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INTRODUCTION

In near future, the demand for energy will increase sig-
nificantly with increase in industrialization and upgraded
living standard of the society. Most of the energy demand
in today’s scenario is fulfilled by conventional fuels like
coal, diesel, LPG and CNG etc. But with the increasing con-
sumption of fossil fuel, their availability in near future is
questionable. Their prices are increasing and also, they have
very high impact on environment due to air, land and water
pollution associated with their use. Only unconventional
energy sources like solar and wind energy, can provide us
the solution for required energy demand along with lesser
environmental effects.

Wind energy availability will depend on atmospheric
conditions and location on the earth. Whereas solar energy
is available on most of the part of the earth at least during
the day hours and we can store it to use during night hours.
Solar energy has various advantages like free of cost, abun-
dant availability, safe to use and most important is nonpol-
luting energy. After all sun is the source of energy for all
living beings on the earth.

In last few decades, we are using solar PV panels for
producing electrical energy. But the problem of electrical
energy storage with associated cost, battery life and low
efficiency has restricted its use. Flat plate solar collector’s
use is also restricted to low temperature applications like
domestic water heaters and industrial heating applications
only. Concentrated solar thermal systems may provide the
solution for medium and high temperature applications
like process heat and electricity generation.

Concentrating solar dish technology is one of the prac-
tical configurations for utilizing solar energy for industrial
heat. The receivers used are of cylindrical or cavity type,
which converts solar energy into thermal energy. These
receivers are positioned at the dish’s focus, allowing for the
collection of concentrated solar irradiation. Compared to
cylindrical receivers, cavity receivers are expected to have
reduced convection and radiation heat loss to the environ-
ment due to their lower view factor to the surroundings
[1]. It is widely acknowledged that of the conduction, radi-
ation, and convection losses from solar cavity receivers, the
determination of convection losses is the most complex [2].
Various cavity shapes, like cubical, rectangular, cylindrical,
and hemispherical, have been reported in the literature.
However, the rectangular cavity is the most popular and
widely utilized by many researchers.

Paitoonsurikarn and Lovegrove [3] presented the com-
parison of numerical results for cylindrical and conical
cavity with earlier correlations whereas Paitoonsurikarn
Lovegrove [4] presented numerical study for cylindrical and
conical cavity under natural convection. Alvarado-Judrez et
al. [5] studied the square cavity receiver and reported nat-
ural convection and radiative heat transfer as predominant
heat transfer phenomenon. Maurya et al. [6] has reported
that evaluation of convection and radiative heat losses are

essential to improve the thermal performance of solar power
system. Wu et al. [7] studied the cylindrical cavity receiver
for different boundary conditions and reported natural
convection to be more sensitive to tilt angle than radiation
and conduction heat transfer. Loni et al. [8] experimentally
studied different cavity designs and found that hemispheri-
cal and cubical cavities are the most effective designs, while
the cylindrical cavity presents lower performance. Eterafi et
al. [9] used conical cavity receiver with an ultra-white glass
covering the aperture and reported improvement in useful
energy absorbed due to glass cover.

Gonzalez et al. [10] considered a square open cavity of
length L in 2 dimensions for natural convection and solar
radiation; boundary conditions were similar to Juarezb et
al. [11]. The fluid was radiatively non-participating, and
the cavity walls were considered black bodies. The ambi-
ent fluid is air at atmospheric pressure and was assumed
Newtonian and an ideal gas. The fluid flow was assumed to
be laminar and at a steady state. To calculate the radiative
heat flux, the view factor is calculated using Hottel’s crossed
string method (Modest 1993). Temperature dependant
properties of working fluid were considered.

Venkatachalam and Cheralathan [12] conducted exper-
iments on a conical receiver made from a mild steel tube
coiled spirally for three different aspect ratios of 0.8, 1, and
1.2. Smaller the size of the receiver, the greater the con-
centration ratio, and hence the average concentrated flux
increases. However, the receiver dimensions cannot be
reduced below the size of the focal image as the intercept
factor reduces. Yuan et al. [13] conducted the experimental
investigation with cylindrical cavity receivers with bottom
surface interior convex for different heights of interior con-
vex. They compared the optical efficiency of the receivers.
They observed that the optical efficiency values would be
higher for the h/H ratio of 0.625, where ‘I’ is the height of
the interior convex and ‘H’ is the depth of cavity receiver.
The thermal efficiency of the receiver with interior convex
is increasing with increasing h/H, and a maximum increase
of 4.1 % is observed at h/H of 0.875.

