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Abstract: The receiver serves as a critical component in tower-type concentrated solar power plants.
Responsible for light-heat conversion, the efficiency of the receiver significantly affects the overall
performance of the power plant. In the current study, the thermal performance of external receivers
was investigated. An experiment was set up similarly using the solar simulator to experimentally
investigate the heat losses of a billboard receiver. A billboard-type external receiver was designed, fab-
ricated, and experimented with. A solar simulator having seven xenon lamps characteristics similar
to the sunlight spectrum was used to obtain heat flux at the surface of the receiver. Convection losses
in the head-on wind direction were evaluated, along with the radiation losses. The thermal efficiency
of the billboard receiver calculated experimentally was around 83.9%. Numerical simulations were
also carried out to compare the results against the experimental data. A variation of ±5% observed
between both results validate the model proposed in the current study.

Keywords: solar power; external receiver; heat losses; thermal efficiency

1. Introduction

The solar receivers serve as the fundamental component in tower-type CSP plants.
Their function is to absorb solar heat flux reflecting from a heliostat field and transfer the
absorbed heat to the Heat Transfer Fluid (HTF). Solar receiver plays a crucial role in Con-
centrated Solar Power (CSP) plants that affects the power plants’ efficiency. Based on their
geometric shapes, the solar receivers are categorized into two types, i.e., (1) cavity receivers,
(2) external receivers. Both shapes have been utilized in the actual power plants, although
the research on the cavity receivers is more extensive than on the external receivers.

At first, a large-sized cubical-shaped cavity receiver was analytically modeled by
Sandia laboratories [1], using heat transfer coefficients (HTC) for heat transmission within
the receiver by employing the standardized semi-empirical formulations as well as the
heat transferred through air flowing out of the aperture. The results were later verified
against experiments [2]. Similarly, Koenig & Marvin [3] investigated a heat loss model at
very high temperatures up to 550–900 ◦C for the cavity receiver surface and put forward an
empirical correlation. Le Quere et al. [4] performed numerical formulations and carried
out experiments to evaluate natural convection losses on a cubical-shaped cavity receiver
having isothermal side panels. Their results depict that the convective losses are highly
influenced by the inclination. James & Terry [5] examined five geometries of the cavity
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receivers including cylinder, sphere, elliptical, conical & hetero-conical to gauge the thermal
performance of the receivers. They attained significant trends on the power profile of the
receiver as well as the rim angle disparity of the concentrator, without any substantial effect
on the receiver’s performance.

During a series of experiments, Kraabel [6] found natural convection losses by elec-
trically heating the cavity receiver to achieve the desired temperature. In subsequent
studies [7], radiant losses were also evaluated directly, and correlations were presented as
a function of average Nusselt number dependent on Grashoff number and other geomet-
ric parameters of the cavity receivers including receiver’s length and height. McMordie
et al. [8] also performed an experiment on the cavity receiver and evaluated heat losses via
radiation, conduction, and (natural and forced) convection losses. The ensuing results were
then validated against correlations proposed by Siebers and Kraabel [6].

The experiments were later extended by Stine & Mc Donald [9] and results were
validated by employing the correlations earlier proposed by Clausing [1] for an upward-
facing cavity receiver. Based on combined convective and radiation heat losses, Balaji
and Venkateshan [10] examined the natural convection losses along with the radiation
losses for an open square-shaped cavity receiver. They found out that radiation losses
are responsible for higher losses. Behnia et al. [11] investigated the rectangular-shaped
cavity receiver to study combined radiation and natural convection entrapped with non-
participating fluid. While Leibfried and Ortojhan [12] also experimented with cavity
receivers at different inclinations by tilting the cavity in the upward and the downward
directions. They observed a reduction in wind-induced heat losses by up to 11%. They
modified the correlations previously presented by Clausing [2] and Stine and McDonalds [9].
While Pevlvic and Penot [13] examined the cubical cavity receiver at very low velocities,
they evaluated combined heat losses and proposed Nusselt number correlations.

