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Abstract

The experimentation is carried out to examine the influence of receiver aperture/opening ratio (receiver’s aperture diameter
to the maximum diameter ratio, d/D), glass cover thickness and inclination angle of cavity receiver on its collection effi-
ciency for various flow rates of ordinary water as a working fluid. Experimental tests have been conducted at lower incident
energy, i.e., at lower cavity wall temperatures (less than 200 °C). The aperture ratio examined encompasses values as 0.46,
0.6, 0.7, and 0.93 for water flowing at flows of 0.8, 0.65, 0.5, and 0.4 LPM that corresponds to Reynolds numbers (Re) of
1880, 1525, 1175, and 938, respectively. The glazing thicknesses of 6, 4, and 2 mm were provided at an aperture. A modified
cavity-type receiver is made inclined at angles 90°, 60°, 45°, and 30° (with 90° as down-facing receiver opening and 30° as
close to sideway-facing of receiver opening). The tests have been conducted for cavity surface temperatures ranging from
90° to 180 °C. It is observed that an aperture ratio of 0.6 demonstrates maximum receiver performance for the values of
Reynolds number studied, while the receiver performance exhibited reducing trend with reduction in receiver tilting angle
from 90° to 30°.
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0 Inclination angle of cavity receiver with respect to
horizontal axis (°)

0, Inclination angle of 90°

o Stefan—Boltzmann constant (W/m?K*)

1) Angle formed by the aperture at the infinitesimal
surface element

Subscripts

Amb  Ambient

c Collector or CPC

Cond Conduction

Eff Effective

f Fluid

for. Forced convection

i Inlet

in Intercepted/incident by/at the receiver aperture

Nat. Natural

0 Outlet

0 Receiver opening/aperture

r Radiative

Ref Reflection

s Surface

u Useful

wi Wind

w Wall surface

Introduction

In solar-based power plant, the concentrated solar irradia-
tion is transferred to a working fluid flowing through heat
exchange element, called receiver situated at the focal loca-
tion of a solar parabolic dish collector. This hot and pres-
surized working fluid (air or water) then energizes the prime
movers (e.g., steam turbine or gas turbine). The receiver
geometries of shapes, e.g., hemispherical, spherical, cylin-
drical, rectangular, dome-shaped, elliptical, etc., have been
used so far for actual use and for investigation by Shuai
et al. [1]. Investigating the effect of geometry shapes such
as cylindrical, spherical, and conical cavity receiver, it is
reported that a conical-shaped receiver captures maximum
amount of energy among the three designs. The receiver
optical efficiencies of 70%, 71%, and 75.3% are noticed for
the examined cavity receiver geometries; spherical, cylin-
drical, and conical, respectively, at surface absorptivity
value of 0.85. The optical efficiency of the receiver is also
seen dependent on the radiative flux distribution inside the
receiver [2].

The effect of receiver geometrical parameters; aperture
diameter, inside diameter, and height of cylindrical cavity
receiver, on the energy losses as well as collection efficiency
has been examined by Chongzhe et al. [3]. The thermal
losses are seen to be increasing with cavity length that is
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attributed to rise in surface area involved in energy transfer.
The thermal efficiency exhibits a dropping trend with rise in
aperture diameter. The optimum values of cylindrical cav-
ity diameter, cavity length, and spiral tube number of turns,
exhibiting efficiency of 71.41%, are 0.35 m, 0.403 m and five
turns, respectively. An optimum value of aperture ratio for
a cylindrical receiver cavity is 0.53 exhibiting better perfor-
mance. The radiation loss from a cavity receiver increases
with rise in opening diameter from 18.4 to 30 cm. However,
with increase in opening diameter above 63%, convective
as well as conductive losses decrease by less than 5%. As
compared to percent reduction of conduction and convection
losses due to rise of cavity aperture, percentage increase of
radiation losses is very high [3].

The energy losses by all the three modes, from a semi-
spherical cavity receiver have been examined for lower
(75-150 °C) as well as higher temperature (150-300 °C)
situations by Tan et al. [4], for various receiver inclination
angles and aperture ratios. A receiver surface is heated up
to a desired temperature by means of a hot working fluid
circulated through it. In the present study, the radiative heat
was supplied through the receiver aperture and the effects
of receiver inclination angles, aperture ratios, and glazing
thickness on the performance were examined.

The cavity receivers are told to be extra efficient com-
pared to the external receivers due to reduced energy losses.
The convective losses from the former ones are reported to
be dependent on two aspects; mass transfer due to external
wind as well as buoyancy effects and capability of receiver
wall/surface to heat up an enclosed stagnant air. The cavity
receivers involving larger expanse of hotter surface area may
cause more amounts of convective losses. The radiative heat
losses are reported to be dependent on the nature of radia-
tive cavity surface, by Clausing [5]. In continuation to this
research, Prakash et al. [6] have identified the zones of free
convection and stagnant fluid in case of a cylindrical cavity
for various inclination angles ranging from 0° to 90°. The
stagnant fluid zone is seen at location where air temperature
gradient <0.3 and naturally convected zone is depicted at
zone where air temperature gradient > (.3. It is represented
as a ratio of ‘temperature variance between the temperature
at the concerned location inside the receiver and inlet tem-
perature of fluid’ to ‘distance between a particular location
and top wall of receiver’. The stagnation zone is observed at
the inside top end of a vertically downward inverted receiver
and convective zone is seen at the bottom entry side of a
receiver. The size of convective zone reduces with increased
angle of receiver inclination from 0° (sideway opening) to
90° (down-facing receiver) [6].

According to Wu et al. [7], the heat exchange takes place
mainly in the convection zone. An entire cavity of receiver
is subjected to only stagnation zone, which results in mini-
mum convective energy loss from receiver inclined at 90°.
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After all, it depends on the external wind velocity. In case
the external wind velocity dominates over the naturally con-
vected currents developed inside the cavity, the energy loss
by means of combined free and forced-type convection loss
takes over the free convection energy loss. As reported by
Kaushika (1993), the modified cavity-type receiver having
aperture plane at the opening of hemispherical cavity per-
forms better than hemispherical or semi cavity receiver. The
radiative energy loss dominates over the convective energy
loss for receiver inclination angles greater than 45°, and
hence, it should not be neglected while analysing perfor-
mance of a receiver, as reported by Prakash et al. [6].