Bellos et al. [14] carried out the optical and thermal
analysis of different cavity receiver designs and found that
the cylindrical, conical design gives the best performance,
and cylindrical cavity performance will be slightly less than
this. They have also reported the effect of aspect ratio on
thermal efficiency and optical efficiency. They found that
both the efficiencies will have maximum value at an aspect
ratio of slightly more than 1, and with an increasing aspect
ratio, thermal efficiency reduces and optical efficiency
increases. The reason for the thermal efficiency reduction
with the cavity length increase is based on the higher outer
surface of the cavity, and higher cavity length increases the
absorption of the incoming solar rays into the cavity, and
thus, the optical efficiency increases as the cavity length
increases. A higher cavity length captures more secondary
reflections inside the cavity, which is beneficial for the cav-
ity from the optical point of view. Reddy and Kumar [15]
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studied the effect of two-stage concentration using second-
ary reflectors of various shapes on the thermal performance
of spherical cavity receivers. They observed that the cone
shape secondary reflector gives lesser convection heat loss,
but the trumpet shape gives the best performance with ref-
erence to total heat loss.

Reddy and Kumar [16] studied the combined lami-
nar natural convection and surface radiation heat transfer
in a hemispherical cavity with all the surfaces covered by
tubing. To account for radiation exchange in an internal
surface, surface to surface (S2S) model is coupled with the
laminar natural convection model. The surfaces are con-
sidered gray and diffuse in the surface-to-surface radiation
model. The emissivity and absorptivity of a gray surface are
independent of the wavelength. The reflectivity is indepen-
dent of a diffuse surface’s outgoing (or incoming) direc-
tions. The energy exchange between two surfaces depends
on their size, separation distance, and orientation. A view
factor accounts for the influences of these parameters. The
primary assumption of the surface-to-surface model is that
the absorption, emission, and scattering of radiation by the
working fluid have yet to be considered [16].

Ibrahim and Salleh [17] analysed the effect of radia-
tion heat transfer inside the oven under natural convec-
tion mode using the network representative method. From
the surfaces involved, they derived the electrical network
based on surfaces to surfaces that absorbs and transmits
radiation. An electrical network represents the exchange
process between surfaces. The network representation of a
single surface and all surfaces together was well explained,
and this technique can be easily adapted for our proposed
receiver for radiation heat loss analysis.

One of the effective methods for calculating heat
exchange between diffuse surfaces of the solar receiver
is radiosity analysis which is previously introduced by
Holman [18]. Radiosity is the quantity that represents the
rate at which radiation energy leaves a unit area of the sur-
face in all directions. Taumoefolau et al. [19] and Maag et
al. [20] used radiosity method in calculating the losses from
the solar receiver irrespective of size and shape. Neber and
Lee [21] used radiosity and Zou et al. [22] used effective
absorptance for calculating radiation heat losses form the
cavity. Bader et al. [23] applied net radiation method for
calculating radiative heat exchange and Monte Carlo ray
tracing method for optical efficiency. Hathaway et al. [24]
applied Monte Carlo ray tracing to evaluate the impact of
the geometry and the spectral characteristics of the surface
on the absorption efficiency and the spatial distribution
of temperature. Pye et al. [25] used optical ray-tracing for
incident solar flux, radiosity analysis for thermal emissions.
Gil et al. [26] developed a thermal model using Engineering
Equation Solver software by combining radiosity analysis
with the finite difference method. Such approaches are
based on the assumption of uniform radiosity over the
receiver surface. Abbasi-Shavazi et al. [27] have developed
a new Nusselt correlation by experimental investigation

performed on a non-isothermal scale-model cylindrical
cavity receiver. They used a radiosity network method. The
view factors of all surface-to-surface configurations were
obtained along with radiosity at each node of the cavity
receiver.

Furthermore, Wang et al. [28] combine radiosity anal-
ysis with photogrammetry and image recognition tech-
niques to evaluate the directional and special radiosity of
the solar thermal receiver. Based on it, the radiation losses
from the receiver were determined by calculating the reflec-
tion losses. Sinha and Gulhane [29] have implemented a
quantitative analysis of total radiation heat loss from a cav-
ity receiver using a network method. Such an approach is
based on non-uniform radiosity over the entire cavity sur-
face. The Gaussian elimination method is used to solve and
estimate the total radiation heat loss from the cavity.

