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a b s t r a c t

For a CPV system, prediction of focal flux distribution at the receiver area will give insight to more
effective, energy efficient designs and to estimate power output. An experimental method for in-situ
prediction of heat flux distribution profile using inverse heat transfer technique on a flat plate
receiver for a CPV square parabolic dish is presented. An IR camera is used to measure the temperature of
the concentrated receiver surface. The receiver domain is discretised into several heat flux elements and
heat flux values for each grid is then estimated using the measured infrared (IR) pixel temperature and
ordinary least square. A 3-D steady state heat conduction equation with convection and radiation heat
loss boundary is regarded as the forward problem. The simulated temperatures generated from the
solution of forward problem using the predicted heat flux distribution and measured temperature dis-
tribution are in close agreement. For validation purpose, the concentrated heat flux is also measured
using Gardon and Schmidt-Boelter heat flux sensor. The peak predicted focal heat flux on the receiver is
found to be 37.41 kW/m2 whereas the heat flux value measured by the flux sensor is 39.15 kW/m2 within
the deviation of 4.4%.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Solar energy has a tremendous potential among all the available
renewable energy technologies. With the recent advancement of
development in solar energy it has now become a reliable source
for power generation in our planet on par with conventional power
generation technologies [1]. With further research and exploration,
it can be effectively harnessed its potential with the current
advanced available technology to help mankind. In today's scenario
based on the demand, the solar energy can be used for electrical
and thermal energy. Out of the available utilization of solar energy,
concentrating solar technologies has expanded many folds and
many researchers have shown great interest in expanding their
work to utilize it more effectively. The capability of achieving
high temperature by this technology has boosted many researchers
and the efficiencies are improving enormously. Among the
. Singh), ksreddy@iitm.ac.in
concentrating solar energy technologies available there is enor-
mous growth of Concentrating Photovoltaic (CPV) technology.

In a CPV system, the incoming solar irradiation is concentrated
into a small region. Different types of optics and designs are made
available in CPV depending on its application. For the existing
available CPV systems, different optics, design and its limitation is
provided extensively in this paper [2]. Xu et al. [3] reported to
achieve an instantaneous electrical efficiency of 28% with a highest
instantaneous thermal efficiency of 54% which shows that the
overall efficiency of the system can be more than 80% for a CPV
point focus system. Li et al. [4] presented a line focusing trough
system, used CPV cells like GaAs solar cells and conventional silicon
cells and proved that CPV cells are more efficient than the silicon
cells in terms of thermal as well as electrical efficiencies. Fei-Lu
Siaw et al. [5] shows a comprehensive study of dense-array
concentrator photovoltaic system using non-imaging planar
concentrator. Based on their computational modeling result, they
have built a prototype of a non-imaging planar concentrator with
dense array CPV cells assembly and found to achieve an experi-
mental result with conversion efficiency of 34.18%.

In one of the CPV systems like Cassegrain optics where both the
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Nomenclature

Symbols
A dish area (m2)
Cp specific heat capacity (J/kg oC)
h heat transfer coefficient (W/m2 oC)
k thermal conductivity (W/moC)
Qc heat conducted (W)
Qh heat loss due to convection (W)
Qs heat stored (W)
Qa heat absorbed (W)
Qε heat loss due to radiation (W)bq estimated heat flux values at each grid (W/m2)
T temperature (oC)
Ti temperature at ith grid (oC)
Tm measured temperature (oC)
T0 initial temperature (oC)
qj heat flux at jth grid (W/m2)
t time (s)
T∞ ambient temperature (oC)
X sensitivity matrix

Greek symbols
ap total absorptivity

a absorptivity of the paint
l wavelength (mm)
r reflectivity of the anodized aluminium
ε total emissivity
∅ rim angle

Abbreviations
APDL Ansys Parametric Designer Language
CPV Concentrated Photovoltaics
DC Direct Current
DNI Direct Normal Irradiance (W/m2)
FEM Finite Element Method
GPS Global Positioning System
IR Infrared
MS Mild Steel
n-D n-dimension where n¼ 1,2,3
PLC Programmable Logic Controller
PV Photovoltaics