A large-scale experiment was also carried out by Ma [14] focusing on the wind-induced
losses from a cylindrical-shaped cavity receiver. Another set of experiments on Solar One
was carried out by Radosevich in 1988 [15]. They used a computational code to evaluate the
optical performance of the heliostats. They reported the thermal efficiency of the receiver
oscillating between 70–76%. Pacheco [16] testified the performance of the results from the
Solar Two receiver power facility under different operating conditions. The efficiency was
found to be around 78–80%. Yabin et al. also evaluated the thermal performance of a cavity
receiver taking the receiver and heliostat field design from the Dahan Power Plant in China
as the testbed [17].

A different receiver shape by adding a cone-shaped opening onto the aperture was
investigated by Hahm et al. [18]. A single cavity receiver without the cone-concentrator
was also analyzed to draw a comparison. They observed an optimal cone concentrator
could increase the number of rays transmitted by 97%. The results were also theoretically
verified. Ramesh and Venkateshan [19] experimented with an air-filled cubical cavity
using a differential interferometer to examine the free convection heat transfer as well as
the surface. They verified that losses through free convection diminished due to surface
radiation. Kribus et al. [20], to reduce the heat losses, developed an experimental model by
splitting the aperture into discrete phases dependent upon the irradiance levels. A similar
study by variation in cavity shape, a low-cost cavity, and semi-cavity models was developed
by Kaushika and Reddy [21]. They modified and optimized the parameters of the cavity
receiver. The cavity with optimal dimensions was presented with a thermal efficiency of
70–80% at a temperature of 450 ◦C.

A detailed performance report for Solar two was presented by Pacheco [22] in two
reports. The receiver efficiency was found to be better than Solar One, where a cavity
receiver was employed at 88%. The efficiency dropped to 86% at higher wind velocities

A series of investigations were carried out using numerical simulations using the
Computational Fluid Dynamics (CFD) Paitoonsurikarn et al. [23] examined the combined
free-forced convection losses for three different shapes of open cavity receivers. They
proposed a correlation based on the Nusselt number for natural convective losses. Later [24],



Energies 2022, 15, 2188 3 of 15

they numerically examined the combined free-forced convection losses at various tilt
angles for a cavity receiver. In a subsequent study, Paitoonsurikarn and Lovegrove [25]
investigated wind-induced losses on a dish structure open receiver. They reported a
complex airflow over the dish surface. However, the results cannot be generalized. Later,
researchers [26] put forward a correlation for the free-stream wind for the wind flowing
parallel to the aperture of the cavity at different wind directions. The use of secondary
receivers on multiple aperture cavity receivers also resulted in increased thermal efficiency
of the cavity receiver [27]. They increased the number of apertures up to six with an
individual heliostat field for every aperture. This also resulted in lowering the capital
investment needed for power plant setup. In another study [28], they extended the research
into 3D and compared the result for natural convection losses. A Nusselt number correlation
was also developed to evaluate the losses.

Muftuoglu and Bilgen [29] studied the heat transfer characteristics for natural convec-
tion on a rectangular cavity receiver at different inclinations and with a different aperture
to height aspect ratio. They found that heat transfer is maximum when the receiver is
installed horizontally and decreases with an increase in tilt angle.

Prakash [30] numerically and experimentally studied parabolic-dish receivers to eval-
uate the thermal performance of the receiver at different inclinations, different inlet fluid
temperatures at varying wind velocities and directions Fang et al. [31] also simulated a
3D cavity receiver design, and forced convection losses were obtained in the different
wind directions. Tu et al. [32], performed a comprehensive study, including a numerical
simulation and an experimental study to evaluate the thermal performance of the cavity
receiver. To evaluate the optimal mass flow rate using the experimental platform for opti-
mal efficiency Later [33], cavity receiver depth was varied to find the optimum depth by
increasing higher heat flux. In a subsequent study, Fang et al. [34], numerically investigated
thermal performance at the start-up of the cavity receiver having the absorber tubes. An
irregularly shaped cavity receiver was studied. Their results show that a proportional
relationship exists between the energy and the rate of evaporation. Later, they studied
the effect of emissivity of the absorbing tubes on the performance of the cavity receiver.
They [35] also attempted to find the effect of tube layout on thermal performance.

Flesch et al. [36], numerically simulated the cylindrical cavity receiver thermal effi-
ciency under various conditions. Wind velocities were varied with inclination varying
from 0–90◦. The case of free convection losses was validated with results reported by
Clausing [1]. In a subsequent study [37], they experimentally validated the results.