A typical cylindrical cavity receiver design is modified to
increase the area ratio in the form of a cylinder-in-cylinder
arrangement to determine the effect on various heat losses
from the receiver. Wasankar et al. [30] has carried out the
numerical investigation for increased area ratio and found
promising results with increased cavity surface tempera-
tures. Numerical results were compared with experimental
results of Abbasi-Shavazi et al. [27] and they were in close
agreement. They found maximum of 18 % reduction in
convection heat losses at 0° inclination for modified cavity.
The area ratio is doubled in modified cavity by inserting the
inner cylinder, and its height is adjusted. The experimental
setup was designed and fabricated to measure the surface
temperature at various locations under constant heat flux
input conditions. The specially designed heaters for model
cavity size using nichrome wires sheathed between ceramic
sheets were used to apply the thermal load, and the heat
transfer rate was observed. These temperature values are
then used for calculating the radiation heat loss from the
receiver using the radiosity network method. A comparison
of radiation heat loss calculation using uniform radiosity
and non-uniform radiosity for isothermal surface condi-
tion, effect of surface emissivity, aspect ratio on radiation
heat losses and experimental results for non-isothermal
surface conditions are presented in this paper.

RADIOSITY NETWORK METHOD

For simple problems that involve only a few surfaces,
the network method affords a solution that can be easily
obtained. When many heat-transfer surfaces are involved,
it is to our advantage to formalize the procedure for writing
the nodal equations. For the non-uniform radiosity over a
heated cavity surface, the inner area of the cavity should be
divided into an iy, number of surfaces (areas), and radiation
heat loss from each surface is calculated by using the radi-
osity values for that surface. The heat loss thus calculated
from each surface is to be added to get the total radiation
heat loss from the cavity’s inner heated surface.
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Figure 1. Cavity receiver designs: (A) Normal cavity with 7 surfaces considered for total radiation heat loss calculations

(B) Designation of various surfaces for proposed cavity.

The Methodology Used for the Radiosity Network

Method
Figure 1 shows the normal cavity and cascaded cav-

ity receiver. The radiosity network method can be imple-

mented through following steps.

1. Divide the cavity surface area by an iy, number of sur-
faces as shown in Figure 1(A) and (B).

2. Evaluate F;; and emissivity ¢; for all surfaces.

3. Evaluate black body emissive power E,; for all sur-
faces with specified temperature T, measured from
experiments.

4. Formulate nodal equations for the radiosities Ji for each
surface using equations (14,15). Please Note that for
surfaces in radiant balance J;= E,,.

5. Solve the set of equations for radiosity by direct (Matrix
inverse) or iterative methods like the Gaussian elimina-
tion method or Gauss-Seidel method.

6. Calculate the heat loss q; from iy, surfaces using equa-
tion (19) for gray surfaces and equation (20) for black
surfaces with specified temperature T;.

Calculate Ti for the surfaces in radiant balance using

Ji = Ep, = oT} (1)
For Surfaces with specified q;, find Ti using
Ey, = oTi" =] 1;—?%

7. Add all the radiation heat loss q; from all the i, surfaces to
find the total radiation heat loss from the cavity surface.

Modeling Total Radiation Heat Loss for Cascaded Cavity

The proposed cavity is first divided into ten different
surfaces to simplify the procedure of calculating various
view factors for each surface with other surfaces. The des-
ignation of surface numbers is shown in Figure 1(B). The
emissivity value for non-painted and painted cavity surface
conditions are 0.6 and 0.87, respectively. For this analysis,
the following assumptions are considered:

1. The cavity surfaces are assumed to be gray, opaque, and
diffused.

2. Each cavity surface is assumed to be isothermal and
with uniform radiosity.
3. The aperture is assumed to be a black surface.

The network representation method shows interactions
between different cavity surfaces for calculating total radi-
ation heat loss. The radiative heat balance is represented
in a network form. Compared to an electric network, E;
and J; will be analogous to the potential; q; and R, will be
analogous to the current and resistances, respectively. A
radiation network is constructed by identifying nodes
associated with the radiosities of each surface. Then each
radiosity node is connected to the other radiosity nodes via
the equivalent resistances. Finally, the blackbody emissive
powers associated with the temperature of every surface to
the J; nodes are connected through surface resistance. The
complete network involving all surfaces of the proposed
cavity is shown in Figure 2.
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Figure 2. Network representation for all the surfaces inside
the proposed cavity.
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The following equations give the radiative surface resis-
tance and radiative space resistance.