Subscripts
f focal length
p paint
q heat flux values of the grids (W/m2)
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refraction and reflective types mirrors are used. It is reported that
the Cassegrain system with homogenizer design combining
refractive and reflective is found to increase a power output of 4.5%
as compared to the ones which uses only refractive type homoge-
nizer [6]. Different approaches are adopted by the researchers to
improve the efficiency of the CPV system with optics design and
also the multi-junction solar cells which are made of multi semi
conductive layers [7]. For a CPV system, apart from design of optics
and the precision tracking system there are some issues in the
receiver which needs to be looked into like non-uniform illumi-
nation and its thermal management [8]. A proper design and
thermal management for a CPV receiver is also an essential aspect
as it is learnt that for every one-degree Celsius rise there is a
decrease of 0.035% in efficiency [9]. In a CPV system, if the working
temperature in the receiver is maintained below 80e100 �C, it can
avoid degradation even if it works for a longer period with high
temperatures [7]. Therefore, an effective thermal management is
essential for a high concentration CPV system.

The thermal management can be carried out in two different
approaches as active and passive. Royne et al. [7] provided various
cooling methods that can be adopted for a CPV system. Dong et al.
[10] presented a numerical study for an active cooling method with
water for a novel T-shape manifold multi-channels for concentra-
tion ratio of 500 with 100 cells receiver's CPV system. From the
study, it is reported that the transient analysis with double group
channel network cooling design with varied solar irradiation
including summer's hot weather conditions has met the cooling
requirement which maintains the cells efficiency between 39.2%
and 40.6%. Fins/extended surfaces with high thermal conductivity
materials like copper and aluminium are commonly used in passive
cooling system. However, in recent days used of Phase Change
Material (PCM) are reported as one of the options for passive
cooling [11e13]. For any CPV system, the receiver with the cooling
system plays a vital role as it carries about 20% weightage of total
cost of the system [14]. The effective design of the receiver is
important in order to increase the overall efficiency of the system
[15]. Therefore, knowledge of heat flux distribution on the receiver
area will give an insight for designing an effective and energy
efficient one.

The flux mapping at the receiver for a CPV system or measure-
ment of concentrated solar flux provides a very helpful information
to the researchers. Numerically, the incident heat flux distribution
on the receiver is often derived from modelling codes using so-
phisticated ray-tracing methods from the information of concen-
trator surface design on which solar irradiations are refracted and
reflected from it [16,17]. Numerical approaches may provide fast
and accurate results. However, the actual optical errors resulting
from misalignment or imperfect shaping of mirrors in the
concentrator are sometimes not considered. Therefore, the in-situ
mapping or the measurement of the incident flux density or the
heat flux distribution mapping remains an important aspect but
still a challenging task. Different approaches for mapping the heat
flux on the focus area like using radiometer or a similar one is
provided in literature. This approach using radiometer mainly
Gardon-type radiometers measures the temperature difference
between the center and the circumference of the circular foil disk.
The voltmeter or a data logger is used to measure the signal sent
from the sensor. Then based on the respective coatings of the
sensors like Zynolyte or Collodal graphite respective calibration
correction factor of 0.965 and 0.782 is used. So, the method takes
longer time and provides a low spatial resolution heat flux map
[18e20]. The other available approach with charge-couple device
(CCD) requires to keep the targeted receiver water cooled and im-
ages are recorded in gray scales. Ulmer et al. [21] reported a flux
mapping system of dish/Stirling systems using CCD camera for the
targeted focal spot. They have considered the calibration by
calculating the total energy from the dish to the integrated gray
value over the focal measurement area. The result of this indirect
measuring method with the given described calibration method
maps the flux distribution with high spatial resolution and good
accuracy without even using a radiometer. The error of the cali-
bration method is reported as within �2.4% and þ3.8% while single
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pixels are with a maximum absolute error of �6.15% to þ10.55%.
M.R. Rodríguez-S�anchez et al. [22] provided a summarized

comparisons of different experimental methods to characterize the
flux distribution on the receiver surface.

Of the various approaches for heat flux mapping/predicting
techniques, the inverse heat transfer method is quite an impressive
approach. The main reasons are (i) the temperatures which are
measured either non-intrusively or intrusively are to feed as an
input for the prediction (ii) without disturbing the operation of the
system, in-situ prediction can be carried out. Kant and Rudolf [23]
proposed a method for determination of heat flux distributions
from the measurements of surface temperatures using inverse heat
transfer technique. It is shown that the surface was discretized into
several heat flux elements and measured surface temperature from
each discretized element used for grid by grid mapping of heat flux
values. The inverse problem is then modelled using Duhamel's
theorem [24e26] based on the principle of superposition, that es-
tablishes a linear relationship between measured temperature and
unknown heat flux with slope as sensitivity matrix and intercept as
initial temperature distribution. The sensitivity matrix is derived
using the finite element scheme and heat flux value for each
element is determined from the solution of system of linear
equations.