The provision of plate fins significantly reduces the con-
vective heat losses by about 20% from the cavity receiver as
well as it reduces the radiative energy losses by about 5%
[8]. Radiation energy loss from a cavity receiver is seen to
be unchanged for various receiver inclination angles (0°,
90°, and 180°).

The convective heat losses from the receiver are reported
maximum for cavity aperture facing sideways and mini-
mum when it is facing downwards. At sideways position, a
receiver is dominated by the convective zone which dimin-
ishes for down-facing receiver due to stagnant fluid zone
inside cavity. The provision of fins improves the receiver
collection efficiency by about 2% [8]. Similarly, providing
fins inside the conical receiver without glazing exhibited col-
lection efficiency improvement of about 10% as compared to
conical receiver with no fins [13]. The radiation heat transfer
from receiver surface is reported independent of inclination
angles by Cui et al. [40]. A radiation contribution of total
heat loss increases with surface temperature and surface
emissivity [40].

The convective losses from the cavity receiver can be
reduced by controlling airflow by providing the air curtains.
A CFD study has revealed that the optimized airflow control
may reduce the energy losses by about 45% [9]. The external
wind speed as well as its direction influences significantly
the performance of a solar receiver. At lesser wind speeds,
i.e., less than 2.5 m/s, the energy losses by forced convection
are lesser than free convection. The losses by forced convec-
tion are dominant over free convection above 5 m/s wind
velocity values [10]. Similar such observations have been
noticed by Prakash et al. [11]. The convective losses induced
by external wind are about 22-75% higher with no-wind
case for wind speed of the tune of 1 m/s. The convective
energy losses are seen to be increasing with average receiver
wall/surface temperature and reduce with rise in receiver
inclination angles [11]. The convection and radiative energy
losses contribute about 52% and 71.34% of the total energy
losses from the receivers, respectively, at 0° receiver incli-
nation angle (i.e., receiver opening facing sideways). These
values are 42.72% and 59.28% at 90° receiver inclination
angle (i.e., receiver opening facing down) at about 400 °C

as operating temperature. The radiation loss dominates the
convection loss for receiver inclination angles above 45°.
Radiative loss is dependent on the radiative surface area of
a receiver and seen independent on its inclination/tilt angle
[12].

Bakari et al. [14] have examined the ‘glazing thickness
effect’ on the outcome of a solar flat plate collector system.
An optimum glass thickness of 4 mm has demonstrated a
better performance among the thicknesses of 3, 4, 5, and
6 mm. The maximum efficiency of 35.4% is reported in
case of 4 mm glazing thickness as compared to 27.8% in
case of 6 mm thickness. A 4 mm glazing thickness exhibits
optimum transmittance and convective losses. The nature
of cavity surface may also alter the receiver performance.
In the study presented by Harraiz et al. [15], it is seen that
a provision of absorptive coating over the receiver surface
improved an overall outcome of a receiver. With rise in 2%
absorptivity of a coating material, 4% increase in receiver
collection efficiency is reported. However, the emissivity
of surface has little effect on solar-thermal efficiency of a
collection system [15].

Three different receiver geometries, spherical, hemispher-
ical, and cubical, having equal heat transfer areas have been
examined by Prakash et al. [16]. Losses by natural convec-
tion are observed reducing with rise in tilt angle of receiver
from 0° to 90° (90° being receiver aperture facing vertically
downwards). The hemispherical cavity exhibited maximum
amount of energy losses as compared to spherical and cubi-
cal shaped receiver geometry. With reduced aperture ratio
(d/D), the volume of stagnation zone increases that reduces
the convection energy loss [16]. The combined convec-
tion—-radiation energy losses vary in different proportions
with tilting of the cavity receiver [17]. Xiao et al. [19, 20]
have reported that the natural convective coefficient for heat
transfer and Nu (Nusselt number) rises with opening ratio of
a cylindrical cavity receiver. By considering physical prop-
erty alteration of air due to receiver inclination, the convec-
tive heat transfer coefficient and Nu show an increasing and
reducing trend with cavity surface temperature, respectively.

As reported earlier by Ngo et al. [8], radiation heat loss
remains unaffected by change in inclination angle of a
receiver. Therefore, according to them, receiver inclination
influences the heat transfer (energy loss) by means of com-
bined conduction and convection. The variation in receiver
wall temperature has been noticed for change in receiver
inclination angles, which is attributed to alteration of local
convection and radiation energy losses. However, slight
increase of radiative losses from the cylindrical cavity-type
receiver is observed with increased receiver inclination (i.e.,
from 0° side facing to 90° down-facing) by Abbasi-Shavazi
et al. [17]. Similar such observations have been seen by Tau-
moefolau et al. [18] and Reddy and Kumar [19].
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Taumoefolau et al. [18] have stated that the radiative
as well as conductive energy transfer from a cylindrical
cavity-type receiver are independent of tilt angle ranging
from +90° to —90°, operating at a temperature range of
450-650 °C. The energy loss by convection is maximum
at receiver tilt angle of 45° and minimum (non-zero) at
90° (down-facing aperture). This overall convection loss
increases with the aperture ratio (d/D) of the receiver, for the
studied range of receiver inclination angles [18]. However,
in case of modified cavity receiver, the contribution of heat
lost by convection is seen minimum at inclination of 90° and
reported extreme at inclination angle of 0° (sideway-facing
of receiver opening), as described by Reddy and Kumar
[19]. They have estimated conductive heat loss through the
insulation, by completely closing the opening of receiver.
According to their findings, the convective cum radiative
energy losses take place from the receiver opening and con-
duction energy loss occurs through the lagging provided
exterior of modified cavity receiver. In addition, they [20]
have estimated contribution of heat loss by natural convec-
tion in case of modified cavity-type receiver with conical
entry, compound parabolic concentrator (CPC) entry, and
Trumpet reflectors’ entry to the concentrated radiation.
The cone, CPC, and Trumpet reflector act as second-stage
concentration. The provision of these second-stage reflec-
tors reduce the contribution of natural convection loss by
about 29.2% with cone, 19.81% with CPC, and 19.16% with
Trumpet reflector at entry to modified cavity-type receiver.
Among these three geometries examined, the Trumpet-
shaped reflecting surface geometry exhibits better perfor-
mance. The surface emissivity effect on the heat losses has
also been examined.

