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Abstract:

The Linear Fresnel Reflector Solar Concentrator (LFRSC) system is one of the basic solar equipment through which solar
energy is converted into thermal energy with the help of heat transfer fluid which flows through the absorber. A detailed
review of the literature that deals with the numerical analysis in the design of absorber is presented. Most of the researchers
used Computational Fluid Dynamics (CFD) as a numerical simulation tool for modeling the absorber. CFD uses powerful
computer and applied mathematics, to model fluid flow situations for the prediction of heat and momentum transfer of the
flow processes. The quality of the solutions obtained from CFD simulation is largely within the acceptable range as
compared to experimental values proving that CFD is an effective tool for predicting the behavior and performance of an
absorber. In most of the reviews, a modern CFD code ANSYS FLUENT version is used to simulate heat transfer and fluid
flow through a conventional absorber of LFRSC system. The review is performed in a thematic way in order to allow an
easier comparison, discussion and evaluation of the findings obtained by researchers related to modeling of the absorber
which affects the performance of LFRSC system.
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1. Introduction

Due to global warming, an emphasis has been placed on the provision of energy from renewable sources. Whilst renewable energy
source can take many forms, solar energy has emerged as the most promising and reliable source available. Solar energy can be
harnessed via direct conversion to electricity (photovoltaic) or by using solar steam generation to supply steam to a conventional
steam power cycle. Linear Fresnel reflector is one type of the solar concentrator systems which is used for hot water production as
well as steam generation. The linear concentration is the technology where the concentration can be done on a line, as in the case of
parabolic trough collector. With the reflectors aligned in the North-South direction, a simple orientation, perpendicular in the East-
West direction bring back the image concentration of the sun on the absorber tubes laid out on the focal line of the concentrator. The
LFRSC field can be imagined as a broken-up parabolic trough reflector, but unlike parabolic troughs, it does not have to be of
parabolic shape. The parabola is reconstituted roughly using flat fixed mirrors (called as concentrator) whose slope will be fixed
according to the noon position of the sun. These fixed reflectors (generally the number varies from 10 to 50), redirect the radiation
towards the absorber.
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Figure 1: Schematic diagram of LFRSC System
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One of the most important roles in the LFRSC system performance is played by the absorber [1-4]. The absorber is nothing but a
stationary linear cavity, usually square, rectangular, and trapezoidal, consisting of a number of tubes. The inside of the cavity, external
to the tubes contains air which is not in contact with ambient. The tubes are heated by absorbing reflected solar radiation from the
LFRSC (Fig. 1) field placed at the ground [5]. The water flowing through the tubes inside the cavity absorbs heat and thereby
generates steam inside the tubes. Heat loss from the absorber occurs by a complex mechanism that includes radiation, convection and
conduction modes. Knowledge of the heat loss through the structure surrounding the absorber tubes is very important because it
affects the efficiency of the collecting system. In operation, the absorber tubes in the considered cavity heat up due to the incident
concentrated solar radiation. As it does so, it emits long wave length radiation into the cavity and the absorber tubes. This radiation
results in heat loss from the tubes. The emitted radiation is absorbed by inner cavity walls and glass cover at the bottom, which in turn
raises their temperature. The resulting temperature gradients lead to natural convection within the cavity, which lead to convective
losses from the tubes. Conduction through the cavity walls represents the third mode of heat loss. The cavity receiver heat loss
processes involve radiation, convection and conduction heat transfer, and interaction of these three modes makes it difficult to develop
a purely analytical model [6]. Because of its relevant influence on the system performance, the heat loss of the absorber was subject of
research by several methods, including analytical, numerical simulation using CFD and experimental methods [7-9].

CFD is a science that can be helpful for studying heat transfer, fluid flow and chemical reactions etc., by solving mathematical
equations with the help of numerical analysis[10]. CFD employs a very simple principle of resolving the entire system in small cells or
grids and applying governing equations on these discrete elements to find numerical solutions regarding pressure distribution,
temperature gradients and flow parameters in a shorter time at a lower cost by reducing the required experimental work [11-16].A lot
of experimental studies have been carried out to evaluate performance of absorbers but very few attempts of CFD investigation have
been made so far due to complexity of flow pattern and computational limitations. CFD has been greatly developed over recent years,
mostly due to the rapid advance in computer technology. It is now possible to solve scientific problems in complex geometries easily
using the same techniques. One of the great challenges in the design of a cavity absorber using CFD approach is the selection of
appropriate model with exact boundary conditions. In this review, a CFD investigations and its usage for the design of a cavity
absorber carried out by the various researchers are presented.

2. Thermal Performance of Absorber

The generalized thermal analysis of a concentrating solar collector is similar to that of a flat plate collector [17]. It is necessary to
derive appropriate expression for the overall heat loss coefficient U), considering the heat loss between the absorber surface and the
transparent bottom glass cover (called as depth of the cavity absorber) and from the transparent cover to the surroundings, neglecting
the side plate loss. For the estimation of heat loss coefficient, standard heat transfers relations for glazed surfaces have been used in
various literatures [1,5 & 6].

The LFRSC can be imagined as a broken-up parabolic trough reflector [18] and thermal analysis is carried out as similar to the
parabolic trough reflector. The working fluid water, which is to be heated in the absorber, has a mass flow rate m, specific heat c, an
inlet temperature Ty, an outlet temperature Tg, and ambient temperature T,. The glass cover which is placed below the absorber has
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been made of a material which is highly transparent to incoming reflected solar radiation and at the same time, opaque to long
wavelength re-radiation emitted by the absorber surface. Glass with low ferric oxide content satisfies these requirements [17] and it
can be used for the analysis. The one-dimensional analysis has been performed along the direction of fluid flow with the objective of
determining the variation of fluid temperature. This analysis will help in linking the useful heat gain rate with the fluid inlet
temperature. Consider the control volume, an elementary length d, of one tube (Fig. 2). As per the first law of thermodynamics, rate of
change of enthalpy of the fluid flowing through the control volume is equal to rate of heat transfer to fluid inside the control volume.