Ry =—— ()

Rij - AiFij (3)

As we have the dimensions and area of all the
cavity surfaces, we can find out the view factor using the
reciprocity theorem, summation rule, symmetry, and the
charts provided by Holman [18]. Dimensions of the cavity
used for calculating view factors and material properties
used are given in Table 1.

Table 1. Cavity dimensions and material properties

Nomenclature symbol value or
dimension
diameter of the cavity receiver cav 0.083 m
length of cavity L 0.166 m
length of the inner cylinder in case of L, 0.116 m
cascading
emissivity of the cavity wall surface €y 0.87
ambient temperature Tb 300 K

At each ], node, an energy balance gives the nodal equa-
tions for the radiosity as
fsi (B, =J)+Z,F; (i =Ji)=0 (4)

Radiant heat transfer at each surface is evaluated in
terms of radiosity J; using the equation,

Ji—(A—¢e) X, Fj]; = &Ep, (5)

For using the Gauss-Seidel scheme to solve the simul-
taneous equations, the equation (4) must be organized in
explicit form for J; as

Ji=—o

1-Fi(1-¢)

[(1 —&) Xjxi Fijl; + giEbi] (6)

For a surface in radiant equilibrium, g/A; =0 and J; =Ey;
may be substituted into Equation (6) to give

Ji =1_;Fii2j==iFij]j (7)

If the problem formulation is to include a specified heat
flux q;/A, at one of the iy, surfaces, then J; can be calculated
as

Ji =1+Fﬁ(2j¢iFij]j +Z_ii) (8)

Once all the equations are written for all nodes, they can
be expressed in the matrix form as

[A]U] = [€] 9)

A solution for the radiosities can be found by obtaining
the inverse to [A] such that

U1 =[A]17*[C] (10)

Alternatively, we may use the Gauss-Seidel method to
solve the set of equations to get the radiosity values of all
surfaces. Once radiosities are known, the radiation heat
transfer rate from each i surface is given by

4
[U Ti" =] i]

€iAj

4% =1 (11)
For the black surface, the radiation heat transfer can be
calculated using the equation
ai _ 4
=0T = X Fyl;) (12)
The addition of individual radiation loss then obtains
the radiation heat loss through the aperture as

Qrad total = Z qi (13)

For our proposed cavity, total radiation heat loss will
be given by

Qradtotal =91 T 92 T 43t Qs+ qg +qo +q19 (14)

Fabricated Experimental Setup and Experimental
Procedure

The proposed cavity size and design were inspired by the
cavity used by Abbasi-Shavazi et al. [2]. The same normal
cavity size was used for the sake of comparison of experi-
mental results with available results. The electrical heating
method will supply uniform heat flux from the outer side
of the cavity. Band-type electric resistance heaters were
used for side surface heating, whereas the bottom surface
was heated with an annular resistance heater. Heaters were
made up of nichrome wire sandwiched between ceramic
plates from both sides, and the outer side was covered with
the help of stainless-steel plates. The power supply to both
heaters was controlled manually using two dimmers. 14
K-type thermocouples (measurement uncertainty + 2.4 K)
were used to measure the cavity’s inner surface temperature.
The inside bottom surface temperature was measured using
IR750 infrared thermometer. The cavity was manufactured
using stainless steel SS316 grade material. The cavity was
held inside the stainless steel SS304 grade enclosure of 300
mm diameter. The cavity inside the surface was coated with
Pyromark 2500 solar-grade paint with an emissivity of 0.87.
The Space between the heaters and enclosure is filled with
ceramic wool to reduce conduction heat losses. An arrange-
ment was provided to tilt the cavity along with the enclo-
sure at a required angle between 00 and 900 in step 150 to
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Figure 3. Fabricated setup for experimentation.

study the effect of cavity inclination. The final assembly of
the experimental setup is shown in Figure 3. Temperature
display has accuracy of + 0.1 K. Ammeter and voltmeter
used were having class 0.5 accuracy.

Using the dimmers, uniform heat flux is applied out-
side the cavity. The temperature readings were recorded at
a steady state when the temperature change recorded by the
thermocouple was less than 1 K in one hour. At a steady
state, the power delivered by the heaters will be lost by con-
duction, convection, and radiation. Conduction losses were
measured using the material properties and equation pro-
posed by Wu et al. [7]. The radiation heat loss will be calcu-
lated using the radiosity network method discussed earlier.
The difference between total power supplied and summa-
tion of conduction and radiation loss will give us convec-
tion heat loss, which is otherwise difficult to measure.