Kim et al. [38] used a flat surface receiver and then added walls to turn it into a
cavity and evaluated the thermal efficiency. The results were validated by employing
correlations formulated by Clausing [2] and against experiments previously carried out by
Stoddard [39].

It can be observed from the observed literature survey that researchers mostly focused
on cavity receivers. However, with rapid growth in CSP technology [40] and due to their
easy integration with thermal energy systems all the large-scale plants have employed
external receivers [41] but only a few researchers have focused on external receivers.
Whereas, the experimental work on external receivers is even scarce. Rodriguez et al. [42]
put forward the thermal design guidelines for the external receiver. In subsequent research,
Rodriguez et al. [43], analyzed the potential for energy recovery for two different solar
power systems with external cylindrical receivers. Later they analyzed different flow
patterns, [44] and evaluated the global efficiency. Qaisrani et al. [45,46] performed CFD
simulations and numerically evaluated the thermal efficiency of various external receiver
designs. Similarly, Du et al. [47] evaluated the thermal efficiency of a flat plate receiver
through experiments. In the current study, a scaled-down model of the external receiver is
experimentally and numerically studied. CFD simulations were numerically performed to
evaluate the thermal performance of a billboard-shaped external receiver and results were
validated against the experimental study.
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2. Experimental Setup
2.1. Solar Simulator and Heat Flux Test Setup

In the current work, an experimental setup was designed and developed, consisting of
a solar simulator that constitutes of independently operating seven-xenon lamps to provide
the required solar energy. The cold start-up and steady-state thermal performance of the
solar external receiver were investigated at a pressure < 0.5 MPa. The results depict that for
a particular external receiver geometry temperature of the boiling tubes and the heat losses
affected not only due to the heat flux but also due to parameters including the heat transfer
to the boiling tubes and the state of the flowing fluid (HTF) along with the wind-induced
losses. A highly non-uniform temperature distribution was observed on the surface of
the boiling tubes. Localized overheating also occurred in case a high heat flux did not
have a sufficient heat transfer inside boiling tubes internal. The thermal efficiency of the
external receiver is about 83.92% at a pressure of 0.5 MPa. The results were then validated
through the numerical CFD simulations by designing the same setup and using the average
temperature measured through attached thermocouples at the surface of the boiling tubes.

In previous experiments, an electrical heating mode was chosen to serve as the heat
source in the experiments evaluating the performance of the receiver. Moreover, most of
the experimental studies concentrated on cavity receivers. There are several drawbacks to
the usage of the electrical heating method to simulate the solar-heat conversion.

(1) The electrical heating mode is unable to accurately map the absorption and the
reflection of the light rays on the surface of the tubes, which is contrary to light-
thermal conversion as in actual power plants.

(2) The temperature at the surface is very high due to the absence of any cooling mea-
sures/insulation. The heat transfer heat to other surfaces, including supporting
structure (and passive surface in cavity receivers) via radiation is neglected.

(3) Heating through the electrical mode causes the temperature to be evenly distributed on
the back surface of the tube. Whereas, in real power plants, only the front surface of the
tubes is the recipient of the direct sunlight. The back surface of the tubes attached with
the supporting structure results in heat transfer. Although it is very less, it cannot be
considered as adiabatic, it still results in highly non-uniform temperature distribution.

In real CSP power plants, the solar receiver consists of one or more panels. The panels
usually have many parallel tubes attached to the front surface, the fluid flow conditions in
these tubes are complex as the tubes had flow resistance. The flow characteristics are hard
to predict in actual scenarios due to the exposure of the tubes to a highly non-uniform heat
flux distribution. To emulate similar conditions in the current study, a small-scale solar
simulator was employed. It consisted of seven xenon lamps to provide the required solar
energy having sun alike spectrum.

The cold start-up performance of the solar receiver was investigated under 0.5 MPa
pressure, under steady-state conditions.

A pump was employed to pump-out feed (ionized) water at ambient temperature and
fed into the deaerator. The de-aerated ionized water then flowed into the tank. The cold
feedwater finished its circulation here as water and steam are separated. The water in the
sub-cooled state was pumped out of the steam tank using a pump. It is pumped into the
receiver, which is the object of the current experiment.