Tsi dy
i —p T — —» Twdl T
Figure 2: Variation of fluid temperature in flow direction
Thus [17],
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Integrating and using the inlet condition y=0, T;y= Ty, we obtain the temperature distribution,
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where, L,, is the width of the absorber plate.

The fluid outlet temperature Ty, is obtained by substituting T; =T, and y = L; in the above equation. By simplifying the Equations
(2.1) to (2.3), the useful heat gain rate for the concentrator will be obtained.

Heat transfer in the trapezoidal cavity absorber from hot absorber surface (Fig. 3) is mainly through convection and radiation. The
trapezoidal cavity absorber is insulated (with glass wool) from three sides to reduce heat loss, there would be heat loss from the
absorber through conduction form insulated sides and it is considered as negligible in most of the present simulation models [7-9]. The
natural convection type heat transfer occurs inside the cavity. The radiation heat exchange between the hot absorber surface and the
glass cover plate of the cavity absorber may be taken as the heat transfer between two infinite parallel surfaces [1] with different
surface temperatures. Estimation of the overall heat loss coefficient (U)) of the cavity absorber is done by considering convection and
radiation losses from the absorber surface (either plate or tube surface) through glass cover at bottom portion [19].

%] =[1/(h,, +h,)+(A, | A 1/(h, +h)}] 2.4)
l

The heat loss between the absorber surface and inner glass surface can be estimated by considering heat loss between two horizontal
parallel surfaces (hot surface up and cold plate at bottom). The convection heat transfer correlations can be given as[20],

D
Nu,, =0.163Gr*"* (Wf?)“16 (2.5)

Physical properties of air have been taken at the average temperature of bottom glass cover and absorber surface temperature.
Similarly heat loss at outer cover surface ‘h.,’” can be estimated by [17],

h, =8.55+(2.56%V,) 2.6)

where V,, is the velocity of wind in m/s.

Radiation losses from a body mainly depend upon body temperature and surface emissivity. Radiation heat transfer coefficient
between hot absorber surface and glass cover (hy,) can be calculated considering radiative heat transfer modeled as that between two
parallel planes [21],
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Radiation heat transfer coefficient (h,,) from bottom glass cover of the cavity absorber to the ambient can be calculated as [22],
2

hm =O'€C(TC +Ta )(TC+Ta) 2.8)

The heat loss coefficient by above method is estimated by using experimental values of absorber surface temperature (T, or Tj), cover
temperature (T.) and ambient temperature (T,). The thermal efficiency () is calculated from,

_me(T, ~T)
n= /IAa (2.9)

3. Method of Performance Analysis

There are three basic approaches or methods that can be used to solve a problem of fluid flow and heat transfer. These methods are,
1) Experimental
2) Analytical or Theoretical
3) Numerical or Computational (CFD)

3.1 Experimental method:

The most reliable information about a physical process is often given by actual measurement. An experimental method involving full-
scale equipment can be used to predict how identical copies of the equipment would perform under the same conditions. Such full
scale tests are not possible all the times, because of its expensive [10]. The alternative then is to perform experiments on small scale
models. The resulting information however must be extrapolated to full scale, and general rules for doing this are often not available.
Further, the small-scale models do not always simulate all the features of the full-scale equipment, because frequently, important
features such as combustion or boiling are omitted from the model tests. This further reduces the usefulness of the small scale results.
Finally, in many situations, it is serious difficult to measure the readings, and also the measuring instruments are not free from errors
[23].

3.2 Analytical method

An analytical prediction works out based on the consequences of a mathematical model, rather than those of real physical model. For
the physical processes of interest, the mathematical model mainly consists of a set of differential equations. If the methods of classical
mathematics are to be used for solving these equations, there would be little hope of predicting many phenomena of practical interest.
In the theoretical approach simplifying assumptions are used in order to make the problems accountable [24].

3.3 Numerical Method

Inside the cavity absorber, heat transfer processes involve all the three modes (radiation, conduction and convection), and the
interaction of these makes it quite complicated to carry out a numerical analysis. CFD has been greatly developed over recent years,
mostly due to the rapid advance in computer technology. It is now possible to solve scientific problems in complex geometries easily
using the same techniques. CFD codes are structured around the numerical algorithms that can tackle fluid flow and heat transfer
problems. In order to provide easy access to their solving power, all the commercial CFD packages include sophisticated user
interfaces to input problem parameters and to examine the results. Natural convection inside the cavity and thermal radiation between
surfaces are modeled and simulated by using ANSYS package with FLUENT software. The present CFD simulation is based on the
simultaneous solution of the system of flow and heat transfer equations describing mass, momentum, energy, pressure and radiation.
The derived form of the equations can be expressed as [25],

Continuity equation:

d d
(’Ofu)+ () =0 (2.10)
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Momentum equation:
N Y " -
Pr ox  dy ox dyl  dy '
Equation of state:
P= prT (2.13)

Radiation equation:
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The above equations are used to solve the steady flow, laminar, natural convection and radiation model considering Boussinesq and
non-Boussineesq approximation theories [26]. For the radiation exchange between the internal surfaces of the trapezoidal cavity
absorber along with natural convection model, surface to surface option can bechosen [26 &27] in the numerical procedure. This is
used to account for the radiation exchange in an enclosure of gray-diffuse surfaces. The energy exchange between two surfaces
depends on their size, separation distance and orientation. These parameters are accounted for by a geometric function called a “view
factor”. The main assumption of the absorber model is that, any absorption, emission or scattering of radiation can be ignored. The
energy flux leaving in a given surface is composed of directly emitted and reflected energy. The reflected energy flux is dependent on
the incident energy flux from the concentrator, which can be expressed in terms of the energy flux leaving all other surfaces. The
energy reflected from absorber surface can be expressed as [25],

g, =¢eoT,' +(1-¢€)g, (2.15)

4. Applications of CFD in Analyzing Cavity Absorber

One of the most important roles in the LFRSC system performance is played by the cavity absorber [1]. Knowledge of the heat loss
through the structure surrounding the absorber tubes is very important because it affects the efficiency of the collecting system. The
heat loss depends on several factors, as the geometry of the cavity, materials, insulation thickness, infrared emissivity of the absorber
surface, concentration ratio, etc., [27]. Because of its relevant influence on the system performance, the heat loss of the absorber was
subject of research by several methods, including analytical simulation, numerical simulation using CFD and experimental methods
[1, 6 & 7]. The cavity absorber models are reviewed and discussed.