RESULTS AND DISCUSSION

Radiation heat loss calculations using the radiosity
network method for non-uniform cavity surface radiosity
(Graa totar) and using uniform surface radiosity (qrqq mean)
were compared and presented in this section. The effect of
cavity wall temperature, emissivity, and aspect ratio on var-
ious heat losses from the cavity was presented.

Variation of Radiation Heat Loss with Cavity Wall
Temperature

For uniform cavity temperature from 373 K to 1573 K,
the estimation of radiation heat loss is carried out for total
and mean radiation heat loss. The cavity dimensions and
material properties are taken as given in Table 1. Equations
6 and 7 are used to calculate radiosities, equations 11 and
12 are used to calculate heat flux for individual surfaces,
equation 14 is used for the calculation of total radiation
heat loss, and equation 8 is used to calculate mean radiation
heat loss assuming uniform radiosity for all cavity surface.
A set of equations for radiosity is solved using the Gaussian

elimination method. The mean and total radiation loss per-
centage difference is calculated using the equation below.

% dif ference between mean

_ (@raa —drad total)
and total radiation loss = —radmean—radiold « 100 (15)

9rad mean

Figure 4 compares radiation heat loss from the individ-
ual surface of the cavity at varying temperatures from 373
K to 1573 K at emissivity of 0.87 and ambient temperature
of 300K. Figure 5 compares conduction, mean & total radi-
ation heat losses with % difference for a cascaded cavity at
temperature 373-1573 K for the surface emissivity of 0.87
and 300 K ambient temperature. Figure 6 shows the vari-
ation of the percentage difference between mean and total
radiation heat loss for temperature variation from 373 K to
1573 K and surface emissivity of 0.87.

It is also observed that surface 4 contributes the highest
to the radiation heat losses as it is nearer to the aperture and
has a high view factor compared to other surfaces. Though

——ql  —A—q2

[ = S
8 B 8
o o o

)
8

600

Radiation Heat Loss (W)

o
~
o

L T TR T B
N~~~ o~ s
s N W O~ W o

1173
1273
1373
1473
1573

1073

Cavity Surface Temperature (K)

Figure 4. Comparison of total radiation heat loss from the
individual surface of the cavity at varying temperatures
from 373 K to 1573 K at an emissivity of surface 0.87 and
ambient temperature of 300 K.
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mean and total radiation heat loss for temperature variation
from 373 K to 1573 K and surface emissivity of 0.87.

the surface area is doubled in the case of the proposed cav-
ity, the radiation heat losses should be theoretically dou-
bled, but due to lower view factors of surfaces 1,2,3,8, and
9, they slightly increase for proposed cavity. So, it is clear
that due to the addition of inner cylinder, radiation heat
loss from the outer cylinder’s inner surface, i.e., surface 3, is
significantly reduced due to the lower view factor with the
aperture. It was also observed that the radiation heat losses
were negligible up to 673 K, then after radiation heat losses

increased rapidly.

A comparison of total radiation heat loss for the nor-
mal cavity and the cascaded cavity is shown in Table 2 and
Figure 7 for three different temperature conditions for an
inner and outer cylinder of the cascaded cavity. Case 1: Both
are at the same temperature, case 2: constant temperature
difference of 25 K between the inner and outer cylinder,
and case 3: the increasing temperature difference between
the inner and outer cylinder with starting difference of 10
K at 373 K and an increase of 5 K in temperature difference
for an increase of 100 K in outer cylinder temperature.

For case 1, the total radiation heat losses are slightly less
for the proposed cascaded cavity than the normal cavity at
low temperatures. With increasing temperature, the total
radiation heat loss will remain nearly the same for both the
normal and proposed cavity for all three cases. However,
the inner surface area is doubled for the proposed cavity.
This means that the insertion of the inner cylinder will not
increase the radiation heat loss though the surface area tak-
ing part in radiation heat transfer is doubled. Case 2 and
case 3 were considered keeping in view that the cavity is
heated from the outside, so the outer cylinder will be at a
higher temperature than the inner cylinder of the proposed
cavity, as we supplied the same power input for both cav-
ities. With all three cases considered here, the total radi-
ation heat losses remain the same and are nearly equal to
the losses from the normal cavity. So, the proposed cavity is
helping in reducing radiation heat losses though the surface
area is doubled. This is because of the lesser view factor of
added surface area and reduction in view factor of outer