Kumar and Reddy [21] have presented numerical exami-
nation of combined radiation and convection energy transfer
from modified type cavity receiver using asymptotic CFD
approach. The convection energy loss rises with increase in
receiver surface temperature examined, 300 °C to 700 °C.
The combined convection and radiation Nusselt number is
reported to exhibit, a linearly increasing trend with receiver
surface emissivity (0.05—1.0). This shows that the surface
emissivity influences the receiver surface temperature,
which ultimately influences the combined radiative and
convective heat transfer from the concerned cavity. It is
also seen that the energy loss through combined radiative
and convective mode depicts a reducing trend with receiver
inclination angle changing from 0° to 90°.

The effect of aperture ratio on energy loss by natural
convection from the receiver cavity has been examined by
Paitoonsurikarn et al. [22] for three values of aperture ratio,
(d/D) of receiver 0.5, 0.7 and 1.0, surface temperature rang-
ing from 800 to 900 K (527-627 °C) and for receiver incli-
nation angle (0°-90°). It is found that energy loss by con-
vection reduces with decrease in aperture ratio, exhibiting
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lowest contribution of natural convection loss at aperture
ratio of 0.5. The corrugations provided inside the cavity hin-
der the building of expelling flow boundary layers. It reduces
the convection energy loss from the cavity. The down-facing
receivers depict a better performance on account of stagnant
zone formation in the cavity. The stagnant zone formation
inside the cavity suppresses heat losses from an aperture to
occur.

The maximum concentration of solar radiation takes
place at the receiver aperture for dish rim angle of about
45°. Compromising among the intercepted radiative heat and
energy losses form a cavity-type receiver by various modes,
the best aperture ratio suggested by Beltran et al. [23] is
0.130 m for intercepting factor of 0.980. For poor intercept
factor, the value of receiver aperture may be larger. Very
important and interesting observation presented by them is
that the receiver efficiency depicts a reducing trend with
rise in solar radiation intensity, owing to increased thermal
losses. Hernandez et al. [24] have used conical receiver for a
dish antenna having 90° rim angle. The rim angle of 90° dish
antenna depicts the focus and the rim of a dish in one plane.
The 45° rim angled dishes (focus outside of dish rim or away
from the vertex) exhibit maximum performance on account
of reduced optical and thermal energy losses. In case of 90°
rim angled receiver, it omits considerable radiation reflected
from mirrors located at the outer periphery of a dish. The
instantaneous efficiency is seen to be decreasing with reduc-
tion in mass-flow rate of working fluid and with increase in
its inlet temperature. The wind velocity also influences the
performance of cavity receivers.

The overall heat loss from a trapezoidal-type cavity-
type receiver increases linearly with wind velocity [25]. An
increased wind velocity reduces the energy transfer (loss) by
radiation and increases the loss by convective mode of heat
transfer. The total energy loss depicts an increasing trend
with the wind velocity and rises in receiver surface tempera-
tures. The wind velocity also influences the energy losses
from the glass cover acting as shield. With wind velocity,
radiative energy loss and convection loss from the glass
cover reduces, on account of drop of glass cover temperature
due to wind velocity [25]. The increase of wind speed up to
3 m/s helps mitigating the energy lost by natural convection
[26]. The losses by forced convection actually overcome the
losses by free convection above a wind speed of 3 m/s. This
phenomenon is observed at inclination angle of 30°. For
higher receiver tilt angles, e.g., 60° and 90°, the convective
energy losses rise monotonically [26]. A minimum value is
observed for combined convective energy loss from a cavity
receiver with increase in wind speed starting from zero m/s
[27]. The contribution of combined convection loss drops
up to 1.5-2.0 m/s of wind velocity, above which it increases
with wind speed, for vertically upward facing cylindrical
cavity receiver. The convective losses reported maximum
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value for receiver inclination angles between 30° and 45°,
for the range of wind velocity (0—10 m/s) examined.

It is also seen that [28] with larger receiver opening sizes,
the cavity surface temperature reduces by strengthening
energy losses via convection and radiation. According to
Shen et al. [28], the variation in trends of radiative and con-
vective energy losses are not influenced by receiver aperture/
opening ratio, tilt angles, and radiation heat fluxes.

In case of spherical cavity-type receiver made up of cop-
per tubing, the total losses depict a decreasing trend for rise
of inclination angle [29]. These losses increase with wind
velocity currents. The energy losses are higher for head on
wind direction as compared to side-on wind condition. The
losses in case of side-on wind conditions are found even
lesser as compared to no-wind condition [29].

Wau et al. [30] have investigated the influence of various
parameters, e.g., tilt angle, heat (radiation) flux, and opening
ratio on the energy losses for a situation when only bottom
wall is subjected to uniform wall heat flux. The aperture
ratio (d/D) for cylindrical cavity influences significantly the
heat losses from a cavity-type receiver. Increase in aper-
ture ratio increases almost linearly the radiative energy loss
from the aperture and reduces both the conduction as well
as convective energy loss. The magnitude/contribution of
natural convective heat loss alters with an inclination angle
of receiver. With reduced receiver inclination from 90° to
30°, the convection—contribution reduces. However, its effect
on conduction and radiative heat losses is marginal.

Fewer contributions on cavity receivers operating at
higher temperature ranges are reported. The receivers made
up of ceramic have been generally used for high--temper-
ature applications. Its performance may be enhanced by
attaching fins on the surface of cavity receiver by improv-
ing working fluid side heat transfer coefficient, as reported
by Strumpf et al. [31]. At higher operating temperatures,
e.g., from 400 to 1000 K, the variation of convective energy
loss with reference to receiver tilt angle is almost non-linear,
while it is quite linear closer to 400 K, according to Ngo
et al. [32]. The effect of receiver tilt angle on an energy loss
by convection from a receiver is stronger at higher oper-
ating temperatures. Its contribution change is insignificant
between receiver inclination angles of 75° and 90°. Its con-
tribution increases with receiver aperture size [32].

