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Investigation of the Influence of Inner Geometries of 
the Receiver Tube of a Parabolic Trough Collector 

System Used for Water Heating 
E.M. Ranatunga, N.K. Hettiarachchi, M.K. Abeyratne and M.C.S. Fernando

Abstract: Solar collectors are devices that help to harvest solar thermal radiation and convert 
into other forms of energy. Because of its low fabrication cost and simple design, the Parabolic Trough 
Collector (PTC) is one of the finest alternatives for medium-temperature (i.e., in 80°𝐶𝐶-250°𝐶𝐶 range) 
needs among all types of concentrated solar collectors. The absorber tube or the receiver tube is one of 
the main critical components of a PTC. Thermal radiation of the sun falling onto a parabolic reflector 
is reflected to its focal line where the receiver tube is placed. Therefore, the performance of a PTC 
system significantly depends on Receiver Geometries (RGs). A locally developed PTC system with a 
new and accurate tracking system was designed and fabricated in the current study and steam 
generation inside the receiver was considered in the performance analysis. The experimental analysis 
was performed using seven different RGs. The experiments were carried out by measuring generated 
steam every 10 minutes for all the RGs, and simultaneously, solar insolation data was taken by a 
domestic solar Photovoltaic (PV) system with a capacity of 5 kW. The steam generation data was taken 
only when the power output of the reference solar PV system was ≥ 4kW. Having tested seven 
different RGs, the researchers were able to improve the steam generation to a maximum of 10.0% 
compared to the reference geometry using direct experimental data. This was 8.1% in accordance with 
the statistical approach via multiple linear regression model. A three-dimensional mathematical 
model for two-phase flow was formulated for a closed domain. Restricting this model into two-
dimensional geometry, the steam generation process was simulated as a TPF problem using ANSYS 
Fluent software. The volume fraction profiles clearly show the phase transition, which leads to 
evaporation and condensation inside the tube. 
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1. Introduction

Solar energy is a resource that is far more 
abundant and beneficial to the environment 
than other types of energy sources. This is 
because the sun emits a significant amount of 
thermal radiation energy that is transferred to 
its surroundings in the earth’s upper 
atmosphere. To generate power as efficiently as 
possible, advanced solar power technology 
needs to be intensified solar thermal radiation. 
Electrical and thermal energy requirements can 
both be met by Concentrated Solar Power (CSP) 
technology. For CSP technologies, the incoming 
thermal radiation is focused by mirrors or 
lenses on a relatively tiny target area, 
producing medium to high-temperature heat. A 
high-performance CSP system is achieved as a 
result of the higher operating temperature, 
greater heat collection per unit area, and lower 
absorbing surface area.  

Solar concentrators can be categorized into four 
widely utilized groups, including PTC, 
Parabolic Dish Collector (PDC), Linear Fresnel 

Reflector (LFR), and Solar Power Tower (SPT), 
based on the receiving technology and focus 
geometry [1]. Here the PTC and LFR are line-
focusing CSP systems, while PDC and SPT are 
point-focusing CSP systems. Again PTC and 
PDC systems are operated under mobile 
receivers, while LFR and SPT systems are 
operated under fixed receivers [2].  

Through a numerical analysis, Mhiri et al. [3]  
investigated the impact of the PTC receiver 
tube diameter variations. They discovered that 
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improving tube thickness up to a certain level 
improves the PTC system's performance. Al-
Dulaimi et al. [4] have estimated the efficiency 
of five different shapes of receiver tubes 
through numerical simulations and theoretical 
analysis. They concluded that the efficiency of 
tested receiver shapes could be represented in 
the following order.  
 
Channel-receiver>Circular-receiver>Square-
receiver>Triangular-receiver>Elliptical-
receiver. 
 
Liu et al. [5] performed a numerical analysis to 
determine the thermal performance of a PTC 
with a ribbed circular receiver. A symmetrical 
clockwise single inclined receiver, a parallel 
receiver, a symmetrical counter-clockwise 
single inclined receiver, a symmetrical counter-
clockwise double inclined receiver, and a 
symmetrical clockwise double inclined receiver 
are among the five different ribbed receiver 
tubes that were used in the thermal 
performance analysis. The findings showed that 
the symmetrical counter-clockwise double-
inclined receiver and the symmetrical clockwise 
single-inclined receiver provide the highest 
thermal performance. Concerning the above 
different outer geometries of receivers, the 
circular type receiver has been selected in many 
cases as a significantly better option. However, 
less effort has been made to develop the inner 
geometries of receiver tubes. 
 