J Ther Eng, Vol. 10, No. 6, pp. 1440-1452, November, 2024

1447

Table 2. Comparison of total radiation heat loss for normal cavity and cascaded cavity for three different cases

Tempe total radiation total radiation total radiation heat total radiation heat temperature diff
rature (K)  heat loss for heat loss for loss for the inner loss for increasing diff. between inner and
normal cavity cascaded cavity cylinder at 25 K in inner and outer outer cylinder for
(Case 1) lower temp (case 2) cylinder temp (case 3) case 3
373 3.35 3.30 2.97 3.16 10
473 12.47 12.44 11.74 12.01 15
573 29.63 29.63 28.37 24.96 20
673 58.56 58.60 56.55 56.55 25
773 103.71 103.81 100.68 100.09 30
873 170.22 170.41 165.88 164.18 35
973 263.98 264.30 258.00 254.46 40
1073 391.55 392.06 383.58 377.23 45
1173 560.25 561.00 549.90 539.50 50
1273 778.09 779.14 764.91 748.93 55
1373 1053.77 1055.22 1037.33 1013.90 60
1473 1396.75 1398.68 1376.55 1343.45 65
1573 1817.17 1819.70 1792.70 1747.30 70
2000
—— Cascaded cavity
1600
g 4— Inner cylinder at 25 degree lower temp
1400
- —a&— Increasing diff. in inner and outer cylinder temp.
w
S 1200
et
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2 800
=
E 600
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Cav17ty surface temperature (K)

1373 1573

Figure 7. Comparison of total radiation heat loss for normal cavity and cascaded cavity for three different cases.

cylinder area near to bottom of cavity. The annular space
between inner and outer cylinder traps the radiations and
causes multiple reflection and subsequently absorption of
radiation. The inner cylinder surface will have less view fac-
tor as it is away from aperture.

Sensitivity Analysis for Proposed Cavity
The effect of emissivity on total and mean radiation
heat loss from a cascaded cavity is analysed. Radiation

heat loss at a cavity temperature of 873 K is estimated for
non-uniform radiosities using equations 6 and 7. The
radiosity equations are solved at various emissivity values
from 0.2 to 0.9 to estimate the radiation heat loss for dif-
ferent surfaces at a temperature of 873 K. The estimated
total and mean radiation heat loss and the percentage dif-
ference between mean and total radiation heat loss values
are shown Figure 8.
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Figure 8. Comparison of total and mean radiation heat loss for the different emissivity of cavity surface at 873 K.

Table 3. Aspect ratio for different cavity lengths

length of cavity diameter of cavity aspect ratio
(m) (m)

0.083 0.083 1

0.166 0.083 2

0.249 0.083

With the increasing emissivity of the cavity surface, the
radiation heat losses were increasing for the same uniform
surface temperature, which aligns with the general theory
of radiation heat transfer. Compared to the radiosity net-
work method, mean radiation heat loss predicts 19.48%
higher radiation heat losses for an emissivity of 0.2 and
1.63% higher for an emissivity of 0.9 with a uniform surface

temperature of 873K. The radiosity network method cal-
culates radiation losses more accurately than the mean
radiation heat loss calculations as it considers non uniform
radiosity over cavity surface.

Variation of Radiation Heat Loss with an Aspect Ratio
(L/Dcav) of Cavity

To analyze the effect of aspect ratio on radiation heat
loss aspect ratio range considered for the study is shown in
Table 3. The aspect ratio of the cavity is changed by chang-
ing the length of the cavity, and the aperture diameter is
kept constant as shown in Table 3. The length of the inner
cylinder is chosen such that the area of the cavity surface
will get doubled. The temperature of the cavity surface is
considered uniform at 873 K and 1273 K, and the emissivity
of the cavity surface is taken as 0.87. The radiosity equa-
tions are solved at 873 K and 0.87 emissivity of the cavity

Table 4. Different heat losses and the percentage difference between mean and total radiation heat loss for cavity wall

temperatures of 873 K and 0.87 emissivity

L (m) Aw (m?) aspect ratio q rad total q rad mean q cond (W) % diff
0.083 0.05397 1 169.322 172.99 28.12 2.12
0.166 0.0975 2 170.41 174.14 52.63 2.14
0.249 0.1406 3 171.11 174.58 77.14 1.98