4.1 Cavity Absorber Modeling

In operation, the absorber surface heats up due to the incident concentrated solar radiation. As it does so, it emits long-wave radiation
into the cavity. This radiation represents a heat loss from the absorber surface and results in a decrease in thermal efficiency of the
collector [28]. In addition, the emitted radiation is absorbed by the cavity sides and bottom glass cover, which in turn heat up. This
promotes buoyancy-driven flows within the cavity, resulting in convection losses and a further reduction in the thermal efficiency.
Conduction of heat away from the absorber surface via the sidewalls represents a third mode of a heat loss to be considered [29]. A
number of studies have been conducted in the area of heat transfer in cavities by natural convection combined with radiation. The
typical cases are square, rectangular and trapezoidal cavity with differentially heated side walls and adiabatic top and bottom surfaces.
Kim & Viskanta [30] investigated the combined radiation and natural convection in a rectangular cavity and incorporated wall
conduction into their study. They demonstrated that wall conduction has the effect of reducing convection heat transfer in the cavity,
as does by the radiation exchange between the surfaces. Nakamura & Asako [31] conducted a numerical and experimental study on
the effect of a partition, which has zero thickness and located vertically at the midpoint of the differentially heated cavity. It was found
that the emissivity of the top and bottom walls only slightly affect the heat transfer by convection in both cases of conductive and
insulated top and bottom walls. On the other hand, the emissivities of the cold and hot walls and of the partition were shown to
considerably modify the convective heat transfer. Fusegi & Farouk [32, 33] used a radiatively participating medium in their
computational and experimental work on a square cavity. Behina et al [34] have studied the combined radiation and natural convection
in a rectangular cavity filled with a non-participating fluid. One wall of the cavity is an isothermal heat source while the opposite wall
is allowed to transfer heat to the surroundings via convection and radiation. The two end walls are adiabatic. They concluded that
external convection weakens the internal convection, while radiation strengthens the flow. Balaji& Venkateshan [35] have
numerically investigated natural convection combined with surface radiation for rectangular cavities of varying aspect ratio (ratio
between width of the top surface of the cavity and depth of the cavity) filled with a nonparticipating (transparent) medium. The
cavities consisted of differentially heated side walls with adiabatic top and bottom surfaces. They found that for aspect ratio greater
than or equal to 2, the convection and radiation mechanisms of heat transfer can be decoupled, and based on this finding, they
developed separate correlations for the convection Nusselt number and the radiation Nussselt number.

Tong & Koster [36] numerically studied 2-D natural convection in water with density inversion in a rectangular cavity using finite
element model. Non-Boussinesq parabolic density — temperature relationship was incorporated in the model. It was found that
interactive convection across the density inversion is dependent on aspect ratio and Rayleigh number. Several experimental and
numerical results have been presented to explain the phenomenon of combined natural convection and surface radiation in a closed
cavity using various numerical simulation methods. In these aspects, Balaji & Venkateshan [37] numerically investigated the
combined surface radiation and free convection in a square cavity with air as the intervening medium. Separate Nusselt number
correlations have been developed for both free convective and radiative heat transfer for the Grashof number range of 10>-10°.
Mlaouah et al [38]numerically investigated the behavior of transitional thermally driven flow in a two-dimensional differentially
heated square cavity filled with a gas in cases where the temperature difference increases. Cheng & Muller [39] performed numerical
and experimental investigations on natural air convection coupled with thermal radiation in a vertical rectangular channel with one-
side heated wall using the CFD code FLUTAN. Based on the experimental and numerical results, the semi-empirical Nusselt number
correlation was developed for turbulent natural convection coupled with thermal radiation. Ramesh & Venkateshan [40] have
experimentally studied heat transfer by natural convection combined with surface radiation in a square enclosure filled with a
nonparticipating medium. Differentially heated side walls and adiabatic top and bottom surfaces were employed. They demonstrated
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that natural convection is suppressed in the presence of surface radiation. Corrrelations for convection Nusselt number and radiation
Nusselt number were presented and discussed.

Mezrhab & Bchir [41] studied the effects of adding a thick partition located vertically close to the hot wall of a differentially heated
square cavity, forming a narrow vertical channel in which the flow is controlled by vents at the bottom and the top of the partition. It is
shown that radiation has a significant influence on the flow and heat transfer in the channel. Han & Baek [42] numerically studied
natural convection of a radiating fluid in a rectangular enclosure, with two incomplete adiabatic thin partitions (one on the top and the
other at the bottom) under a large temperature difference. They have used the Finite-Volume Method (FVM) to solve the radiative
transport equation, and have found that the radiation alters significantly the flow patterns and the thermal distributions. In addition, the
surface radiation was dominant over the gas radiation and the results were affected by the baffle configuration. Vierendeels et al [43]
computed the solutions for two dimensional, laminar, steady state natural convection of a gas in a square cavity with large temperature
differences. Non-Boussinesq and low-Mach number approximation was employed in the simulations. Mezrhab et al [44] presented a
numerical study, based on a finite volume method and a boundary element approximation, of the radiation-natural convection
interactions in a differentially heated square enclosure, within which a centred, squared, heat-conducting body generates heat. They
found that the streamlines and isotherms structures in the enclosure are strongly affected by the thermal radiation heat transfer.
Moreover, this one increases considerably the total heat transfer in the enclosure, and allows a good cooling of the body that generates
heat. Bouali et al.[45] studied numerically the effects of surface radiation and inclination angle on heat transfer and flow structures in
an inclined rectangular enclosure with a centered inner body.