The water flowed through the circulation tubes and absorbed energy from the tube
walls throughout the wall turned into steam. The water/steam mixture entered the steam
tank, where the steam was separated from the water. The outflowing saturated steam
cooled down as it entered the steam condenser. The temperature of the steam dropped
down to room temperature in the condenser. Initially, a 5 kW electric heating system was
also installed for the test run of the experimental system. To measure the temperature at
critical points, the K-type thermocouples were attached. To evaluate and maintain the
pressure at the steam tank, a pressure transducer was also attached. A glass-tube-type
rotameter was employed at the outlet of the feedwater pump to measure the water flow
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rate. The readings showed a low flow rate for the flowing water initially. By adjusting the
flow rate of the water and the pressure of the steam tank, a steady-state was reached. This
was achieved by adjusting the feedwater flow rate was set in accordance with the steam
flow rate exiting out of the steam tank. They were kept equal to maintain the liquid level
unchanged.

The steam mass flow rate was measured by weighing the water regular interval. While
measuring the flow rate of the circulating water and the cooling water two flow meters
were used, they are numbered 6 and 13 in the system sketch of the experimental platform
shown in Figure 1.
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Figure 1. System sketch of the experimental platform.

Other instruments, shown in Figure 1, are also enlisted below with a necessary brief
explanation in Table 1.

Table 1. List of instruments.

No. Item Function

1 Feed-water tank Contains the feed water later sent to the receiver

2 Feed-water pump Responsible for pumping water out of the feed water tank

3 Flowmeter Glass-tube rotameter to measure the mass flow rate at the
outlet of the feed-water pump

4 Deaerator To dearate the water, i.e., removes oxygen, gas bubbles and
other dissolved gases from the water.

5 Circulating Pump pumps water through the receiver tubes

6 Flowmeter Installed adjacent to the water circulating pump measures
the reading at the outlet of the circulating pump.

7 External Receiver The object of the study; responsible for transmitting energy
from solar simulator to the HTF.

8 Solar Simulator Toprovide the required thermal energy to the
external receiver.

9 Steam Tank and steam are separated in the steam tank

10 Condenser
Steam from the steam tank is cooled down in the steam
condenser. The steam temperature decreases to the room
temperature in the condenser

11 Cooling tower It is responsible for water intake needed for the
experiment operation

12 Cooling water pump It pumps water out of the cooling water tank into the feed
water tank

13 Cooling flow meter Measures the water flow rate coming from the cooling water
tank and flowing into the feed water tank
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2.2. Billboard Receiver: Design and Geometry

The external billboard receiver consisted of 3 panels with tubes attached to its surface.
The panels were attached via tubes at the top and bottom of adjacent panels as shown in
Figure 2. The heat transfer fluid entered through the left bottom of the panel in the first
and exited through the right top of the panel after a serpentine configured tube attached
parallel to each other. The back of the panel and surfaces other than the receiving panel
were insulated with a thick aluminum silicate foam sheet. The receiver consisted of 3 panels
having the same dimensions and was made up of stainless steel. The tubes are 3.2 mm
wide attached to much wider 32 mm tubes at the top and bottom of each panel. The inlets
and outlet located at the outer periphery of these larger tubes were 20 mm wide. Different
views with dimensions are depicted in Figure 2.
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2.3. Solar Simulator and Heat Flux Measurement System

The solar simulator consisted of seven lamps that can be individually operated and
each lamp can provide a 6 kW of maximum input power. The power is adjustable to 10%
of the maximum power using their control system. A total of sixteen k-type thermocouples
were attached at crucial points of the receiver to evaluate the performance of the external
receiver. The thermocouples were attached by soldering them to the receiver surface.
Most of the thermocouples were attached to the isolated parts of the receiver to avoid
blocking the incoming rays as well as local high heating may damage the thermocouples.
Thermocouples denoted by the letter B along the numerical letters were located at the
back of the receiver while those denoted by, “I” were located on the front of the receiver.
Thermocouples B4 and B8 were attached to the separation walls between the tubes. The
solar simulator showing the seven Xenon lamps is shown in Figure 3. The power control
system along with the details of the necessary components can also be seen in the same
figure. The components’ detail and operating function as in the current experiment are
enlisted in Table 2 with brief details of each component.
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Table 2. Components of the solar simulator.