Table 5. Different heat losses and the percentage difference between mean and total radiation heat loss for cavity wall

temperatures of 1273 K and 0.87 emissivity

L (m) Aw (m?) aspect ratio q rad total q rad mean q cond (W) % diff
0.083 0.05397 1 774.11 790.77 47.74 2.12
0.166 0.0975 2 779.14 796.01 89.37 2.12
0.249 0.1406 3 782.25 798.02 130.99 1.97
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Table 6. Different heat losses and the percentage difference between mean and total radiation heat loss for cavity wall

temperatures of 873 K and 0.6 emissivity

L (m) Aw (m?) aspect ratio q rad total q rad mean q cond (W) % diff
0.083 0.05397 1 152.84 164.59 28.12 7.125
0.166 0.0975 2 156.55 169.32 52.63 7.52
0.249 0.1406 3 158.56 171.19 77.14 7.37

Table 7. Different heat losses and the percentage difference between mean and total radiation heat loss for cavity wall

temperatures of 1273 K and 0.6 emissivity

L (m) Aw (m?) aspect ratio q rad total q rad mean q cond (W) % difference
0.083 0.05397 1 698.745 752.35 47.74 7.14
0.166 0.0975 2 715.78 773.98 89.37 7.54
0.249 0.1406 3 724.87 782.54 130.99 7.38
#Qrad total (5=0.6)  ®Q rad mean (s=0.6) So, increasing the aspect ratio will not significantly increase
Qrad total (s=0.87) mQ rad mean (=0.87) the radiation heat loss though the surface area is increasing;
180 it is because the increased depth of the cavity accounts for
the increased stagnation zone inside the cavity and added
175 —— area with increased depth of cavity will have lesser view
E ol _ J factor.
2170
é / Radiation Heat Losses for Experimental Surface
2165 Temperatures
E Experiments were carried out for inclination varying
5 160 | from 0o to 90° in the steps 15° for the cavity coated with
= s // Pyromark 2500 (emissivity of 0.87) and heat input of 150 W
and 200 W using only side band heaters. An additional case
150 of 150 W heat input using both side and bottom heater were

1 1,5 Aspect Ratio (L/Dcav) 2.5 3

Figure 9. Comparison of total radiation and mean radia-
tion heat loss for cavity surface temperature of 873 K and
emissivity of 0.6 and 0.87 for different aspect ratio.

surface to estimate the radiation heat flux values for differ-
ent cavity surfaces.

Cavity inner surface area, conduction heat loss, mean
radiation heat loss, total radiation heat loss, and the per-
centage difference between mean and total radiation heat
loss are given in Tables 4 to 7 for cavity wall temperatures of
873 Kand 1273 K, respectively. The emissivity of the cavity
wall surface considered for this analysis is 0.6 for the non-
painted surfaces and 0.87 for the painted surfaces.

Comparison of total radiation and mean radiation heat
loss for cavity surface temperature of 873 K and emissivity
of 0.6 and 0.87 for three different aspect ratios are shown
in Figure 9. With the increasing aspect ratio, the radiation
heat losses increase as the surface area increases. However,
the increase is slight as the aperture area is the same for all
three cases through which the radiation heat loss occurs.

considered for comparison purpose. Experimental tem-
perature values were used to calculate the average surface
temperatures for each surface used in the radiosity network
method. The radiation heat losses for normal and modified
cavity, coated with Pyromark 2500 were calculated using
the radiosity network method for different heat input cases
presented in Figure 10.

Radiation heat losses will increase for higher heat input
conditions as surface temperatures increase. Using only a
side heater for a heat input of 150W will show higher radia-
tion heat losses than the same heat input with both bottom
and side heaters. As more heat is supplied with the lesser
area in case of only side heaters, the surface temperatures
are higher. As surface near to aperture contributes maxi-
mum to the radiation heat losses, the higher surface tem-
perature of surface 4 in case of only side heater input will
result in higher radiation heat losses for this condition.
Compared with a normal cavity, a modified cavity shows
higher radiation heat losses for all three cases of heat input.

For 150 W input using side heaters only, the maximum
radiation loss increase was only 4.5 % for the modified cav-
ity at 15° inclination. The increase is only 2.71 % for 90°
inclinations where radiation losses dominate as most of
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Figure 10. Comparison of radiation heat losses for normal and modified cavities with different heat input conditions for

painted cavity (emissivity=0.87).

the cavity region represents a stagnation zone for airflow,
causing increased surface temperatures. Theoretically the
radiation heat loss should be doubled as area is doubled.
But as the inside cylinder provides kind of locking arrange-
ment for reflected radiation which get blocked inside cavity
and finally get absorbed. The added surface area is near to
the bottom and hence has less view factor with aperture. As
surface temperature are increase, conduction losses will be
slightly increased. From energy balance, total losses from
cavity must be equal to total power input as there is no
working fluid, so convection losses will reduce.