A cylindrical cavity receiver with spirally wound cool-
ant tube depicts maximum efficiency (about 74%) for
aperture diameter of 180 mm and it reduces to 55% for
larger aperture size of 300 mm [33]. This efficiency drop
is attributed to increased energy losses by both convec-
tion and radiation modes. Smaller aperture size repre-
sents highly concentrated radiative heat flux, and makes
hot zone that leads to failure of the parent metal. The
increased aperture size reduces the thermal efficiency of
a receiver on account of losses. The smaller aperture size

may ask for highly concentrated radiation (with shrink-
focus) or it may also obstruct the incoming concentrated
radiation, which may otherwise drop the receiver collec-
tion efficiency. Gonzalez et al. [35] have presented numeri-
cal outcomes in the form of convective Nu and radiative
Nu. The Convective Nusselt number is represented as a
ratio of heat transfer at the hotter cavity surface due to
free convection to the energy transfer by conduction only.
Similarly, a radiative Nusselt number is dictated as a ratio
of radiation heat transfer occurring from a heat transfer
surface to the energy transfer by conduction mode. In case
of larger temperature differences, radiative heat transfer
is reported to be dominant over the other modes of heat
transfer from the cavity.

Loni et al. [34] have investigated an influence of
receiver shapes, e.g., hemispherical, cylindrical and cubi-
cal on the efficiency of concentrating solar collection sys-
tems using water as well as Behran oil, as working fluids.
It is seen that the hemispherical receiver shows maximum
collection efficiency among the three designs. The working
fluid suggested for low-temperature applications is water
since having better thermal properties as compared to oil.
It also has portrayed lesser pumping power requirement
that leads to better system efficiency.

In a similar fashion, two cavity receivers, the spiral
tube and conical cavity, have been examined for various
flow rates and working temperatures of oil as an operating
fluid [36]. The collection efficiency of conical receiver is
reported to be better than a spiral receiver. The enhance-
ment in receiver thermal efficiency is reported to be
5.63% and 40.45% at 100 °C and 200 °C, respectively.
The pumping power and receiver wall temperature have
been reported to be higher in case of spiral receiver, which
reduces its performance [36].

The effect of receiver tube diameter on the system’s
thermal performance is examined by Caijun et al. [37]. It
is seen that with reduction of tube diameter, the heat trans-
fer coefficient shows improvement, while it added the pres-
sure drop/pumping power. A tube of 38 mm diameter (wall
thickness 3 mm) reported to exhibit better receiver overall
performance.

Kumar and Bopche [38] have seen that the annular disc/
plate at an opening of modified cavity-type receiver showed
maximum unsafe temperature as compared to a hemispheri-
cal cavity surface temperature, which is in vicinity of a cool-
ant. It is referred as spillage of aperture lip (plate), which
occurs due to constant exposure of concentrated radiation.
It may be attributed to the continuous exposure of incom-
ing radiation concentrated by the concentrating collector,
multiple internal re-radiative reflections, and unavailability
of coolant in contact with the disc/plate at the opening of
modified cavity receiver. These findings are supported by
Jaffe [39]. The medium-grained extruded graphites (G-90
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graphite & Grade CS graphite) and slip cast silica (with high
purity) are the materials suggested for the receiver aperture
plate. Its temperature can be kept within limits by adopting
disc made up of reflective material instead of absorptive
material. In this study, polished aluminium sheet is used
as an annular disc at an opening of a modified cavity-type
receiver.

The experimental studies found fewer, examining the
influence of opening/aperture ratio on the receiver collec-
tion efficiency. In addition, the combined effect of aperture
ratio (d/D), Reynolds number (Re), glass thickness (6), and
inclination (tilt) angle (6) on the receiver performance, by
experimental means, is very scarce in the literature. Inves-
tigating the combined effect of these parameters on the
receiver collection efficiency and examining contribution
of various modes of energy losses are the prime objective
of this study.

In addition, the effect of glazing thickness (5), on the
performance through completely obstructing the convective
energy losses and partly obstructing the re-radiative losses is
also examined in present paper. The glazing thickness effect
in case of flat plate collectors, examined by Bakri et al. [14],
is available in the literature. Its effect on cavity receiver col-
lection performance in the presence of concentrated heat
irradiation is also presented in this paper.

Experimental program

It comprises manufacture of a modified cavity-type receiver
and development of an experimental test facility.

Cavity receiver-modified type

A schematic and photograph of modified cavity receiver fab-
ricated for examination in the present study are as shown in
Figs. 1 and 2, respectively. A copper tube is spirally wound
round the exterior of hemispherical copper vessel. Tubes are
brazed to the vessel ensuring the perfect contact in between.
A spacing (pitch, p) of about 15 mm between the adjacent
spiral coils is maintained constant, while brazing a tube with

[—————> Water Outlet

Pitch,p/ '

Water Inlet

Cavity aperture, d

Fig. 1 Modified cavity-type receiver
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Fig.2 Photograph of modified cavity-type receiver

the vessel. The inner diameter of the vessel is 300 mm and
maximum opening diameter is 280 mm. The inner diameter
of copper tube is 8 mm. The cavity receiver was insulated
properly by mineral wool of 25 mm thickness. The copper
shell acts as an absorptive (selective) surface due to copper-
oxide layer from inside. The opening plates are prepared of
aluminium which acts as a reflective surface for preventing
re-radiation loss from the receiver aperture.

Experimental setup

A line diagram of an experimental test facility is as shown in
Fig. 3. An experimental apparatus includes following main
elements: storage water tank, pump, regulating valve, cav-
ity receiver, and infrared radiation heat source with CPC.
A bypass valve cum pipe arrangement was used to adjust
the flow through the tubing of cavity receiver. The receiver
was supported on a structure with the help of steel wires, so
that it can be tilted to any angle from 90° (receiver open end
facing downward) to 30° (receiver open end facing close to
sideway position).

The temperature of water as a working fluid flowing
through the tube at entry and exit from the receiver and
stored in the tank was measured with the help of resistance
temperature detectors (RTDs).