This study mainly focuses on PTC systems 
consisting of circular-type receivers. A PTC was 
designed and fabricated locally and the 
efficiency was estimated and analyzed under 
different conditions. Linear focus is produced 
on a receiver tube along the focal line of a 
parabola by mirrors, in the shape of a parabolic 
trough. The parabolic reflector and receiver are 
mounted on a frame that rotates on one or two 
axes to track the sun's position throughout the 
day. The parabolic trough is an optical device in 
which the reflector’s cross-section has the shape 
of a portion of a parabola. The focal points of 
the parabolic cross-sections form a focal line in 
parabolic troughs. Radiation entering a plane 
parallel to the optical plane is reflected and 
passed through the focal line. Once the PTC 
system is fabricated with a selected circular 
receiver tube, the variations of inner RGs are 
considered to analyze the performance.  
 
The tracking system is an essential part of CSP 
systems, and basically, two different methods 
are used to track the sun, namely, photocell 

sensor-based tracking systems and 
astronomical algorithm-based tracking systems 
(for example, [6], [7] and literature therein). A 
sun position solar tracking algorithm is a 
computational method used in solar energy 
systems to optimize the alignment of solar 
collectors with the sun's position throughout 
the day. The algorithm calculates and adjusts 
the orientation of the solar collectors to ensure 
that they are always aligned with the sun's 
position in the sky. This dynamic adjustment 
maximizes energy production, making solar 
tracking systems significantly more efficient 
than fixed installations. Based on a photocell 
sensor-based tracking system, a novel and 
modified single-axis Optical Feedback Solar 
Tracking System (OFSTS) has been introduced 
as an efficient solar tracking system in this PTC 
system and a detailed description is given in 
Section 2.1. For the receiver, seven different 
inner geometries have been used and analysed. 
 
The process inside the receiver tube is typically 
modelled as a complicated Two-phase Flow 
(TPF) problem ([8]-[11]), where the phase 
transition occurs through evaporation and 
condensation. We employed the governing 
equations presented in [8] for this study to 
explain the interaction of two phases, air and 
water, using the Volume of Fluid (VOF) 
technique. Then simulated the problem using a 
Two-dimensional (2D) RG in ANSYS Fluent to 
examine the required features such as volume 
fraction changes, heat distribution, velocity 
profiles, etc., through the simulated time 
duration.  
 
Experimentally, the temperature distribution 
inside the receiver tube was measured every 30 
seconds discretely, by using six temperature 
sensors located at equally spaced points. The 
amount of steam generation was measured as a 
distilled water quantity in grams in 10 minute 
time intervals. In parallel, solar variation was 
recorded every 5 minutes throughout the 
period of the experiment. 
 
The Steam Generation Rate (SGR) produced, 
based on the flux values (SGR/Flux), was 
calculated experimentally for different RGs and 
identified the most efficient geometry. To verify 
the results, a statistical approach was used to 
estimate the above values for a selected set of 
experimental data. These experimentally 
computed values were qualitatively compared 
with corresponding 2D simulation results.  
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2. System Design and Fabrication 
 
The experimental PTC system was designed 
and fabricated with four sub-components: 
1) base frame, 2) reflector holder and parabolic 
reflector, 3) receiver holder and receiver, and   
4) tracking mechanism. The base frame 
structure was fabricated by 25 mm, 50 mm GI 
box bars with 1.2 mm thickness, each as shown 
in Figure 1. The reflector holder was fabricated 
by 25 mm GI box bars of 1.2 mm thickness and 
two pieces of cladding sheets of size 1.22 m× 
0.31 m (thickness = 4 mm). Finally, the cladding 
sheets were fixed onto the metal structure. The 
combination of the parabolic reflector and the 
reflector holder are shown in Figure 2. 
 
The receiver holder and the receiver were 
designed so that the receiver could be aligned 
to the focal line of the PTC as much as possible. 
One can use different techniques, either optical 
or mechanical, to perform this procedure. 
However, the receiver tube should be freely 
adjustable in two directions (along the vertex of 
the parabola and the perpendicular direction to 
both vertex of the parabola and the receiver 
tube). The receiver holder was coupled to the 
axle and two galvanized plates were mounted 
just above the receiver tube and these plates 
were used for fine tracking as an innovative 
setup (See Figure 3). 
 