Pozzobon and Salvador [27], has presented a heat flux estima-
tion work using inverse heat transfer technique from the measured
temperature through infrared camera. They have carried out the
work using a concentrated solar simulator in a closed area and focal
heat flux distribution at the receiver's area is mapped (grid by grid)
using Duhamel's theorem which means solving the linear
temperature-heat flux equation. They have made the comparison
with heat flux readings from Gardon's radiometer and with the
estimated results and reported to have a reasonably good agree-
ment. Reddy et al. [28] has presented, an experimental work for in-
situ prediction of heat flux distribution profile on a flat plate
receiver for a refractive type CPV system using Fresnel lens. The
inverse problem is formulated as parameter estimation problem
with the assumption that the concentrated heat flux is of Gaussian
Fig. 1. Schematic of the
distribution type. The parameters of the assumed Gaussian profile
are estimated from the minimization of sum of squared error be-
tween the measured and simulated temperatures using Levenberg-
Marquardt algorithm. A calibrated infrared camerawas used for the
temperature measurement.

In literature, several numerical and experimental works are
reported related to the thermal management [29,30] and electrical
power output analysis [30e32] for CPV systems. In all these works,
it was assumed by default that the distribution of heat flux on
receiver is known in prior, which is not the case always. Therefore,
in this work a prediction methodology for heat flux distribution on
a flat plate receiver for a square 3.6� 3.6m2 aperture area parabolic
dish collector using inverse problem solution strategy is presented.
In some aspects, this work is similar to the work reported in
Ref. [27], however, here we have carried out the work at outdoor
real-time experiment for a CPV reflective system. Also, we have
adopted commercially available academic license ANSYS software
for solving the forward and inverse problem.

2. CPV system configuration

The prediction of heat flux for the proposed work is carried out
in a CPV square parabola dish collector with dual axis tracking
system developed at IIT Madras, Chennai (latitude of 12�5902400N
and longitude of 80�1304900E). The system has been designed to
have two symmetrical parabola dish collectors on both side of
wings from the pylon. It works with both azimuth and elevation
axis tracking system with a proper control system.

As shown in Fig. 1, one side of the dish is considered for the
experiment to predict the focal flux heat distribution due to its
symmetrical features on both side of the dish. A flat plate receiver is
placed at the focal plane in one side of the dish. The temperature on
the receiver area due to the concentrated solar irradiation reflected
from that dish is then measured non-intrusively using a calibrated
infrared camera (refer Table 1 for make and specification). Then,
heat flux sensor also been used to measure the heat flux for vali-
dation purpose.
experiment set up.



Table 1
Device details and its characteristics.

Device/Sensor Specification/Accuracy

Infrared Camera
FLIR T250

Upto 1200 �C, Pixel size: 240� 180
±2 �C, 2%

Horizontal angle slew drive 24 VDC, <1A, electrical
Gear Ratio 62:1, �0.20

Vertical angle slew drive 24 VDC, < 1A, electrical
Gear Ratio 62:1, �0.20

Spectrophotometer
Agilent Cary 5000

Wavelength accuracy (nm): UVeVisible
190e900 nm: ± 0.4 nm

Pyrheliometer
Hukseflux

Sensitivity: 12.79 mV/(W/m2)
Uncertainty: 1.2%

Black Body Source
Mikron M310

0.25% of reading or ±1 �C

Heat flux sensor
Hukseflux SBG01

Uncertainty: <± 6.5%

Data Logger
KEITHLEY 2700

Uncertainty: 1 �C
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The Fig. 2(a) illustrates a CPV reflective system with square
parabola dish collector where the receiver is placed at the focal
distancewith cells arrays and PCM is used for thermal management
as passive cooling. Also, the concept of the proposed experimental
work using a flat plate receiver is shown in Fig. 2(b).

2.1. Dual axis solar tracking system

The dual axis tracker used in this work plays a very important
role which tracks the sun movement accordingly. The optics of the
square parabola dish is designed in such a way that the maximum
percentage of the reflected solar irradiation from the dish surface to
be focused on the receiver areawhich is placed at the focal distance.