The K-type thermocouples were used to detect a receiver
wall temperature at various locations. The thermocouple
response was detected by means of a digital micro-voltme-
ter of uncertainty +0.001 mV. All the thermocouples used
in experimentation have been calibrated. The digital flow
meter used for water flow measurement has an uncertainty
of £0.25 L per minute (LPM) for 25 LPM flow measure-
ment. The tests were conducted at constant concentrated
infrared radiative heat flux (g,) at an opening of a cavity
receiver of about 105.23 W/m?, which is obtained using
radiation network analysis [45] inside the CPC.
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Fig.3 Schematic of the experi-
mental facility

Microvolt-meter
for Thermocouple’s
response

Cavity Cu
Absorber

Insulation

Coolant Exit -~

Experimental procedure

The effect of four parameters have been examined that
may influence the receiver thermal (collection) efficiency;
receiver inclination angle, aperture (opening) ratio, flow
Reynolds number, Re, and glazing thicknesses (6). The
performance were tested for four cavity receiver inclina-
tion angles 90°, 60°, 45°, and 30°; four values of aperture
ratios (d/D) 0.93, 0.7, 0.6, and 0.46, four flow rates equiva-
lent to Re; 938, 1175, 1525, and 1880, and for glazing
thicknesses of 2, 4, and 6 mm.

The surrounding (ambience) temperatures were
recorded at locations not influenced by the hot cavity
temperature with the help of Mercury thermometers. The
flow rates correspond to the flow Re of 938, 1175, 1525,
and 1880, were 0.4, 0.5, 0.65, and 0.8 LPM, respectively.
It took around 1-1.5 h to attain a steady state in case the
values of parameters altered. If it was noticed that the
temperature readings were not changing considerably for

Table 1 Input designed parameters

A

Coolant entry

Flow-meter

Glass wool
Insulation

Flow
Regulating
valve

W

IR-Radiation heat source

Cold water

Supply tank —’@7
Coolant
Pump

about 10-15 min, the whole system was assumed attaining
steady state.

Data analysis

The receiver and CPC have been designed to capture and
absorb the thermal energy of about 1000 W, to be utilized
for household process heating applications. This energy may
be captured by a parabolic dish collector having aperture
diameter of 1.128 m or aperture area of 1 m2, from solar irra-
diation. The designed input details selected for the present
experimentation work are presented in subsequent Sect. 3.1,
along with the way that data reduced, from the recorded
experimental data, in Sect. 4.1.

Data selection

The known variables, i.e., aperture ratio (d/D), Reynolds
number (Re), glazing thicknesses, and receiver tilt angles,

Aperture/opening ratio Mass-flow rate of Glass thickness (6)

Inclination angle (¢) Heat input at bottom  Heat output at the

(d/D) coolant, LPM (Re) mm end of CPC opening end of
receiver
0.93,0.7,0.6 and 0.46 0.4, 0.5, 0.65, 0.8 2,4 and 6 mm 90°, 60°, 45° and 30° 3778 W 1017 W

(938, 1175, 1525,
1880)

]
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AR %

d/D=0.93

d/D=0.46

Fig.4 Various aperture ratios of cavity receiver

that were governed the experimental tests are depicted, as
shown in Table 1.

The photographs showing modified cavity-type receiver
with studied aperture ratios are as shown in Fig. 4.

Data reduction and mathematical
formulation

This section expresses the mathematical equations used
to reduce the collected data in terms of useful heat gain,
receiver collection efficiency and energy losses.

Receiver collection efficiency

The heat gained by the water as a working fluid is obtained
using Eq. (1):

0, = mec,(Ty, — Tj). ¢))

The receiver performance parameter () of the modified
receiver cavity is calculated using Eq. (2):

0,
g, XA,

n= 2)

* @ Springer

Uncertainty analysis

The uncertainty involved in temperature measurement is
about+1.43% at 25 °C and+0.3% at 120 °C and in flow meas-
urement is +2.5% and + 1.25% for flow Reynolds numbers of
938 and 1880, respectively.

Energy loss analysis

In addition to evaluation of receiver collection efficiency, the
energy losses from the cavity receiver by radiation, conduc-
tion, and convection modes are also obtained using expres-
sions, as discussed ahead.

For estimating radiative energy loss, the configuration fac-
tor values have been calculated using configuration factor
expression, Eq. (3), analytically obtained in the present study
and using expressions available in Howell’s configuration fac-
tor catalogue [44].

Configuration factor To pursue ahead for an estimation of
radiation heat loss, evaluation of configuration factor values
is mandatory. An analytical problem has been formulated for
configuration factor between an infinitesimal surface element
‘dA’, located on inner surface of a cavity and an aperture/
opening of a modified hemispherical cavity receiver. The geo-
metrical situation is as shown in Fig. 5.

The analytical expression obtained for configuration factor
is as given by Eq. (3):

2
_ _ p2f 2sing
<1 -7 >

Fip-a, = )

5 &)
(Vo))

[ 1A

Incident radiation

Fig.5 Configuration factor between infinitesimal surface area and the
circular opening
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Radiation heat loss The expressions used for estimating
effective emissivity of a cavity surface and radiation heat loss
are expressed by Eqgs. (4) and (5), respectively [3]:

6W
geff = s
1—(1—gw)<1—ﬂ) )
Qr—emission = AogeffFo-<T\‘:/all - T:mb)‘ (%)

The equations referred for obtaining radiative energy loss
due to reflection off the cavity surface are given as Eqs. (6)
and (7) [3]:

Qo = N ,
" 1—(1—aw)<1—A°> ©)
Qr—ref = (1 - aeff) Qr—in' )

Conduction and convection energy loss A conduction
heat loss taking place from the receiver wall surface is
obtained using Eq. (8), whereas for estimating heat transfer
coefficient values of natural convection and forced convec-
tion, Eq. (9) [12] and Eq. (10) [3] have been used in an
analysis, respectively:

Test situations

The experimental outcomes in the form of receiver collec-
tion efficiency are briefed for the test situations, as;

Test situation I Influence of glazing at 90° receiver
inclination.

Test situation 2 Influence of aperture ratio at 90° receiver
inclination.

Test situation 3 Influence of tilt angle of receiver.