Figure 4 shows the tracking mechanism, which 
consists of 1) stepper motor, 2) gearbox, 3) ball 
screw, and 4) length variable shaft. The 
mechanism of the tracking system is discussed 
in Section 2.1. Two rubber stoppers, two Polly 
Vinyl Chloride (PVC) reducing sockets, a 
copper tube (diameter=12 mm, length=1.65m), 
and a PVC pipe (diameter= 50 mm) were used 
to fabricate the heat exchanger. The heat 
exchanger is used to condense the steam and 
produce distilled water.  
 
A steady water flow was linked to the heat 
exchanger's water inlet port, and a flexible PVC 
hose (diameter = 20 mm) was attached to the 
heat exchanger's water output port. Steam was 
allowed to flow from the top to the bottom of 
the copper tube. Hence, the cold water and 
steam flow inside the receiver were allowed to 
flow in opposite directions to condense steam 
effectively and efficiently (See Figure 5). The 
final experimental setup is shown in Figure 6. 
 

 
Figure 1 - Base Frame 

 
Figure 2 - Reflector and Reflector Holder 

 
Figure 3 - Receiver Holder 

 
Figure 4 -Tracking Mechanism  
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Figure 5 - Heat Exchanger 

 

 
Figure 6 - Final Experimental Setup 

 
2.1 Single-axis OFSTS 
CSP systems must be placed in an ideal 
position perpendicular to the sun's rays during 
the energy harvesting period to maximize their 
power output. The installation of a solar tracker 
is therefore a mandatory requirement for a PTR. 
A solar tracker is a device to orient CSP systems 
for concentrating maximum incident light. 
Compared to a fixed CSP system, a CSP system 
driven by a solar tracker may boost the energy 
gain consistently. Several approaches were 
widely investigated to achieve a higher degree 
of tracking accuracy in this study and a single-
axis optical feedback novel solar tracking 
system was developed using two BH1750 light 
sensors controlled by an Arduino board. 
 
BH1750 is a light sensor based on the 
BH1750FVI intelligent circuit and it is an I2C 
interfaced digital ambient light sensor [12]. 
BH1750 IC is appropriate for acquiring ambient 
light data and a wider range of light intensity 
can be detected at a better resolution. The 
digital output value produced by the BH1750 
sensor is directly equivalent to the Lux value 
[12]. Figure 7 shows the BH1750 sensor 
arrangement in the PTR.  

 
Figure 7 - BH1750 Sensor Arrangement in the 
PTR 
The magnitude of the digital number generated 
by the BH1750 sensor increases with the 
intensity of sunlight falling on it. When the PTR 
is well-tracked, the two light sensors generate 
approximately equal digital numbers since PTR 
is symmetrically oriented with the sun. 
Otherwise, there will be a significant difference 
in generated numbers depending upon the 
orientation of the PTR with the sun. Figure 8 
shows the well-tracked state of the PTR.  

 
Figure 8 - Well-tracked State of PTR 

 
Then, the Arduino board checks the ratio of two 
digital numbers generated by BH1750 sensors. 
The value of the Comparison Number (CN) 
based on the two digital numbers is defined by 
Equation 1. 

𝐶𝐶𝐶𝐶 =
Digital number of left sensor

Digital  number  of right sensor  
...1 

At the well-tracked state of the PTR, the value 
of CN is approximately equal to 1 since the PTR 
is symmetrical with the sun.  
When the condition given in Equation 2 is 
satisfied, the tracking motor stops rotating. The 
limiting numbers in Equation 2 were allocated 
for this novel design, and the value of the ratio 
of those two digital numbers determines the 
tracking accuracy of the system. Additionally, 
the tracking accuracy can be appropriately 
modified by altering two limiting numbers. 

0.95 ≤ 𝐶𝐶𝐶𝐶 ≤ 1.05 …2 
Figure 9 shows the off-tracked state-1 of PTR 
with the sun, where the solar radiation falling 
on the right side < the solar radiation falling on 
the left side dragging CN below its lower 
bound. Then, the tracking motor starts rotating 
clockwise until the CN value resettles within 
the region specified by Equation 2. 
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Figure 9 – Off-tracked State of PTR: State-1 
 
Figure 10 shows the off-tracked state-2 of PTR 
with the sun, where the solar radiation falling 
on the right side > the solar radiation falling on 
the left side pushing CN above its upper 
bound. Then, the tracking motor starts rotating 
in the counter-clockwise direction until the CN 
value resettles with the region specified by 
Equation 2. 