The available CPV system is of two symmetrical square parabola
dishes with the dual axis angle drives which is shown in Fig. 3. One
side of the square parabola dish is of 3.6� 3.6m2 aperture area. The
tracking system consists of azimuth and the elevation angle slew
drives which is steered by a proper control system. The slew drives
are selected based on a thorough load analysis appropriate for this
system. So, this tracking system which has an accuracy angle of 1�

helps to track and locate the exact position of the Sun in the sky
with an accurate angle of incidence.

2.1.1. Structures of the parabola dish with dual axis tracking system
The main components of the structures are the two parabola
Fig. 2. (a) Schematic showing the illustration of a CPV receiver cells array with PCM cooling
dishes, tracking system such as azimuthal and elevation angle slew
drives, supporting structure for the receiver and the control system.
The reflective area of the parabola dish is of anodized aluminum
sheets with a thickness of 0.4mm and it's reflectivity of 0.9 as per
the supplier's specification. The same also cross-checked with a
samplemeasured at Spectrophotometer (refer Table 1 for make and
specification). The focal length (f ) of the parabola dish is calculated
from Eq. (1) with a rim angle (∅Þ of 36.6� and the aperture area (a)
is of 3.6� 3.6m2 [33].
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The parabola profile of the dish is then generated using the Eq.
(2) and the plot between x and y values is shown in Fig. 4(a).

y ¼ x2

4f
(2)

From the generated parabola dish, the square shape with aper-
ture area of 3.6� 3.6m2 is truncated and is designed to use the
plain reflective anodized aluminium sheets instead of three-
dimensional glass mirrors with 9 facets. So, the parabolic profile
of the dish has been developed from the shape of the supporting
arms of six numbers with reference to the torque tube surface
where the supporting arms are screwed. The photograph of the
fabricated square parabola dish is shown in Fig. 4(b). The receiver's
supporting structure is designed with adjustable screws in both
vertical and horizontal directions in order to adjust the spillage
losses on the focus area. The concentration ratio between the dish
area of 3.6� 3.6m2 and the receiver area of 0.4� 0.4m2 is 81. So,
when the dish is placed in the Sun's position, the reflected
incoming solar irradiation from dish will be concentrated on the
receiver area. The pylon, which is taking the entire load of the
system is designed with proper factor of safety and placed with
properly screwed base. The slew drives are mounted over the top of
the pylon with a proper safety. Apart from the slew drives, all the
parts are made of mild steels and are powder coated in order to
improve corrosion resistance. The sunlight sensors give feedback to
the control system of the tracking system are properly aligned and
fixed to the torque tube.
(b) Schematic showing the concept of the proposed work for focal heat flux prediction.



Fig. 3. Schematic illustration of the available CPV system with dual axis tracking.

Fig. 4. (a) Design profile of the parabola dish (b) Photograph of the truncated square parabolic dish of aperture area 3.6� 3.6m2.

N.P. Singh, K.S. Reddy / Renewable Energy 145 (2020) 2783e2795 2787
2.1.2. Control system of the dual axis tracker
This unit consists of PLC, motors and worm gears for azimuth

and elevation drives, sunlight sensors, position sensors, encoders
and power relays. The CPV dish installation site information like
latitude and longitude, computed sun-ephemeris were fed and
programmed.

The annual movement of the Sun's motion is detected through a
position sensor installed in this control system. The tracking time is
then fed through a battery-backed clock connected to the PLC.
Sunlight sensor which is attached to the torque tube measures the
light intensity. Based on the information fed from the sensors and
encoders, the PLC commands DC motors to control azimuth and
elevation angles of the CPV system, in such a way the dishes are
always kept perpendicular to the Sun. This unit helps to track the
Sun's position at any time of the day accordingly the incoming
irradiation falling on the dish will be reflected and concentrated to
the receiver area. Provision of manual switches are also kept in the
control system which uses at the time of fixing receivers, proper
parking after the experimentation also in case of emergency when
automatic control fails while operating.
2.2. Receiver for the proposed work

In this work, a flat plate made of MS is used instead of the actual
PV receiver for the real time experiment and the analysis is carried
out accordingly. The MS plate (hereafter called receiver) with a
dimension of 40 cm� 40 cm� 0.2 cm is fabricated on the ceramic
fiber insulation of 50 cm� 50 cm x 2 cm as shown in Fig. 5. The
ceramic fiber insulation material used has a low thermal conduc-
tivity (k¼ 0.5W/mK) in order to minimize the heat loss because of
convection and radiation. The MS plate area is painted with high
temperature heat resistant black paint to enhance its absorptivity.