Results and discussion

Influence of glass cover (glazing) with 90° receiver
inclination

The influence of presence of gazing at an opening of modi-
fied cavity-type receiver is studied with use of transparent
glass sheets of thicknesses 2.0, 4.0, and 6.0 mm. The varia-
tion of receiver collection efficiency with glazing thickness
is plotted as shown in Fig. 6, for the aperture ratios of 0.6,
0.7, and 0.93 at two values of Reynolds number (Re) 938
and 1880. The zero glazing thickness represents the collec-
tion efficiency obtained without providing glass cover. Tests
have been conducted for the entire studied coolant flow rates

7kD Dy (T, = Ty g with receiver opening facing vertically downwards (i.e., 90°
cond. ™ D, — D, ’ ®) receiver inclination).
The glazing thickness of 4 mm exhibited better receiver
018 016 0473 collection efficiency of 88.4% compared to 87.9% and 86.4%
Nityy = 0.534Gr™"2(1 + cos0)™ (1 + €)™ for glass cover thicknesses of 6 mm and 2 mm, respectively,
Nge 1213 oosa( d \**° (9)  for an aperture ratio of 0.6. The presence of 4 mm glaz-
Now+1 Ty (B) ’ ing thickness improved the receiver collection efficiency by
RC . . .
about 6.2% compared to with no glazing. The reason behind
hg, = 0.1967 V‘L-1349, (10)  this improvement may be reduction of convective losses due
to provision of glass covers. A change in glazing thickness
may not alter the losses due to convection from the cavity.
Fig.6 ‘Collection efficiency’ vs 90 T
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$ %0 £ © . 2 od/D = 0.7, Re 1880
3 75 - +d/D = 0.93, Re 1880
&, £
=y £
ST od/D = 0.6, Re 938
3 o
< 65 f
S . wd/D = 0.7, Re 938
60
: ad/D =0.93, Re 938
55
50'...|:||||:||||:||||:||||:||||:||||
0 1 2 3 4 5 6 7

Glazing thickness, o (mm)

]
* @ Springer



472 International Journal of Energy and Environmental Engineering (2019) 10:463-481

Increasing the glazing thickness reduces the steady radiative
heat flux entering into the cavity through the glass cover. In
short, increase in glazing thickness reduces the transmittance
as well as convective losses and vice versa. A variation of
glass thickness may also affect the losses due to re-radiative
reflections from the cavity into the outer ambience. From
the examination, the optimum glazing thickness was 4 mm,
for giving optimal values of transmittance, and losses due
to convection and re-radiative modes, in case of modified
cavity receivers.

Influence of aperture ratio at 90° receiver inclination

One of the objectives of present work is to examine dimen-
sions of modified cavity receiver affecting system perfor-
mance. Tests have been pursued to examine the influence
of receiver aperture/opening on its performance, at the flow
Reynolds numbers studied without providing glass cover at
receiver opening. The cover sheets used to vary an aperture
size of a receiver were made of polished aluminium so as to
re-reflect inside the internal re-radiative flux, which would
have left out if it is absent. That way, it may contribute in
enhancing the receiver collection efficiency.

The collection efficiency portrayed improvement with
coolant flow rate and it showed decreasing trend with rise
in aperture ratio, i.e., for 0.7 and 0.93. The aperture ratio of
0.6 exhibited maximum receiver performance, as depicted
in Fig. 7. It may be attributed to the fact that increase in
receiver opening size increases the heat losses due to con-
vection as well as re-radiation; minimum may be the losses
due to convection at 90° receiver inclination. Similar obser-
vations have been reported by Chongzhe et al. [3]. Too small
the receiver aperture/opening, might have reduced the quan-
tity of concentrated radiative flux entering into the cavity,

Fig.7 ‘Collection efficiency’ vs

i.e., at aperture ratio of 0.4, which exhibited poor perfor-
mance in the present study.

In actual solar dish collector receiver system, with
larger receiver aperture sizes, the cavity surface tempera-
ture reduces by strengthening energy losses through con-
vection as well as radiation modes. It results into drop
in efficiency at higher aperture ratio values. It is also
reported in the literature [3] that in case of cylindrical
cavity receiver, with increase in opening diameter above
63%, losses by means of convection decrease marginally.
Above 63% opening, the percent reduction of convection
losses due to rise of cavity aperture is lesser than percent-
age increase of radiation losses. In short, the percentage
increase of radiative losses is higher as compared to per-
cent reduction of convection loss. Moreover, with larger
receiver opening sizes, the cavity surface temperature
reduces by strengthening energy losses via radiation as
well as convection. The radiation may be dominant over
convection above aperture ratio of 0.6. These increased
overall energy losses reduce the collection efficiency of
the receiver above aperture ratio of 0.6.

The radiative loss depends on the receiver surface tem-
perature and absorptivity of the receiver surface. The con-
vective heat loss depends on the receiver geometry, ambient
conditions, and receiver orientation.

With reduced aperture ratio, the intensity of solar radia-
tion at the opening of modified cavity receiver increases
due to higher value of concentration. The increased inten-
sity of solar radiation and surface temperature of the cav-
ity enhances the thermal losses by convection and radia-
tion modes from the aperture. It may be the reason behind
decreased receiver efficiency values for aperture ratio less
than 0.6. Smaller aperture size represents highly concen-
trated incident radiation, with shrink-focus or it may obstruct
the incoming reflected radiation in case of actual parabolic

With no glass cover

‘aperture ratio’ 80
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reflector-based collection systems, both of which may result
into drop in receiver collection efficiency.

It is also found by Paitoonsurikarn et al. [22] that heat
loss by convection reduces with decrease in aperture ratio,
exhibiting lowest contribution at aperture ratio of 0.5. Refer-
ring to relevant literature studies and present study, it can
be concluded that for lesser aperture values (< 0.6 in case
of modified cavity receiver), the radiation heat loss is domi-
nant over convection energy loss, which might result drop
in receiver collection efficiency.

The radiation is dominant for lesser aperture ratio, on
account of highly concentrated incident energy at the open-
ing of modified cavity receiver, while it is dominant for
larger aperture values due to increased view factor values.
The change of view factor values for opening ratio less than
0.6 is negligible. However, the view factor and hence the
radiation heat transfer enhance considerably for aperture
ratio values more than 0.6. The variation of view factor
(Fa1_a3) values between finite hemispherical inside cavity
surface, ‘A’ and the opening ‘A;’ versus the opening ratio
(d/D), for modified cavity receiver is as shown in Fig. 8. It

0.6

0.5

0.4

0.3

0.2

View Factor, F,, ;;
.

0.1 *
.

