.91 at 400 K and 600 K respectively. At all

temperatures and a given plate spacing, there is some Reynolds number at which the entropy
generation rate is a minimum. Figs. 11(c) and 11 (d) also show that, at low Reynolds numbers
the entropy generation due to heat transfer enhancement is less than that in a receiver with a
plain absorber tube. At higher Reynolds numbers, the entropy generation rate increases
tremendously and becomes more than that in a receiver with plain absorber tube. Lower than the
optimal Reynolds numbers, the entropy generation rates are reduced up to 53% depending on the
perforated plate geometrical parameters, Reynolds number and fluid temperature.

For the different values of perforated plate orientation, the minimum entropy generation rate
occurs at B = 1. At this value, fluid flow irreversibilities are low due to low fluid friction and
heat transfer irreversibilities are high due to higher heat transfer rates. Therefore, optimum
values of Reynolds numbers at each value of plate spacing and size are presented for § = 1. The

optimal Reynolds number is determined by fixing the plate spacing and determining the
Reynolds number at which the entropy generation is minimum for given sizes of the perforated
plate.

Fig. 12 shows the variation of the optimal Reynolds number with insert size at different values of
insert spacing. As shown in Figs. 12(a) and 12(b), the optimal Reynolds number generally
reduces as the size of the plate increases and increases as plate spacing increases. At low flow
rates/Reynolds numbers, larger plate sizes are required for better heat transfer enhancement. At
high flow rates, increased turbulence contributes to the improvement in heat transfer and the
pressure drop becomes higher such that smaller plate sizes and larger insert spacing are
sufficient. Figs. 12(a) and 12(b) also show the optimal Reynolds number to increase as the fluid

temperature increases.
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6. Conclusion

In the present study, the use of multi-objective optimisation and thermodynamic optimisation in
arriving at optimal solutions for a receiver with perforated plate inserts was presented. In the
multi-objective optimisation part, the NSGA-II algorithm was used to obtain Pareto optimal
solutions for the Nusselt number and pressure drop. Using a goal-based, weighted, aggregation-

based decision ranking method, representative design candidates were obtained and presented.

In the thermodynamic optimisation part, the entropy generation minimisation method was used
to obtain thermodynamically optimal configurations. At a given Reynolds number, the entropy
generation was shown to decrease as the angle of orientation increased. This method also
indicated the presence of an optimal Reynolds number for which the generated entropy is a

minimum. The optimal Reynolds number was shown to decrease with increasing plate size and



decreasing plate spacing. Below the optimal Reynolds number entropy generation rates are

reduced by about 53% with heat transfer enhancement.
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