No. Item Function

1 Xenon Lamps

The main components of the solar simulator; are
responsible for the producing desired heat flux at the
surface of the external receiver tubes. As can be inferred
from the picture, there is a total of seven xenon lamps

2 Trigger The cooling system consisting of fans to avoid overheating
is also located in this portion

3 Electric supply button The Electric supply switch controls the amount of power
for each lamp. The power can be controlled as required.

4 Power switch
The main power switch for the controller for each panel.
Each lamp has its panel showing values for current and
voltage via the installed digital ammeter and voltmeter

5 Xenon Lamp On/Off switch A simple on/off switch for each of the lamps

The heat measuring system, followed by details of its components, is shown in Figure 4.
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The components numbered in Figure 5 have been enlisted in Table 3. The function of
each primary component along with a brief description is also explained in the table.
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Table 3. Components of measurement system.

No. Item Function

1 Data logger For data acquisition

2 Target Controller
The moving lambert target is moved and controlled via this
target-controlled to achieve the flux at the desired location
for measurement

3 Cooling system To avoid the excessive heating of the equipment that may
result in any sort of burning/damage to the equipment

4 CCD Camera

The image for the heat flux obtained onto the target is
captured to the camera installed at the upper part of the
specific xenon lamp. The capture has a limited view and
captures within a specific angle.

5 Heat flux sensor The sensor is attached at the back of the target to capture the
heat flux distribution onto the target

6 The lambert target
The heat flux distribution is obtained to this lambert target.
The image captured via a camera, of the flux distribution at
the surface of the lambert target, is shown later in Figure 5.

2.4. Thermal Efficiency of the Receiver

The absorbed energy was measured indirectly as there is some difference between the
heat flux obtained onto the testing system and the external receiver. The receiver pipes
were made up of steel, and there exists a significant portion of light rays’ deflection because
of reflectivity. The steam being generated was measured through the mass flow rate and
the difference in the temperature at the inlet and the outlet of cold water of the condenser.
Specific heat at ambient conditions of the cold water in the condenser was kept constant
to measure the energy of the cold water. The quantity of generated steam in the receiver
depicts the energy gained. This energy was divided by the heat energy absorbed at the
surface of the receiver to evaluate the thermal efficiency of the external receiver.

3. Incident Energy at the Receiver

With the help of testing equipment, as mentioned in Section 2.2, the heat flux mapped
on the surface of the receiver was obtained. The heat flux map obtained for one image
is shown in Figure 6. The peak heat flux near the central region of the receiver is about
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2.0 MW/m2 which diminishes moving towards the boundary regions, showing a gaussian
alike distribution onto the surface of the target. The total heat flux at the surface of the
receiver was obtained by integrating the heating flux for the total surface area where the
heat flux was obtained.
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It should be noticed that the reflectivity of the receiver material also affects the incident
energy at the surface of the receiver. Hence considering the reflectivity of the material used
for fabricating the receiver pipes, the compensation for the energy losses was evaluated by
subtracting the reflective rays based on material reflectivity from the total incident energy
while measuring the total input energy.

4. Experimental Results and Discussion
4.1. Temperature Variations during the Start-Up Process

The receiver tubes are very thin. Hence fins were spot-welded to serve as a support
between the tubes and to avoid any deformation under the high operating temperature.
However, there is a significant drawback associated with attaching the fins, i.e., the losses
due to heat conductance between the pipes and the fins. Heat flux impinging onto the fins
surface, as well as conductance from pipes, caused radiation losses from the fins which
cannot be counted. Although the losses were not high as the results depicted. However, it
is assumed that losses are the same for all the fins.

The thermocouples B2 and B10 were attached on the first turn on the side panels of
the receiver. The water was in the subcooled state at the inlets, and hence the temperature
noted by these thermocouples is a little lower. B10 was attached a little deeper than the
B2, and partially due to lesser convective losses, B10 showed relatively higher temperature
as compared to the B2. B3 and B11 were attached on the opposite sides of the receiver.
Compared with B2, B10 had more depth, and the convective heat loss was less, so the
temperature was higher than B2 at high input energy levels. B11 and B3 were located on
the same place of side panels; however, due to the difference in heat flux, there exists a
temperature difference.