4.2. Trapezoidal Cavity Absorber Modeling

Trapezoidal cavity absorber is one of the promising absorber used in the LFRSC system [46]. The various numerical simulation
techniques used by researchers to analyze the heat losses inside the trapezoidal cavity are discussed in the following section.
Correlations for heat transfer analysis inside the absorber have been proposed by Gungor & Winterton [47], and their set of
correlations, in the form given by Stephan [48] was the correlations used by both Odeh [49] and by David Reynolds [50] in their
earlier work. Liu & Winterton [51] gave a newer correlation that their claim is slightly better than that of Gungor & Winterton [52]. A
correlation of Kandlikar [53], as given by John Lienhard et al [54], is the correlation used, as its form is simpler, and it is
recommended for use by Kothandaraman & Subramanyan [55]. Bruce Stewart & Burton Wendroff [56] gave some details about the
advanced transient two-phase flow models used in the nuclear industry. These models have a mathematical property that, as written,
they are ‘ill posed’. This means that they cannot be solved without some modification to the problem. A variety of approaches are
used, including semi-implicit integration methods, and higher-order finite difference schemes that have the result of adding enough
numerical diffusion to the problem that it becomes well-posed and can then reliably be integrated. The detail required in solar thermal
energy applications is not as great as that required in nuclear engineering. The problem of ill-posedness is resolved by choosing the
homogeneous flow model, and furthermore assuming stationary momentum. This approach has been used by a number of workers in
the solar thermal field [57 - 61].

Jance et al [62] discussed about the natural convection and radiation within the enclosed inverted absorber cavity by using numerical
simulation. The paper described the development of a test rig for assessing the optimum geometry and thermal efficiency of an
insulated enclosure, which surrounds an inverted plate absorber, for a large solar thermal steam generating plant. Smoke was
introduced into the cavity, and a sheet of quartz-halogen light is projected across the cavity profile to enable convection cells in the
cavity to be visualized. The location of the light sheet is midway along the length of the cavity. A two dimensional model of the
experimental rig configuration was entered into a computational fluid dynamic package. A grid consisted of approximately 36000
quadrilateral cells. The boundary conditions are shown in Table 1.

Property Units Absorber Side Walls Window
Temperature, T °C 300 Calculated Calculated
Overall heat loss coefficient, h W/m’K Calculated 2 2.6
Ambient Temperature, T °C - 20 20
Emissivity, € - 0.05 0.3 0.9
External Radiation Temperature | °C 20 20 20

Table 1: Boundary conditions for numerical simulation [62]

The results obtained from the first run of the experimental rig (at a 400 mm depth, 0° inclination), yielded the following result. A
symmetric pattern has been achieved with four main cells present. The two cells in the lower half of the cavity were the strongest. The
smoke was introduced from the side of the cavity at the bottom. Although the introduction of the smoke disrupts the flow, the cells at
the bottom were strong enough to return to their original pattern within a short period. The results obtained were comparable to the
numerical result, although the plume is not as prominent in the experimental result. Reynolds et al [63] explained combined natural
and radiation heat transfer in a trapezoidal cavity absorber. They presented the results of a computational investigation of the thermal
performance of the trapezoidal cavity absorber. Fig. 3, shows the schematic diagram of the cavity along with the internal modes of
heat loss. A flat plate absorber was enclosed in a trapezoidal cavity, of which it forms the top surface. They have analyzed the cavity
depths of 100 mm, 400 mm, and for a 100 mm depth, cavity inclined transversely at 10°. The analysis shows that as the cavity depth
increases, the window temperature falls and this causes more radiation losses from the absorber plate to increase since the temperature
difference between the absorber and the window increases. The optimal depth increases slightly with increase in the external
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convection coefficient on the window. The optimal depth was found to decrease as the emissivity of the absorber surface increases.
Radiation losses account for the bulk of the total heat loss from the absorber in all cases considered. Also, inclination of the cavity by
up to 10° results in only a slight increase in the overall heat loss from the absorber.

Insulation Steam tubes

YAbsorbel‘ plate T Internal radiation

Internal convection

Wall

Wlu(l(m :>'
Wind X
Concentrated solar radiation (20 kW/m®) —

Figure 3: Absorber and cavity arrangement showing modes of internal heat transfer [9]

Reynolds et al [9] developed a hydrodynamic model of line-focus steam generation solar concentrator. Analysis of the heat loss
characteristics of the cavity absorber has been conducted, and correlations of the heat loss from the absorber as a function of a number
of variables of practical interest have been developed. These correlations have been incorporated into a steady-state hydrodynamic
model of the flow through the absorber, including two-phase flow. The model thereby allows prediction of the output steam conditions
and pressure drop for given input and environment conditions. Pye et al [7] discussed the development of the cavity absorber by
considering the cavity depth and width parameters and new heat loss correlation equations were provided. The computational model
with a mesh size of 2 mm was used, following the mesh sensitivity carried out by Reynolds et al [9]. Table 2 and 3 show the values of
the fixed and varied parameters respectively that were used to generate the 72 different model cases. From the simulation, they
concluded that the optimum depth will be different for the narrower width of W = 0.5 m cavity and suggested that more simulations
are required to determine this optimization. So based on previously obtained experimental data for a trapezoidal cavity absorber, CFD
models were developed for the purpose of predicting these heat losses, which were the combination of convective, radiative and
conductive losses. Also, they made an attempt to develop design correlations for the prediction of heat losses using suitable Nusselt
and Grashof numbers for convection, and an effective radiation view factor met with reasonable success.