 
Figure 10 – Off-tracked State of PTR: State-2 

 
The designed single-axis OFSTS was found 
functioning smoothly and accurately. However, 
when there is substantial cloud cover, the 
digital numbers tend to be lower than the given 
threshold value (which is set at 500), and then 
the tracking system is set into the standby 
mode. 
 
2.2 Receiver Geometries of PTR 
Although some researchers have conducted 
studies based on RG in PTR, the optimization of 
RG is rarely found in literature. Hence, the 
proposed study concentrates on optimizing the 
receiver tube geometry to maximize the 
performance of PTR systems.  
 
Six modified RGs [Receiver Geometry B (RGB), 
Receiver Geometry C (RGC), Receiver 
Geometry D (RGD), Receiver Geometry E 
(RGE), Receiver Geometry F (RGF), and 
Receiver Geometry G (RGG)] and a Reference 
Receiver Geometry (RRG) were used in this 
research. The RRG comprises a single side open 
evacuated tube used in solar hot water systems 
whereas the rest of the geometries are modified 
versions of RRG. 
RGB a box bar inserted into RRG 
RGC a profile (which divides the receiver 

volume into three equivalent 
partitions) inserted into RRG and two 
upper partitions filled with Nylon 
profiles as shown in Figure 12 

RGD the above mentioned profile inserted 
into RRG and upper partition filled 

with Nylon profiles as shown in 
Figure 13 

RGE T-shaped profile inserted into RRG 
RGF upside-down T-shaped profile 

inserted intogeometry A and lower 
partition filled with Nylon profiles 

RGG T-shaped profile inserted into RRG 
and the upper partition filled with 
Nylon profiles 

 
Figure 11 – RRG 

RRG, RGB & RGC, RGD & RGE, RGF & RGG 
are shown in Figure 11, Figure 12, Figure 13 
and Figure 14, respectively. 

 

 
Figure 12–RGB and RGC 

 
Figure 13 – RGD and RGE 

 
Figure 14 – RGF and RGG 

 
3. Mathematical Modelling 
 
To deliver thermal energy with higher 
efficiency, a high-performance solar collector is 
required. Hence, the main key to enhancing 
PTR efficiency is improving the heat transfer 
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mechanism inside the receiver tube. A TPF 
model is presented for the prediction of the 
characteristics of the TPF of a liquid and its 
vapor in an angled heat pipe. A 2D 
mathematical model includes features for 
calculating the volume fraction and velocity of 
particles inside the heat pipe. The mathematical 
model is based on the VOF model used in 
ANSYS Fluent together with governing 
equations. The simulation is carried out for a 
rectangular angled pipe with an open outlet 
providing a linear heat flux to one of the 
sidewalls. Typically, the parabolic troughs 
generated a maximum concentrated heat flux of 
around 55 kW/m2 [13]. We utilized around 45 
kW/m2 flux to the corresponding wall in this 
process. 
 
Following assumptions were made for the 
proposed heat transfer model. 

1. A laminar flow of Heat Transfer Fluid 
(HTF) was considered. 

2. Given Boundary Conditions (BCs) are not 
changing with time.  

3. Heat flux is uniform along the receiver 
tube, but non-uniform concerning the 
radial direction in Three Dimensional (3D) 
case.  

4. HTF is incompressible. 
The volume fraction of each phase in the 
domain is required to compute the mass, 
velocity, and temperature profiles in a multi-
phase flow. The numerical solutions are finite 
volume based and are more challenging for 
multi-phase flows than for single-phase flows. 
This occurs due to the non-stationary nature of 
the interfaces between the phases. In such a 
situation, the physical properties such as 
density and viscosity fluctuate at the interface. 
 