R

0 e S S +— et
0 0.2 0.4 0.6 0.8 1
Aperture Ratio (d/D)

Fig.8 View factor between finite area ‘A;” and opening ‘A;’, ‘Fy;_ 53
vs ‘d/D’ [44]

Fig. 9 Inclination of test facility at angles a 90°, b 60°, and ¢ 45°

is obtained using analytical expression given in view factor
catalogue, by Howell [44].

Influence of tilt angle of receiver

In a way to examine an effect of inclination/tilt angle of
receiver on the system performance, a complete test facility
including receiver, CPC, and heater assembly is inclined for
90° (down-facing receiver opening), 60°, 45°, and 30°. The
photographs of the experimental test facility with inclination
angles of 90°, 60°, and 45° in reference to horizontal axis
are as shown in Fig. 9.

The variation of receiver collection efficiency for the
studied receiver inclination angles and flow Reynolds num-
bers at aperture ratio values of 0.93, 0.7, 0.6, and 0.46, is
depicted as shown in Figs. 10, 11, 12, and 13, respectively.
The receiver collection efficiency displays a rising trend with
the flow rates as well as with enhanced receiver inclination
angle. The reason may be attributed to the increased contri-
bution of energy losses for reduced inclination of receiver
with respect to horizontal axis. The losses due to convection
grow with decrease in inclination. It plays a leading role in
dissipating energy from a receiver aperture, at lower tem-
perature levels of cavity wall, i.e., less than 200 °C.

As discussed earlier, the aperture ratio of 0.6 exhibits
maximum receiver performance as compared to other aper-
ture ratios and inclination angles studied in this study. Two
zones generally forms inside the modified type receiver, e.g.,
stagnant and convective. With increased receiver inclina-
tion angle from 0° to 90°, stagnant zone occupies more vol-
ume of the receiver cavity, which results in minimum losses
through convection mode. However, with reduced receiver
inclination angle, the convective zone captures more space
as compared to stagnant zone that enhances the convective
energy loss from the receiver.

The conduction and radiation losses are seen to be mar-
ginally dependent on receiver tilt angle. The variation in

|_— Cavity Receiver

| _— Insulated CPC

Infrared Heater
Assembly

L —
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Fig. 10 Receiver collection effi-
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receiver wall temperature has been noticed for change in
receiver inclination angles, which is attributed to alteration
of local convection and radiation energy losses. However,
slight decrease of radiative losses from the modified cavity-
type receiver is observed with reduced receiver inclination
(i-e., from 90°, down-facing to 0°, side facing receiver aper-
ture), in the present study.

Heat loss analysis
The losses by means of conductive, convective (natural/

forced), and radiative modes of heat transfer are obtained
herewith, for the cases discussed earlier.

(]
’r @ Springer

The energy losses involve conduction, convection, and
radiation modes of transfer. It is reported in the literature
[3] that an effect of shape of a cavity does not influence con-
siderably the energy losses from the receiver. As discussed
earlier, the loss of energy by conduction mode through the
insulation is obtained using Eq. (8). During experimenta-
tion, it exhibited a rising trend with the surface temperature
of cavity. A conduction loss contributes about 3.5-8.9% of
total energy losses.

The contribution of energy loss by natural convection
through a receiver aperture is obtained using correlation,
as given by Eq. (9) proposed for Nusselt number, by Reddy
and Kumar [12]. It is obtained for a constant aperture ratio
of 0.6 (optimum value). A contribution of natural convection
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Fig. 12 Receiver collection effi-
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mode in total heat loss is about 28.64% for down-facing Configuration factor
receiver (90°), 42.9% at 60°, 48.9% at 45°, and 53.45% at 05
30° receiver inclination angle, on an average, for cavity sur- E
face temperature ranging from 90° to 180 °C. The contribu- T 04 ¥
. . . . . = o
tion of forced convection loss due to wind velocity (in a "’; 03 :
closed laboratory room) of about 0.3 m/s is found negligible, 2 T F
. . S E
i.e., about 0.02 W, using Eq. (10) [3]. S oo 4
The configuration factor values obtained for a differen- S T F
tial receiver surface element (dA,) with respect to various ol E
aperture sizes (A;) are plotted as depicted in Fig. 14. This Ok
analytical expression has been derived to see the influence 0

of aperture size on the fraction of energy radiating by an
individual surface element with an outer ambience through
the receiver opening.
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The configuration factor value shows an increasing trend
with aperture size. It is obtained as zero for no/zero open-
ing (closed receiver) and it is 0.5 for unity aperture ratio.
This outcome is validated with the configuration factor value
reported by Howell [44] for configuration factor between a
finite area element on interior of hemisphere (area A)) to the
entire base, i.e., area A; and A,, as depicted in Fig. 5.

As reported [3], the contribution of radiative energy loss
is about 60% of total losses from the receiver during morn-
ing and evening hours and approx. 75% at noon. It is due to
the variation of convective losses throughout the day.

The radiation contribution in the overall energy losses
is obtained using Eqs. (4) and (5) for the effective emis-
sivity of cavity receiver and radiative energy transfer rate,
respectively.

The surface emissivity of a receiver made of copper (oxi-
dized surface) is 0.823. The radiative energy loss due to
emission ranges within 11.1% and 41.8%, for cavity sur-
face temperature varying from 90 to 180 °C. The radiative

Table 2 Comparison with the literature findings

loss due to reflection off the cavity surface is obtained about
24.4% using Eqgs. (6) and (7). Therefore, the maximum radia-
tive energy loss (emission and re-reflection) from the cav-
ity receiver is 66.2%. The effect of each 30° change (drop)
in receiver inclination reduced the radiation loss by about
4.5%, i.e., from 90° to 60° receiver inclination values. It is
attributed to the fact that heat loss by convection plays a
dominant role with reduction of inclination (down-facing
position to sideway receiver opening position), which ulti-
mately reduced the cavity surface temperatures.

Similarly, the maximum contribution of convection and
conduction mode in losing energy from the cavity receiver
is estimated about 53.45% and 8.9% of the total energy loss,
respectively, for the present case. The outcomes of the pre-
sent investigation have been compared with literature find-
ings, as portrayed in Table 2.