Constant Parameter Value
Absorber emissivity in cavity 0.49
Wall emissivity in cavity 0.1
Emissivity of the window (internal and external) 0.9
Operating temperature of the cavity (for Boussinesq approximation) 370K
Overall external heat loss coefficient on cavity walls 0.5 W/m’K

Table 2: Fixed parameters used in the simulations [7]

Constant Parameter Value
Cavity depth 100, 200 and 300 mm
Cavity width (at top) 500, 1200 mm
Absorber temperature 530, 570, 610 K
Ambient temperature 290,305 K
Convection coefficient on outside of glass cavity window 2,6, 10 W/m'K

Table 3: Varied parameters used in the simulations [7]

In another paper, Pye et al [64] discussed about the transient modeling of cavity absorber heat transfer. Unsteady flow patterns in the
cavity absorber have been investigated by using computational methods. A range of simulations was run to compute the heat transfer
from the absorber cavity over a period of time, using the full cavity model, for covering the following domain of parameters: two
different cavity widths (0.5 and 1.2 m), three aspect ratios (1:5, 2:5 and 3:5), three absorber temperatures (530 K, 570 K and 610 K),
and two external convection coefficients (10 W/m? and 25 W/m?*). Model cases were run for one hour of simulated time using an
adaptive time step up of 0.5s. The regression analysis with the full-cavity, unsteady simulation results gave the following,

Nu =0.163Gr ‘”%(D )0-316 (2.16)
w

The parameters in this correlation were different from the earlier result [7]. From the correlation, it was identified that the Grash of
number has assumed greater importance and the aspect ratio a lesser importance. The reason is that in the previous paper, author [7]
gave the broader range of aspect ratios. This form of correlation was different to that used by Reynolds et al [8], in that only intrinsic
parameters of the cavity were used for the absorber heat transfer due to convection. Also, he concluded that this correlation (Equation
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2.16) is suitable for temperatures on the absorber of 530 K to 610 K, and with convection on the cavity cover between 10 and 25
W/m?, for external temperatures from 293 K to 308 K, and for fixed values of emissivity for the various surfaces as given here:
absorber emissivity - 0.49, sidewalls emissivity - 0.1, cavity cover emissivity - 0.9. The angle of the sidewalls is 30° from the
horizontal. So the above analysis gave a practical way to estimate the cavity heat loss based on more accurate simulations than those
previously performed. The correlation for the heat loss from the absorber has been found out and it was similar form to that previously
found but applies to a different domain of parameters, which has resulted in altered coefficients in the correlation. Unsteadiness in the
flow pattern appeared in the simulation results but its effect on the overall heat loss transfer was small, since the oscillations in total
heat transfer occur over a very small range relative to the magnitude of the total heat transfer.

Boussaid et al [65] studied heat and mass transfer problem in a trapezoidal cavity absorber. The top and lower inclined parts of the
cavity were considered as heated and cooled part respectively. Using alternating direction implicit (ADI) method, combined with a
highly accurate fourth-order Hermitian method, the required heat and mass transfer equations were solved. They concluded that the
thermo-convective instabilities obtained are similar to those obtained in rectangular cavities. Reynolds et al [50] examined the heat
loss characteristics of a cavity absorber. The cavity was trapezoidal in cross-section and upper surface of the cavity is a flat plate
absorber with steam tubes running behind it. They described the experimental techniques to investigate the heat losses from the
absorber, and the flow visualization technique to capture the flow pattern within the cavity. Reasonable agreement between the
experimentally determined heat losses and those predicted by the FLUENT model has been obtained. The cavity size is 420 mm depth
and 1550 mm length. The lower surface of the cavity is 520 mm wide. Three flat 800 W heaters, each 500 x 500 mm in area, were
suspended from the upper surface of the cavity to represent the hot absorber plate. Smoke was introduced into the cavity in order to
visualize the flow cells inside the cavity. The smoke within the light sheet allows these flows to be seen clearly and photographed.
Similarly, a computational model of the prototype absorber has been developed using the FLUENT V.5 commercial CFD software
package. The heater surface was modeled as an isothermal surface with a specified temperature of 300°C and an internal emissivity of
0.10. The sidewalls were modeled as convection boundaries with convection coefficients of 0.79 W/m’K, exchanging heat with an
ambient temperature of 20°C. The flow in the cavity was modeled as laminar and radiation was modeled using discrete transfer
method. Quadrilateral elements were employed with cell size of approximately 2 x 2 mm, with 33,947 mesh point in total. The heat
loss predicted by the CFD model was 623 W/m” and experimental result was 1040 W/m? (Fig. 4). So such a thermal model could be
used to optimize the thermal efficiency of the absorber cavity and could also be incorporated into a control system for LFR type solar
thermal collector.

AL = = g

Figure 4: Experimental flow visualization and heat transfer (right) with CFD predictions (left) [50]

Dey [20] studied the heat transfer aspects of an elevated linear absorber for LFRSC system. The design methodology and heat transfer
calculations for an elevated north-south oriented linear absorber has been discussed. The basic absorber design used was an inverted
air cavity with a glass cover enclosing a selective surface. Two main design aims were discussed, firstly to maximize the heat transfer
between the absorbing surface and the steam pipes, and secondly, to ensure that the absorber surface temperature is sufficiently
uniform so as not to cause thermal degradation of the selective surface coated absorber at low temperature differences between the
fluid surfaces. The absorbing surface (< 20 K) can be achieved with satisfactory pipe separations and sizes, and with practical absorber
plate thickness. Various bar thickness and pipe pitches have been modeled (Fig. 5) for the nominal 15 mm pipe size (~ 22 mm OD).

Machined bar Selective surface

Figure 5: Schematic diagram of the bar absorber design showing the basic arrangements [20]
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In all cases the minimum bar thickness is 1 mm, occurring below the center of the pipe. Thicker bars therefore have more material on
their upper side, and hence, more contact area with the absorber pipe. For the minimum pipe spacing possible for these pipes, an 8 mm
thick plate can ensure a maximum temperature difference of less than 20 K. The results showed that at approximately the closest
allowance spacing, bar thickness down to 5 mm can ensure the maximum temperature difference is kept below 20 K. So the results
indicated that acceptable AT, values (less than 20 K) can be achieved for reasonable bar thickness (~ 6 mm) and for pipe spacing
which comply with the relevant standards for pressure equipment.