The thermocouples I4 and I5 were both located in the high heat flux region of the
external receiver. The location of I5 was right at the peak flux region of Lamp 5, and hence
the temperature recorded by I5 is much higher as compared to I4. The temperature at
locations B4 and I1 was first less than the saturated temperature but later exceeded as the
incoming wind from the cooling fans of the simulator was. The temperature variation on
the side panels in Figure 6a. while the variation in the central panel, as shown in Figure 6b.
As can be inferred from the figures, a steady-state was achieved after a while and the
variation has not been too high. A little variation in the plots is due to uneven heat flux
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obtained onto the surface of the receiver as well as due to differences in the installed places
as discussed above.

4.2. Thermal Efficiency Calculation at Steady State

The calculations were performed when the system reached the steady-state, by adjust-
ing the water flow rate, steam pressure and keeping feedwater flow and steam flowrate
from the steam tank the same. A plot of the system achieving the steady-state over time is
shown in Figure 7.
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Calculations are based on the weight of steam produced. Energy transfer from the
receiver surface to the water through the receiver tubes was evaluated to be around 8.34 kW,
whereas the solar energy impinging onto the surface of the receiver was 9.5006 kW. So, the
receiver’s efficiency under 0.5 MPa steady-state was 87.8%.

5. Numerical Simulations

To validate the results obtained from the experiment, numerical simulations were
performed under similar conditions. An external receiver similar in shape and dimensions
were designed in SolidWorks along with the same fan size. The wind velocity was measured
with the help of an anemometer The same was provided as the boundary condition for the
fans in the numerical simulations. The receiver front was made up of stainless steel and the
support on the sides as well back was considered adiabatic as it served as insulation in the
experiment to lessen the heat losses.

The domain width was also in line with the actual experimental platform while the
length was increased for air to flow smoothly. The radiation losses were evaluated using
the DO radiation model, whereas, natural convection was not considered as the experiment
was carried out indoors without getting influenced by the outside atmosphere. The average
temperature as measured of the surface of the receiver through the thermocouples at the
front of the receiver was applied as the temperature boundary.

The mesh around the vicinity of the receiver was much denser near the receiver’s
surface than that at the ends of the fluid domain. The boundary layer was primarily taken
care of with the wall’s functions method. The y+ values lie within <10, with a few mesh
layers very close to the airflow field. As explained earlier, the mesh was fine near the
receiver and became coarser in the vicinity.

Hence, enhanced wall functions were used in the specified range to take care of the
near-wall treatment. A mesh-independence study was also performed based on the residual
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error of convective heat losses. It was observed that a total of 1.1 × 105 cells was adequate
to carry.

For the numerical, the standard k-ε turbulent model was employed. The gravity
was considered in the simulation. Since the atmospheric air pressure in experimental
surroundings varies negligibly in the whole air domain and remains nearly 1 atm. Therefore,
it was kept the same. The convergence criteria and operating conditions along with other
details of the numerical simulations were kept in line with previous similar numerical
studies [7,48], and these are summarized and enlisted in Table 4 [35,45,46].

Table 4. Conditions and parameters for numerical simulations.

Parameters and Conditions Configuration/Settings Implied

Solver Pressure-based solver in steady-state flow with
respect to time

Gradient Least Square Cell-based methodology

Algorithm The Semi-implicit Method for the Pressure
Linked Equation (SIMPLE)

Spatial Discretization settings

Second order-upwind scheme for momentum
as well as the energy equations, whereas for the
turbulent dissipation rate and turbulent kinetic
equation the first-order scheme was selected

Convergence Criteria The first-order scheme was chosen for velocity,
κ and ε, and 10−6 for Energy

For the airflow field simulations, the surrounding around the simulator was also
included, to avoid any influence of the boundaries on the numerical results. Adequate size
of the whole domain along with conditions was incorporated at the inlet boundary, with
the flow direction of the wind targeted towards the receiver’s surface. For inlet flow, the
turbulence intensity of 5% and an eddy viscosity ratio of 10 were assumed at the boundary
and are computed locally during the simulations in the whole domain.