S.no. References Conductive Convective contribu-  Radiative contribution Receiver thermal Optimum value of
contribution  tion in total energy in total energy loss efficiency (%) aperture ratio (d/D)
in total energy loss
loss
1 Chongzhe et al. [3] < 2% (with - 60% in morning and 71.41% 0.53 (for optimum
(cylindrical cavity effective evening 75% in values of D=0.35m
receiver) insulation) Noon and d=0.184 m)

2 Tan et al. [4] (semi- - - - - 0.43 (for minimum total
spherical cavity loss)
receiver)

3 Reddy and Kumar - 40.72% (at 90° 59.28% (at 90° - -

[12] (modified cav- receiver inclination/ receiver inclination/
ity receiver) down-facing) down-facing)
4 Prakash et al. [16] - 30-80% (for opening — - -
(cubical, spheri- ratio, d/D 0.25 to
cal, hemispherical 0.5)
receiver)
5 Paitoonsurikarn et al. - - - - 0.5 (for minimum con-
[22] vection loss)
6 Feng et al. [33] - - - Max. of 74% at -
(cylindrical cavity d=180 mm)
receiver)
7 Karimi et al. [41] - - - 65-94% -
(cylindrical cavity
receiver)
8 Fang et al. [42] - - - 82.9-87.7% -
(tube-walled cavity
receiver)
9 Kribus et al. [43] - - - 70-90% -
(annular receiver)

10 Present study (modi-  3.5-8.9% 28.64% at 90°; 66.2% (maximum at ~ Max. of 79.05% 0.6

fied cavity receiver) 42.96% at 60°; 90° inclination) at (d/D=0.6 or
48.9% at 45°; d=180 mm)
53.45% at 30° incli-
nation

(]
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Correlations for receiver collection efficiency

The correlations for the ‘receiver collection efficiency’ are
obtained by considering it a strong function of geometric as
well as flow parameters of the receiver system, e.g., Reyn-
olds number (Re), aperture/opening ratio (d/D), glazing
sheet thickness (§) in ‘mm’, and receiver tilt/inclination
angle (0). The functional relationship is as given by Eq.
d 5 8

n=r(ke.5.5.7)

The experimental data corresponding to 112 tests (data
points) conducted were used for the regression analysis.
Figure 15 exhibits performance parameter as a function of
Reynolds number, depicting a relation as given in Eq. (11).
The R? value of this equation is obtained as 0.0163:

n=A, RS (11)
The constant ‘A’ will be a function of rest of the
parameters, plotted as depicted in Fig. 16 versus aperture
ratio (d/D). It gives relationship as Eq. (12), with value of
R%2=0.0551, with B, as an average value of all constants:

Av=Bo(dp) . (12)

The constant ‘B’ obtained, a function of glazing thick-
ness ratio ‘6/D’, is plotted as shown in Fig. 17.

It yields an expression as Eq. (13), with R? value equal
to 0.4646:
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Fig. 17 Constant ‘B’ vs glaz-
ing thickness ratio ‘6/D’ 0.6
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Finally, the constant ‘C,’ is plotted versus receiver incli-
nation (tilt) angle ratio ‘6/6,’, as depicted in Fig. 18.

The relationship is obtained out as Eq. (14), with R? value
of 0.3547:

0 0.1691
onmm(;> , (14)

where glass sheet thickness ‘6’ in ‘mm’ and tilt angle, ‘6’ in
degree. Therefore, the correlation for receiver thermal col-
lection efficiency is obtained as Eq. (15):

0.1651 0.0117 0.1691

* @ Springer
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Figure 19 shows the variation of predicted values of
receiver collection efficiency with respect to its experi-
mentally obtained values. The R? value of final Eq. (15)
is 0.77 with approximately; 97.3% (109 out of 112) of the
data points lie within the deviation of + 15%.

Conclusions

The performance of a modified cavity-type receiver system
has been studied in terms of collection efficiency. An influ-
ence of receiver aperture, transparent cover thickness, and
inclination/tilt angle of receiver on the performance is pre-
sented in this paper. All the cases have been examined for
flow Reynolds number of 938, 1175, 1525 ,and 1880 along
with the energy losses (cond., conv., and rad.) from a cav-
ity receiver, at lower temperature situations 90° to 180 °C.
The outcomes of the work are elaborated as follows.
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Fig. 19 Receiver performance,
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e The wall temperature effect on the radiative as well as
convective modes of energy losses is more noticeable as
compared to in case of conductive mode of energy loss.

e An aperture ratio of 0.6 demonstrates maximum
receiver collection efficiency among the studied val-
ues of aperture ratio, e.g., 0.46, 0.6, 0.7, and 0.93, for
all the values of mass-flow rates studied, which may be
attributed to the reality that increase in receiver open-
ing size increases the losses due to convection as well
as re-radiation; minimum be the losses due to convec-
tion at 90° receiver inclination. This ratio needs to be
utilized/maintained while erecting concentrating solar
collector-based system with modified cavity receiver.

e The system performance in the form of receiver collec-
tion efficiency has exhibited reducing trend with decrease
in receiver inclination angle (from 90° down-facing
receiver and 30° side way-facing of receiver). The con-
tribution of convective losses from the receiver increases
with reduction in inclination angle. The combined con-
vection-radiation energy losses alter in different propor-
tions with tilting of a cavity receiver. The maximum
radiative loss (emission and re-reflection) from the cavity
receiver is about 66.2%. The effect of each 30° change
(drop) in receiver inclination reduced the radiation loss
by about 4.5%, i.e., from 90° to 60° receiver inclination
values. The contribution of energy losses due to natu-
ral convection is estimated within 28.64% to 53.45% for
receiver inclinations varying from 90° to 30°. The con-
tribution of conductive energy loss is about 3.5-8.9% for
the studied range of receiver wall surface temperature.

e An optimum glazing thickness observed was 4 mm, for
giving optimal values of transmittance and losses due to
convection cum re-radiative modes, in case of modified
cavity receivers.

30 40 50 60 70 80 90
Npredicted (%)

On carrying out the present study, for practical adoption,
two suggestions are hereby given. A correct aperture ratio
needs to be chosen for cavities to be applied in solar energy
harnessing projects. The electronic components should be
inclined at an angle of 30°—45° with respect to horizontal
plane for enhanced cooling and better working life.
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