Hammami et al [65] performed three-dimensional numerical study of coupled heat and mass transfer by natural convection in a
trapezoidal cavity using a finite volume technique. Based on these numerical results, thermal and hydrodynamic behavior of the binary
mixture air—water vapor system was evaluated. It was observed that as the aspect ratio increased, multi cellular flow patterns were
formed. Moukalled & Darwish [66] carried out a numerical study to examine the effects on heat transfer of mounting two offset
baffles onto the upper inclined and lower horizontal surfaces of the trapezoidal cavities. Based on the vertical wall in the left and right
side of the trapezoidal cavity, two thermal boundary conditions were considered. It was observed that the decrease in heat transfer in
the presence of baffles and increasing with increased Pr and baffle height. Tmartnhad et al [67] carried out a numerical study of mixed
convection from a trapezoidal cavity. Two openings were adjusted on the plates of the cavity to study the effect of Reynolds number
on the heat transfer by mixed convection. Arici & Sahin [65] numerically studied natural convection heat transfer in a partially divided
trapezoidal enclosure using a control volume method. Also summer and winter condition heat transfer results were examined in a
partially divided trapezoidal enclosure. Kumar & Reddy [69] developed Nusselt number correlations with less number of data points
for pure convection and combined natural convection and surface radiation for modified cavity absorber through ACFD (asymptotic
computational fluid dynamics) technique and concluded that the heat loss is minimum from the absorber.

Overall heat loss coefficients of the trapezoidal cavity absorber with rectangular and round pipe were studied by Singh et al [22]. In
the study, hot oil is used as working fluid and circulated through the cavity absorber tubes at different temperatures. The heat loss
coefficient was increased with the absorber temperature. Heat loss in the trapezoidal cavity absorber was also analyzed critically and
estimated analytically by parallel plate correlation and cavity correlation and compared with the experimental results. The heat loss
coefficients for ordinary black coated and selective surface coated round pipe absorbers varied from 3.5 to 7.5 W/m*C and 2.7 to 5.8
W/m™C respectively. Finally they concluded that the double glass cover was better compared to single glass cover as there was
reduction in overall heat loss coefficient by 10 — 15%. No significant difference obtained between overall heat loss coefficient values
of rectangular and round pipe absorbers used inside the trapezoidal cavity. The trend of variation of overall heat loss coefficient
estimated by parallel plate correlation and cavity correlation were similar to the experimental values. Fig.6 shows the variation of
overall heat loss coefficient for selective surface coated rectangular pipe absorber with double cover for parallel plate correlation and
cavity correlation with experimental values. The estimated overall heat loss coefficient by the cavity correlations were closure and
uniformly distributed for all temperature range. Also, correlation between overall heat loss coefficient and absorber temperature has
been developed for experimental data in generalized form as follows

d
U =¢(T,) 2.17)
where c; and d are constants and T, is the absorber surface temperature. The correlation has been developed for both rectangular and

round pipe absorber with different surface coating. The deviation between experimental and predicted correlated values was within +
10%.

Yo = 0.2607x 0554
RZ=0.082

UL (Wim?FC)

~ 77~ Estimaied by parallel plate comelaiion
11 ™~ Eslimaled by cavlty comelation
- Experimental value

50 75 100 125 150 175 200
Temperature (°C)
Figure 6: Variation of overall heat loss coefficient [19]

Facao & Oliveria [70]analyzed the optical and thermal performance of a new trapezoidal cavity absorber for a small linear Fresnel
solar collector through ray-trace and CFD simulations. Overall heat loss coefficient of the cavity absorber (Natural convection, surface
radiation and conduction) was also evaluated. In another work, Facao & Oliveria [71] used CFD simulation to optimize cavity depth
and rock wool insulation thickness. It was concluded that the cavity (Table 4) with a 45 mm depth presents the lowest global heat
transfer coefficient as compared to 25 and 65 mm. Regarding insulation thickness (Table 5), 35 mm of rock wool presented a good
compromise between insulation and shading. Also, the simulated global heat transfer coefficient, based on primary mirror area, was
correlated with a power-law fit instead of a parabolic fit.
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D, [mm] 25 45 65
U, [Wm’K)] 0.2431 0.2383 0.2437
Loss by radiation [ %] 65 74 76
Table 4: Influence of receiver depth [70]
Ty [mm] 20 35 50
U, [W/m’K)] 0.2545 0.2383 | 0.2301
Increasing width cavity [ %] 30 53 76

Table 5: Influence of insulation thickness [70]

Larsen et al [6] observed the heat loss of a trapezoidal cavity absorber with a set of pipes. The study includes the measurements on a
1.4 m long prototype installed in a laboratory, and its thermal simulation in steady-state using Energy Plus software. Measurements
revealed that a stable thermal gradient was in the upper portion of the cavity and a convective zone below it. Around 91% of the heat
transferred to outdoors occurs at the bottom transparent window cover, for a pipe temperature of 200°C. Here, they used the simpler
and less time consuming available free software (Energy plus) originally designed for heat transfer in buildings was tested to be a
possible replacement of the highly complex CFD software commonly used to simulate the steady-state heat loss of the absorber. This
factor should be considered in order to improve the thermal efficiency of future designs. Sahoo et al [5] analyzed the steady state
modeling and simulation of trapezoidal cavity with eight tubes using CFD. The results obtained by the model were compared with the
experimental data. The computations have been carried out for different depths of cavity as well as for different external convective
heat transfer coefficients related to different wind speeds near the outer side of glass cover. It has been observed that the dominant
mode of heat losses from the cavity is radiation (Fig. 7). Hence, using selective coating on tubes and cavity inside wall, the overall
losses can be minimized.

00 0z 04 06 0B i0
e (lubes)

Figure7: Variation of average Nusselt number with the emissivity of the absorber tubes [5].

Although the dominant mode of losses is radiation, the losses by natural convection are also significant. The use of evacuated cavities
may be recommended to minimize convection losses. The results from the computational studies were used to obtain correlation
between total average Nusselt number and its influencing parameters. Correlations for total average Nusselt number have been
proposed for a working fluid of air, whose prandtl number is 0.71.

1 0.095 h W 0.0304
Nu,, =0.084Ra"" (T)O'S{D—] (1+&)**” (K—J (2.18)

The heat transfer coefficient can be obtained using this correlation for further analysis like fluid flow through the absorber tubes in
LFRSC system.