Comparison of Radiation Heat Losses with Published
Literature

The present study results for normal cavity and mod-
ified cavity with 150 W heat input using only side heaters
was carried out with those of Abbasi-Shavazi et al. [2] as the
setup and cavity dimensions along with cavity materials are
same. The cavities considered was painted with pyromark
2500 solar grade. The Abbasi-Shavazi et al. [2] has used top
wall temperatures for calculation of radiation heat losses and
conduction heat losses. They also used radiosity method for
calculation of radiation heat losses from cavity with axisym-
metric assumptions. The present study uses average of mini-
mum four temperatures recorded for each surface considered
in radiosity network analysis and overall average surface
temperate for side surface and bottom surface for conduction
loss measurement. The comparison shows close agreement
with similar trend for normal cavity with minimum devia-
tion of 4.7% at 0° inclination and maximum deviation of 15.7

% at 90° inclination. The Abbasi results shows higher radia-
tion heat losses as only top surface temperatures were used
which are always higher compared to bottom side surface
temperatures. The surface temperatures obtained by Abbasi
are slightly higher may be due to use of different insulation,
heating medium and environmental conditions which leads
to higher radiation losses. The modified cavity shows similar
trend as that of normal cavity with slightly higher losses due
to higher surface temperatures. The comparison of radiation
heat loss values with Abbasi-Shavazi et al. [2] results is shown
in Figure 11.

90 |
80
=70
2 60 ]
=2
w50
5]
= 40
=] .
=} =@=normal cavity (present study)
£ 30
= =t modified cavity
l‘-\? 20 (present study)
10 Abbasi et al. [2]
results
0
0 15 30 45 60 75 90

Cavity inclination (degrees)

Figure 11. Comparison of radiation heat loss values with
Abbasi-Shavazi et al. [2] results.
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CONCLUSION

The radiosity network method was used to calculate
radiation heat losses. The experimental setup was devel-
oped to measure the non-isothermal surface temperatures.
For uniform surface temperature conditions, uniform radi-
osity consideration will always predict higher radiation
losses compared to non-uniform radiosity over the cavity
surface. The difference is more at lower temperatures and
will remain uniform at 2.14 % for temperatures above 673
K. Though the surface area is doubled in the case of the
proposed cavity, the radiation heat losses should be theo-
retically doubled, but due to lower view factors they slightly
increased. The radiation heat losses remain nearly the
same for all three temperature cases of the inner cylinder.
Sensitivity analysis showed increased radiation heat losses
with increasing emissivity. In case of increased aspect ratio,
the increased surface area inside the cavity due to increased
length will not contribute more due to its lower view factors.

Experimental results showing non-isothermal surface
conditions, the proposed cavity shows slightly higher radia-
tion heat losses than the normal cavity due to higher surface
temperatures which is due to the increased stagnation zone for
airflow inside the cavity caused by the inner cylinder. For 150
W input using side heaters, the radiation losses increased only
by 4.5% for the proposed cavity at 15° inclination. As radiation
losses and conduction losses increases slightly for modified
cavity, by energy balance the convection losses will reduce to
keep total heat loss equal to heat input. This means modified
cavity will maintain higher working temperatures with same
total heat loss as that of normal cavity. Increased tempera-
tures represent higher heat availability for absorption which
increase the thermal performance of receiver. So, the designer
may think of a proposed cylinder-in-cylinder arrangement for
improved thermal performance for cylindrical cavities along
with ease of manufacturing and maintenance.

NOMENCLATURE
A area

amb ambient

A,,  aperture area

A,  internal cavity surface area

cond conduction heat loss

D diameter

D,, aperture diameter

D, cavity diameter

Ey emissive power of a black body

Fy view factor for surface i with surface j

h height of interior convex

H depth of cavity receiver

i surface or section

Ti radiosity of surface i

L length of Cavity

L, length of inner cylinder of cavity
q specific heat input flux for surface i

q; radiation heat exchange between surface i and j
ra radiation

R; radiative surface resistance for surface i

R;  radiative space resistance between surface i and j
T temperature

T, ambienttemperature

T,  average cavity wall temperature

w wall

Greek symbols

€ emissivity

o Stefan Boltzman Constant
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