One of the essential parameters for this work is the surface
emissivity of the receiver was measured using spectrophotometer
(refer Table 1 formake and specification). A standard sample (as per
the spectrophotometer's specification) made up of Mild Steel (MS)
was coated with the same paint for measuring the optical proper-
ties. The visible wavelength range of 300 nm up to 800 nm was
selected and measured the spectral transmittivity and reflectivity
values. Applying the equation rl þ al þ tl ¼ 1, the measured
values of spectral transmittivity and reflectivity, the spectral



Fig. 5. (a) Schematic of the receiver (b) Picture taken of the actual receiver taken after the experiment.

Fig. 6. Spectral emissivity of the paint.
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absorptivity is calculated. Using the Kirchhoff's law al ¼ εl, the
spectral emissivity may be obtained which is shown in Fig. 6.
Integrating the spectral emissivity values from l ¼ 300 to l ¼ 800
nm, the hemispherical total emissivity is computed and obtained as
Fig. 7. (a) Photograph taken at the time of experiment (b) Focal
0.91.
3. Experiment procedure for non-intrusive temperature
measurement

The experiment for this proposed work was started during noon
time of the day. At first, the dual-axis tracker was turned on and
tracked using manual mode and position down in such a way that
the receiver can be placed to the mounting structure. The sup-
porting structures for mounting the receiver was designed in order
to accommodate the receiver in the focal area with respect to the
focal distance (Refer Fig. 1.) for schematic of the square parabola
concentrator with dual axis tracking system.

The receiver is aligned accordingly in the mounting structure
and properly placed and fixed with necessary nuts and bolts at the
focal distance of the concentrator at 2.8m as shown in Fig. 7(a).

Prior experiments conducted using high temperature ceramic
pad for checking the theoretical focal distance and alignments for
fixing the receiver plate is shown in Fig. 7 (b).

Then, the tracker is turned on to the automatic dual axis mode to
track the exact position of the Sun. The IR camera (refer Table 1 for
make and specification) was aligned and placed with a proper
height from the ground to ensure the operating range is within the
plane experiments conducted prior to the proposed work.



Fig. 8. IR image of the receiver surface captured during experiment.
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permissible limits. The IR camera was calibrated before by the
standard method of comparison with a highly accurate black body
source. Since, the sole purpose of this work is to predict the heat
flux distribution mapping of this CPV system. The detailed infor-
mation about the calibration procedure using a highly accurate
black body source (refer Table 1 for make and specification) of the
IR camera is not presented here. However, it is provided in the
reference [28]. The emissivity value of the black painted receiver
surface is calculated as 0.91. The detailed information of the
emissivity calculation using spectrophotometer is given in Section
2.2. Once, the square concentrator is focused to the Sun, the IR
images of the receiver were recorded continuously in a laptop.

The captured IR image is provided in Fig. 8, found that the
temperature has raised above 250 �C. One important point to be
noted here is that placing the IR camera exactly perpendicular to
the receiver will hinder the reflected solar rays falling on the
receiver. Therefore, IR camera is placed and aligned in an angle but
within the permissible operating range of 5m from receiver.

The error involved in temperature measurement because of
positioning IR camera away from the receiver has been taken care
at the time of converting radiometric information into the pixel
temperature data. Also, an error due to reflected temperature from
Fig. 9. DNI vs Time duri
the surroundings is nullified in a similar way as discussed in
Ref. [27]. During the course of experiment the DNI was also
measured every second using an accurate pyrheliometer which is
shown in Fig. 9. The corresponding DNI for the particular IR image
as shown in Fig. 8 (used in inverse analysis for heat flux estimation)
was found to be 650W/m2. Also, the other parameters like ambient
temperature and wind speed were obtained from the weather
monitoring system.

3.1. Heat flux measurement using flux sensor

Heat flux was also measured using an accurate heat flux sensor
on the subsequent day of non-intrusive temperature measurement.
The heat flux sensor was mounted at the same focal distance on the
same side of the concentrator dish. The heat flux values were
recorded continuously using data logger. Fig. 10, shows the heat
flux sensor mounted on the frame of receiver area.