Manikumar et al [26] analyzed computationally the combined natural convection and surface radiation heat transfer from the surface
of a trapezoidal cavity absorber of LFRSC system. Two dimensional, Boussinesq, steady state, laminar heat transfer model was
developed and analyzed by using the ANSYS workbench with FLUENT. Two different cavity models were considered in the analysis.
Former is with absorber plate above which tubes are located and latter is without absorber plate (only absorber tubes) at the top
surface of the trapezoidal cavity absorber. The analysis was carried out with the surface painted black and electroplated with nickel
black selective surface coating. The correlation between the overall heat transfer coefficient and the absorber temperature for different
cavity models were developed. The power-law fit trend line was chosen to correlate to the results. The power curve between heat loss
coefficient and absorber temperature was found to be best fit with regression coefficient (R*) of about 0.985 on an average. Values of
the constant R?, ¢- and d obtained for correlation equation (Eqn. 2.17) for different absorber temperature for the considered models are
given in Table 6. The heat loss from the absorber plate found lower compared to the absorber tubes placed directly at the top surface
of the cavity. The selective surface coating on the absorbers found to be useful, as compared to ordinary black paint. There was

149 Vol 4 Issue 6 June, 2016



The International Journal Of Science & Technoledge (ISSN 2321 - 919X) www.theijst.com

significant reduction in overall heat loss coefficient (up to 57%) in the latter case. The cavity with absorber plate was useful as
compared to absorber tubes directly exposed to solar radiation (as there was reduction in overall heat loss coefficient by 21-25%).

Model Coating Analysis type R? c’ D
Trapezoidal | Selective surface | - ppy 6itaed | 0,999 | 0376 | 0.484
Cavity with coating

absorber plate Black coating CFD Simulated | 0.999 | 0.335 | 0.673
Trapezoidal | Selective surface | - ppy Ginutated | 0.996 | 0.875 | 0.445
Cavity with coating

absorber tubes Black coating CFD Simulated 0.99 1.02 | 0.501
Table 6: Values of the constants R®, ¢’ and d obtained for simulated results [26].

5. Selection of Best Approximation Theory

One of the great challenges in the design of a cavity absorber using CFD approach is the selection of appropriate model. When CFD
simulations of a flow through a cavity absorber are concerned, we often wonder, whether the simulation produces a precise image of
the real flow. The question is not answered easily, as the quality of the obtained result depends on many parameters of the computer
model [72]. Modern CFD programs offer their users many possible parameters of the mathematical model. For the present model, in
most of the literature review there is no separate or combined non-Boussinesq convection and surface radiation heat transfer model for
trapezoidal cavity geometry [72&73]. Hence, the low temperature application (<100°C) Boussinesq natural convection and surface
radiation heat transfer model for square cavity [37] has been considered to validate with low temperature non-Boussinesq heat transfer
model. At lower temperature, the Boussinesq and non-Boussinesq approach give same results. Only at higher temperature, the
Boussinesq approximation (Ap/p«1) is not valid. By using the non-Boussinesq numerical procedure, the combined natural convection
and surface radiation Nusselt number has been predicted for square cavity and compared with the developed Nusselt number
correlations for square cavity [37]. To perform this, the Grashof numbers of 104, 105 and 106 and temperature ratio and emissivity of
0.91 and 0.3 have been taken. The predicted combined convective and radiative Nusselt number for the square cavity based on the
non-Boussinesq approximation numerical procedure and thecalculated combined Nusselt number based on the square cavity geometry
is given in the Table 7. It was observed that the predicted Nusselt number through present numerical procedure agrees well with
analytical Nusselt number based on square cavity geometry.

Grashof A Paranéeter;.of cslquare c?.v ity A radiati Combined convective and radiative Percentage of
Number Nvesrsi%f a:::.a“;eN c:slgffl “Iﬁba::'s tl'.:o;?t;::& Nusselt number, based on present devia ti(g)n
(Gr) Nl:lmber g ucorrel;ltions numerical procedure
4.8154 * 10* EEE 83; 4.38 4.32 1.36
3.8523 * 105 EEIS ?g; 8.30 8.23 0.84
1.0670 * 106 EEE gg; 11.31 11.28 0.26

Table 7: Validation of the numerical procedure [37]

Figure 8: Temperature contours of trapezoidal cavity absorber at different aspect ratio
(a) W/De = 1; (b) W/De = 2 (c) W/De = 3 [28]
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Figure 9: Temperature contours of trapezoidal cavity absorber at different temperature ratio
(a) T/T, = 0.15; (b) TJ/T,= 0.45; and (c) T/T,= 0.75 [28]

Natarajan et al [28] studied the heat loss characteristics in the cavity absorber. The CFD package, FLUENT 6.3 was used to develop
the 2-D, non-Boussinesq, steady state, laminar, combined natural convection and surface radiation heat transfer model for a
trapezoidal cavity absorber. Based on this model, a combined natural convection and surface radiation Nusselt number correlation
were proposed. It was found that the effect of combined Nussselt number on trapezoidal cavity side wall angle is negligible. Beyond
the aspect ratio (Fig. 8) of 2.5 and temperature ratio (ratio between the bottom and top surface temperatures of the cavity) of 0.6 (Fig.
9), the variation of combined heat loss in trapezoidal absorber is not significant. The trapezoidal cavity absorber with aspect ratio and
temperature ratio of greater than 2.5 and 0.6 respectively can be used to minimize the internal heat loss of the absorber. They
concluded that by using non-Boussinesq approximation model, the heat loss at high absorber temperature can be predicted accurately.
Manikumar et al [27] discussed the models by comparing Boussinesq and non-Boussinesq approximations in numerical simulation
study.

Stagnant air

(a) (b)

3 D8e =02 3 Theo 12 3 Sle+02 A Te=02 3 e 02 4 15e«02 4 Te+02 4 51es02

Figure 10: Temperature contours of trapezoidal cavity with plate at 178°C for ordinary black paint coating (a) Boussinesq
approximation (b) non-Boussinesq approximation [27].