The velocity profiles show a complex airflow field around the receiver. The seven
xenon lamps equipped with the fans aim to face the receiver front face resulting in high
turbulence as these cross each other. The velocity is highest as it leaves the receiver at
the top and bottom of the receiver away from the center as the high speeds disturb the
zone stratification and lead to higher losses. Velocity vector profiles from different angles
are shown in Figure 8. A close-up view of the velocity vectors is shown striking the
receiver’s surface.
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The air from the fans is directed towards the center in line with the direction of the
lamps. There exists a small low velocity/stagnant zone at the center. The region has been
marked in Figure 9a, it also blocks the incoming air and results in low heat transfer in
the same area as described earlier. The velocity increases as away from the center and is
significantly high near the edges of the receiver, where the air separation occurs. Corollary
heat transfer also increases with the diminishing of the stagnant region.
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The heat losses were numerically evaluated from results obtained through simulations
and results were compared to those obtained through the experiment.

6. Results Comparison and Validation

The thermal efficiency of a receiver is defined as the ratio of energy absorbed by the
Heat transfer fluid flowing in the receiver pipes’ to the total incident energy given by the
lamps, this can be mathematically expressed as

η =
Qa

Qinc
(1)

where Qa represents absorbed heat and Qinc indicates the total incident energy.
Qa can be evaluated using the

Qa = Qc + Qadd (2)

where, Qa = Total power absorbed by the receiver (kW)
Qc = Heat absorbed by the condenser (kW)
Qadd = Heat absorbed due to non-consistent water level (kW). The water supplied into

the water tank is more than the amount of steam generated, deviation in heat absorbed due
to additional water is compensated by the addition of Qadd into Qc.

The heat absorbed by the condenser was evaluated using

Qc = qc,mcp(Tc,in − Tc,out) (3)

where, qc,m represent the cooling water flowrate measured in kg/h.
Tc,in and Tc,out represent the temperature at the inlet and the outlet of the cooling water.
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The difference between heat absorbed by the water and the steam generated can be
evaluated using the equation

Qadd =
( .

m f eedwater −
.

msteam

)
(hmix − h f eedwater) (4)

whereas
.

m = flowrate (feed-water and steam)
hmix = saturated water enthalpy in the liquid state
hfeedwater = enthalpy of feed-water.
The reflectivity of steel was taken into account, and the efficiency of the receiver was

measured around to be 83.92%. The results from the simulation are measured by evaluating
the convective and radiation heat losses through the numerical simulations carried out via
FLUENT, and the thermal efficiency of the receiver is found to be 87.8%. The difference in
the receiver can be primarily due to

1. Complex heat transfer phenomenon in the experimental setup, which cannot be
exactly replicated for the numerical simulations.

2. Insulation of pipes and receiver support may not be as practically accurate and
reasonable as in the numerical simulations.

3. Possible presence of minor hairline cracks or gaps at the joints that may have resulted
in leaking generated steam.

4. Other obvious human and experimental errors that may have occurred such as equip-
ment accuracy etc.

7. Conclusions

The thermal efficiency of an external billboard receiver was numerically evaluated, and
the ensuing results were validated through a series of experiments. Numerical simulations
were conditions similar to those in the experimental setup that was synchronized. The
cooling lamps located at the back of the lamps in the experimental setup were simulated as
the wind-producing source. The wind velocity was measured in the experimental setup
and the same was input as the boundary condition during the simulations. The average
temperature, as measured onto the surface of the surface during the steady using the
16 thermocouples attached to the key locations of the receiver, was input at the surface of the
external billboard receiver. During the experiment, the cold start-up and the performance
of the external receiver at a steady-state were investigated under a pressure of 0.5 MPa.
The fans attached at the back of the xenon lamps were responsible for the forced convective
losses. The heat absorbed by the receiver and transferred to the water converts it to steam.
The steam was then weighed to evaluate the thermal efficiency of the receiver. The efficiency
of the receiver at a steady-state at 0.5 MPa was evaluated to be around 83.92%. The losses
were evaluated by numerical simulations and compared between the results was found
to be <5%. The wind direction was studied in a single direction due to cooling lamps
being installed at the back of the lamp. The authors recommend extending the research
by exploring the effect of wind in various directions. Similarly, the research should be
extended to other receiver shapes with different arrangements of the heliostats/lamps to
have a more realistic condition of the heat flux as in the real scenario.
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