The heat flux sensor (thermopile sensor) works with the prin-
ciple of both Gardon and Schmidt-Boelter technology. Operating
range of this sensor is (5e200) x 103W/m2. Sensor's surface is
black-coated, which absorbs all irradiation and with a flat spectrum
range of 300 to 50,000 nm range and has a near-perfect cosine
response. The thermopile sensor absorbs the irradiation due to the
black coating and generates a voltage output signal that is pro-
portional to the heat flux. The output voltage signal is then con-
verted using data logger which is proportional to the heat flux.
Simultaneously, the DNI values were also measured every second
using the pyrheliometer. These measurements can be used to
validate the results estimated from the inverse heat transfer
method. Here, the measured peak heat flux value corresponding to
the DNI of 650W/m2 has been considered to compare with the
estimated heat flux from inverse heat transfer.

4. Mathematical formulation

4.1. Forward model

The solar irradiation falling on the parabolic dish collector is
concentrated onto the receiver plate as shown in Fig. 7. The
mathematical model for heat transfer in the receiver plate due to
the concentrated heat flux may be modelled by considering an
elemental volume as shown in Fig. 11. The energy balance for the
considered elemental volume of the receiver can be written as in
ng the experiment.



Fig. 11. Energy balance on the receiver due to concentrated heat flux.

Fig. 10. Heat flux sensor used for measurement of flux.
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Eq. (3).

Qa þ Qc � Qh � Qε ¼ Qs (3)

Substituting conductive, convective and radiative terms in the
Eq. (3), one may obtain the mathematical model for the actual heat
transfer in the receiver as given in Eq. (4).

apqðx;yÞþ k
�
v2T
vx2

þ v2T
vy2

þ v2T
vz2

�
� hðT � T∞Þ� sεp

�
T4 � T4∞

�

¼ rCp
vT
vt

(4)

Where T is in Kelvin and s is the Stefan-Boltzmann con-
stant¼ 5.67� 10�8(W/m 2K4).

Without loss of generality, the heat transfer within the receiver
can be considered as steady-state as the receiver attains steady-
state condition within few seconds as soon as it exposed to
concentrated heat flux as discussed in Ref. [34]. Fig. 12 shows
Fig. 12. Transient response of the receiver for the concentrated heat flux.
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measured transient temperature response of the receiver from the
instant when it is subjected to concentrated solar irradiation. From
this figure, it is clearly evident that there is a sharp rise of tem-
perature within fraction of seconds and thereafter the temperature
remains steady. Therefore, it is reasonable to assume steady heat
transfer and Eq. (4) can be re-written as given in Eq. (5).

Since the receiver plate is fixed within low thermal conductivity
ceramic insulation (refer Fig. 5), it can be reasonably assumed
adiabatic boundary condition on all the boundaries.

apqðx;yÞþ k
�
v2T
vx2

þ v2T
vy2

þ v2T
vz2

�
� hðT �T∞Þ� sεp

�
T4 � T4∞

�
¼ 0

(5)

The solution of Eq. (5), for temperature distributionwith known
thermal conductivity and boundary conditions is known as forward
problem. However, in some cases, there may arise a situationwhere
the objective may be to predict the boundary condition as in this
case. This class of problem is called the inverse problem. In general,
measured quantities (temperature in this case) are used to solve the
inverse problem. Naturally, the inverse problems are ill-posed in
nature due to error in the measured temperatures and lack of
sensitivity of unknowns. Various approaches are available in liter-
ature [24e26] to overcome the issue due to ill-posedness of the
inverse problem.
4.2. Inverse model

Inverse problems are broadly classified into two categories as (1)
design problem and (2) identification problem [35]. The inverse
design problem deals with the prediction/estimation of distribu-
tion and strength of heat source and boundary conditions [27,28]
whereas inverse identification problem deals with the estimation
of thermo-physical properties [36]. In literature, both design and
identification problems are formulated as parameter estimation
and function estimation problem. For example, Reddy et al. [28]
adopted inverse parameter estimation strategy to solve inverse
design problem whereas in Refs. [23,27] similar inverse design
X ¼

2
66666666666666666666666666666664

0
BBBBB@

T1;j … T1;n

« 1 «

Tm;1 … Tm;n

1
CCCCCA

qþdq

1;j

�

0
BBBBB@

T1;j … T1;n

« 1 «

Tm;1 … Tm;n

1
CCCCCA

q

1;j

vq1;j
//

0
BBBBB@

T

Tm

« 1

« 10
BBBBB@

T1;j … T1;n

« 1 «

Tm;1 … Tm;n

1
CCCCCA

qþdq

m;1

�

0
BBBBB@

T1;j … T1;n

« 1 «

Tm;1 … Tm;n

1
CCCCCA

q

m;1

vqm;1
//

0
BBBBB@

T

Tm
problem is solved using function estimation strategy.
In this work, function estimation strategy to predict the heat

flux distribution on the receiver plate was adopted. The idea here is
to map the grid-by-grid heat flux values through minimization of
error square between the measured and simulated temperature
distribution which is as similar in Ref. [27]. Mathematically, the
inverse problem can be represented as given in Eq. (6).