(a) (b)
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Figure 11: Temperature contours of trapezoidal cavity without plate at 178°C for ordinary black paint coating (a) Boussinesq
approximation (b) non-Boussinesq approximation [27].

It was found that, for all the considered surface temperatures, the thickness of the stagnant air zone near the top of the cavity is more
in the cavity with non-Boussinesq approximation as compared to that of Boussinesq approximation (Fig. 10 (a) and (b)). Increasing
the thickness of the stagnant air correspondingly decreases the combined heat loss in a trapezoidal cavity and thus it was inferred that,
the numerical simulation technique by using non-Boussinesq approximation gives better results as compared to Boussinesq
approximation. Also, it was observed that the thickness of the stagnant air zone near the top surface was more in cavity with plate
compared to that of cavity without plate (Fig. 10 and Fig. 11). This also leads to reduction of combined heat loss in a trapezoidal
cavity with plate. The trend of variation of overall heat loss coefficient estimated with non- Boussinesq approximations was similar to
that of analytical and experimental values. Also, the simulated values predicted by using non-Boussinesq approximation were close to
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analytical and experimental values. Good agreement between predicted (numerical and analytical simulated) values and experimental
values were observed (within 10%).

A number of historical and current absorber models related to LFRSC were reviewed. The efficiency of the LFRSC plant is mainly
determined by the amount of energy collection at the cavity absorber that is the subject of the present review work. Several numerical
simulated results validated with analytical and experimental results have been presented to explain the phenomenon of combined
natural convection and surface radiation in a closed cavity. Various ways of research work were discussed related to this technique.
Also, various computational techniques like CFD, Energy Plus software etc., have been used for the modeling and heat loss analysis of
the cavity absorber. Finally it can be concluded that non-Boussinesq approximation (considering density variation with high
temperature) theory predicts very close results to the experimental results, which yields confidence in the predictions done by CFD
analysis in the design of a cavity absorber.

6. Conclusion

This article presents a detailed review of the literature that deals with the application of CFD in design of cavity absorber for a LFRSC
system. In this article a CFD investigation is carried out to select best approximation model for the design of a cavity absorber. A
modern CFD code ANSYS FLUENT is used to simulate heat transfer and fluid flow through a cavity absorber. A two-dimensional
flow is assumed. The influences of the Boussinesq and non-Boussinesq approximation models on the quality of the obtained results
are tested. On the basis of the review of the literature and CFD investigation of cavity absorber, the conclusion can be summarized as
follows:

1. The present literature review reveals that a few studies have been done on CFD analysis of heat transfer in a cavity absorber.

2. Major focus of CFD simulation of cavity absorber is to enhance the heat transfer and fluid flow analysis.

3. CFD simulation results are found to be in good agreement with experimental results and with the standard theoretical approaches.
Although there are some small discrepancies due to some experimental imperfectness matters, we still have a good confidence in the
CFD simulation that can be used in the future for more complex geometry of cavity absorber.

4.The quality of the solutions obtained from CFD simulations are largely within the acceptable range proving that CFD is an effective
tool for predicting the behavior and performance of a cavity absorber.

6. In summary, the purpose of this article is to illustrate the use of CFD in analysis of heat transfer in cavity absorber of a LFRSC
system and to use this to indicate the wide open future of CFD design. No matter how mature the techniques of CFD may become, the
array of future and challenging applications of CFD is limitless. There is tremendous scope for future study of various models of
cavity absorber with CFD approach. The information presented here will be useful and beneficial for beginners in this area of
research. Authors hope that this article has opened the horizons of CFD analysis of cavity absorber to researchers in LFRSC system.

7. Nomenclatures

- Aperture area of the concentrator [mz]

- Absorber plate area [mz]

) Absorber tubes surface area [mz]

Constant used to find Nusselt number

- Specific heat of the water [kJ/kgK]

- Distance between the absorber surface and transparent cover [mm]
Collector efficiency factor

Grash of number

- Gravity [m/sz]

- Convection heat loss coefficient from the bottom glass surface [W/mz-K]
- Convection heat loss coefficient from the absorber surface [W/mz-K]

- External heat loss coefficient [W/mz-K]

Radiation heat loss coefficient from the bottom glass surface [W/mz-K]

- Radiation heat loss coefficient from the absorber surface [W/mz-K]

- Heat loss coefficient from the transparent cover to the surroundings [W/m*-K]
- Direct component of solar flux [kW/mz]

- Thermal conductivity of air [W/mZ-K]

- mass flow rate of the fluid [kg/s]

- Total number of reflector on either side of the central reflector of the concentrator.
Nusselt number

Convective Nusselt number

NuR - Radiative Nusselt number

P - Pressure [N/mz]

P; - Pitch distance between the absorber tubes [mm]

qi - Energy flux incident on the surface from the surrounding [W/m’]

q - Heat lost from the absorber surface [W]

do _ Energy flux leaving the surface [W/m’]

JQu - Useful heat gain [W]
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- Location of constituent mirror elements [m]
- Rayleigh number

- Absorbed flux [W/mz]

- Temperature of the working fluid [°C]
- Ambient temperature [°C]

- Cover temperature [°C]

- Fluid outlet temperature [OC]

- Fluid outlet temperature [OC]

- Water inlet temperature [°C]

- Insulation thickness [mm)]

- Water outlet temperature [°C]

- Absorber plate temperature [°C]

- Absorber tube surface temperature [°C]
- Overall heat loss coefficient [W/mZOK]
- Velocity at x-coordinates [m/s]

- Velocity of the wind [m/sec]

- Velocity at y-coordinates [m/s]

- Width of the reflector [m]

- Width of the absorber plane [m]

reek Symbols

- Half of the angular subtense of the sun at any point on the earth [=16’]
- Emissivity of the absorber surface
- Emissivity of the transparent cover

- Stefan Boltzman constant [5.67X1O'8 W/mz-K4]
- Density of the working fluid [kg/m’]
- Dynamic viscosity [kg-m/s]
Dynamic viscosity corresponding to various absorber surface temperatures [kg-m/s]
- Reference dynamic viscosity [kg-m/s]
- Thermal efficiency [%]
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