S2 ¼
X
j

X
i

h
Ti;jm � Ti;jðbqÞi2 (6)

Here, bq is the estimated heat flux, Ti;j
m and Ti;jðbqÞ are the

measured and simulated temperatures respectively at (i,j)th grid
location. The minimization of above equation corresponds to the
estimated heat flux values at each grids of the receiver domain. The
minimization can be achieved through ordinary least-square
technique, since the considered estimation problem is linear with
respect to unknowns. The ordinary least-square for this estimation
problem can be conveniently written as given in Eq. (7).

bq ¼ ½X0X��1X0Tm (7)

Here, X is the sensitivity matrix whose elements are composed
of sensitivity coefficient of unknown parameters. The sensitivity
coefficient of a parameter is defined as the change in temperature
for a small perturbation in the unknown parameter. The mathe-
matical definition of sensitivity coefficient is given in Eq. (8). As
mentioned earlier, IR camera is used to measure the temperature
which gives multiple temperature points. The receiver domain is
also discretized into number of grids, equal to the number of
available measured temperature points.

X ¼ vT
vq

(8)

The (i,j)th element of sensitivity matrix corresponds to partial
derivative in temperature of the receiver domain for a small per-
turbed change in heat flux value of the same element. Each element
of the sensitivity matrix can be represented as shown in Eq. (9).
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Here (m,n) corresponds to number of grid points in (x,y) di-
rections respectively. The computation of sensitivity matrix is dis-
cussed in the following section.
5. Solution methodology

In this work, Finite Element Method (FEM) based commercial
software ANSYSMechanical 18.2 (Academic license) is used to solve
the Eq. (5) and find the temperature distribution with given ther-
mal conductivity and boundary conditions. A solid thermal
element-solid90 with 20 nodes [37] is used to discretize the solu-
tion domain. The heat flux to each grid is applied as elemental
surface load. An APDL program is written to automate the geometry
creation, material property assigning, meshing, applying boundary
condition and solution. The nodal temperature results are saved in
an editable file which are then post-processed in MATLAB to obtain
temperature contours with respect to geometrical coordinate. Also,
MATLAB code is written to calculate the sensitivity matrix as fol-
lows: at first temperature distribution (Tq) is obtained with some
realistic heat flux values to each grid. Then, heat flux value of each
grid is perturbed by a small value (dq) and the forward problem is
solved for temperature distribution (Tq þ dq). Sensitivity matrix is
then calculated using the finite difference scheme as shown in Eq.
(9). Once the sensitivity matrix is computed, the unknown heat flux
values of each grid can be estimated from the solution of Eq. (7).
The methodology adopted for the proposed work of grid by grid
Fig. 13. Flowchart of estimation of heat flux distri
mapping of heat flux on the receiver plate is represented in the
form of flowchart and is shown in Fig. 13.
6. Results and discussion

The numerical estimationwith synthetic measured temperature
datawas carried out before proceeding to estimate grid by grid heat
flux values with the measured temperature. The synthetic data is
generated by adding additive and uncorrelated random errors with
zeromean and known standard deviation to the solution of forward
problem. To generate the synthetic temperature data, forward
problem is solved with Gaussian-distributed heat flux on the
receiver. Based on grid independent study, the receiver domain is
discretized into 40� 40 heat flux elements. Fig. 14 (a) shows actual
distribution of heat flux that was used to solve the forward problem
and Fig. 14 (b) shows the grid by grid estimated heat flux values
using synthetic temperature data.

A comparison between the exact and grid by grid estimated heat
flux values shows that the proposed approach can be successfully
employed in real time applications such as in this case for pre-
dicting solar concentrated heat flux distribution on the receiver
area. The actual captured IR image of the receiver surface is shown
in Fig. 8. Then, this radiometric image is converted into pixel
temperature data using FLIR ThermaCAM Researcher Pro 2.10 (30
days trail version).

The temperature contour of the receiver surface is shown in
Fig. 15. Note that, only the temperature of receiver region is shown
bution using Inverse heat transfer technique.



Fig. 14. (a) Assumed heat flux distribution in W/m2 for generation of synthetic experimental temperature data (b) Estimated heat flux distribution in W/m2 with the proposed
inverse method and synthetic temperature data.

Fig. 15. Pixel by pixel temperature data of the captured IR image.
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in the Fig. 15. Also, it is noteworthy to mention here that the
concentrated heat spot is not at the exact center of the receiver. The
reason may be because of some error in tracking system, slight
misalignment of receiver from its actual position in the receiver
supporting structures.

Now, this pixel temperature is used to estimate heat flux value
of the discretized elements. Since, the maximum temperature
attained is greater than 250 �C, the thermal conductivity of MS
receiver plate is considered as function of temperature as given in
Eq. (10) [38].

kðTÞ¼60:584þ 0:0515T � 3� 10�5T2 W=mK (10)

The convective heat loss coefficient appearing in the forward
problem is calculated using the correlation given in Eq. (11) [39] for
the geometrical orientation and wind velocity during experiment.
Fig. 16 shows the estimated grid by grid heat flux values of the
receiver plate.



Fig. 16. Estimated grid by grid flux distribution with the proposed inverse method and
measured IR pixel temperature.
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h¼ð6:63 ±0:05Þ þ ð3:87 ±0:13 Þ � V0:8 � L�0:2; for V

� 1:12m=s (11)

Now, the forward problem is solved for temperature distribu-
tion with the estimated heat flux distribution. A comparison be-
tween the simulated temperature and measured temperature
along the X-X and Y-Y axis of the receiver plate is shown in Fig. 17
(a) and (b) respectively. Note that X-X and Y-Y line does not pass
through the central axis, instead it was chosen at random locations
and there is no specific reason for choosing these axis lines
randomly. The locations of X-X and Y-Y are shown in Fig. 15.

It is evident from the Fig. 17 (a) and (b) that simulated tem-
peratures are in close agreement with the measured temperatures.
The peak value of mapped heat flux with the proposed method is
37.41 kW/m2 from the IR image of Fig. 8 with the corresponding
recorded instant DNI value of 650W/m2. Also, from the subsequent
day experiments of using flux sensor, heat flux value corresponding
to the DNI of 650W/m2 is found to be 39.15 kW/m2. The deviation
Fig. 17. Measured temperature vs simulated temperature a
between the estimated peak heat flux and measured heat flux is
found as 4.4%.
7. Conclusions

In this paper, a methodology was proposed to predict the focal
flux heat distribution of a CPV reflective system using inverse heat
transfer technique. The work was carried out in a CPV 3.6� 3.6m2

square parabola dish collector with dual axis tracking system. An
inverse function estimation strategy was adopted in which the
receiver domainwas discretized into several heat flux elements and
the corresponding heat flux values of each elements was estimated
usingmeasured IR temperature. Initially, the predictionwas carried
out with numerical estimation with synthetic measured tempera-
ture data. Later, concentrated heat distributionwas mapped grid by
grid using the actual measured temperature. The plots between the
measured and simulated temperatures obtained with the esti-
mated heat flux distribution were in good agreement. The peak
predicted heat flux was found to be 37.41 kW/m2 whereas the heat
flux value measured by heat flux sensor was 39.15 kW/m2. The
deviation between the predicted peak heat flux and the measured
heat flux was found to be less than 5%. This shows the close
agreement between the estimated peak and themeasured heat flux
by the sensor and clearly confirms the validity of the proposed
method. Therefore, the predicted heat flux can be used as an input
parameter for the thermal analysis of the receiver and subsequently
to predict the power output of the CPV system. This particular
approach is inexpensive and used of basic inverse heat transfer
method has a good merit. In other techniques like using CCD
camera, a high-end water-cooled target is used and relies signifi-
cantly on the external scaling factor applied to the captured grey
images, mostly from the external measurement of radiometric
readings. As an important takeaway from the present proposed
work, in-situ prediction of the heat flux distribution on the CPV
receiver without disturbing the system operation is of great merit
and it shall attract researchers to adopt the methodology in a
similar fashion, into other important concentrating solar systems
such as linear Fresnel reflector (LFR), parabolic trough, central
tower, etc.
long (a) X-X axis and (b) Y-Y axis as shown in Fig.15.
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