3.1 Volume of Fluid Method 
One crucial parameter in TPF is the volume 
fraction of a two-phase in a given region. The 
VOF technique was utilized to tackle these 
challenges by determining the motion of all 
phases and indirectly defining the motion of 
the interfaces [14], [15]. VOF model was 
proposed by Hirt and Nichols [16], and it can 
be considered as a simplified technique for 
solving two-phase problems. Furthermore, the 
VOF model well satisfies the mass conservation 
requirements. Using this technique, the volume 
of the tube can be expressed in terms of the 
volume of individual phase components. The 
VOF method can be used for surface tracking 
on a fixed mesh and is applicable for models 
involving two immiscible fluids with a well-
defined interface between the phases. The VOF 

model uses a single set of Navier-Stokes 
equations to track the motion of the various 
phases by defining the volume fraction of each 
phase [17]. Each cell in the domain must be 
filled by one phase or a mixture of the two 
phases in order to function the VOF model. If 
the volume fractions of liquid and vapor 
are𝛼𝛼𝑙𝑙and 𝛼𝛼𝑣𝑣, respectively, the following three 
circumstances are possible: 
1. 𝛼𝛼𝑙𝑙 = 1: Liquid occupies the entire cell; 
2. 𝛼𝛼𝑙𝑙 = 0: Vapor occupies the entire cell; and 
3. 0 < 𝛼𝛼𝑙𝑙 < 1: A mixture of liquid and vapor 

occupies the entire cell. 
The volume fractions of all phases add up to 1 
when the third criterion is met. 
 
3.2 Governing Equations of Fluid Flow 

and Heat Transfer 
The conservation properties used in the 
mathematical model are listed as below: 
1. The fluid's mass is conserved. 
2. The sum of the forces acting on a fluid 

particle equals the rate of change of 
momentum.  

3. The rate of energy change equals the sum 
of the rates of heat addition and work 
performed on a fluid particle.  

The continuity, momentum, and energy 
equations govern heat and mass transfer of a 
fluid flow. These equations have been 
considered in the form of standard 
dimensionless partial differential equations of 
the Cartesian coordinates. This work uses the 
ANSYS Fluent code and the VOF method to 
model the closed TPF system. Song et al. [8] 
and Fadhl et al. [9] have discussed the VOF 
model and the Navier-Stokes equations for the 
VOF model, which are pertinent to our 
investigation. In the VOF model, the 
summation of volume fractions of the two-
phase must be equal to 1 according to Equation 
3. 

𝛼𝛼𝑙𝑙 + 𝛼𝛼𝑣𝑣 = 1 .…3 
Under the following assumptions, Equations 4 
and 5 ([8], [18]) represent the continuity 
equations for vapor and liquid phases, 
respectively. 
1. Phase transition takes place under a 

constant pressure.  
2. Phase transition takes place under a 

constant temperature.  
3. The equilibrium temperature determines 

the characteristic of mass transfer. 

𝜕𝜕𝜕𝜕𝑙𝑙
𝜕𝜕𝜕𝜕 + 𝑣𝑣. ∇𝛼𝛼𝑙𝑙 = −

𝑆𝑆𝛼𝛼𝑙𝑙
𝜌𝜌𝑙𝑙

 
…4 

𝜕𝜕𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕 + 𝑣𝑣. ∇𝛼𝛼𝑣𝑣 = −

𝑆𝑆𝛼𝛼𝑣𝑣
𝜌𝜌𝑣𝑣

 
…5 
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particles inside the heat pipe. The mathematical 
model is based on the VOF model used in 
ANSYS Fluent together with governing 
equations. The simulation is carried out for a 
rectangular angled pipe with an open outlet 
providing a linear heat flux to one of the 
sidewalls. Typically, the parabolic troughs 
generated a maximum concentrated heat flux of 
around 55 kW/m2 [13]. We utilized around 45 
kW/m2 flux to the corresponding wall in this 
process. 
 
Following assumptions were made for the 
proposed heat transfer model. 

1. A laminar flow of Heat Transfer Fluid 
(HTF) was considered. 

2. Given Boundary Conditions (BCs) are not 
changing with time.  

3. Heat flux is uniform along the receiver 
tube, but non-uniform concerning the 
radial direction in Three Dimensional (3D) 
case.  

4. HTF is incompressible. 
The volume fraction of each phase in the 
domain is required to compute the mass, 
velocity, and temperature profiles in a multi-
phase flow. The numerical solutions are finite 
volume based and are more challenging for 
multi-phase flows than for single-phase flows. 
This occurs due to the non-stationary nature of 
the interfaces between the phases. In such a 
situation, the physical properties such as 
density and viscosity fluctuate at the interface. 
 
3.1 Volume of Fluid Method 
One crucial parameter in TPF is the volume 
fraction of a two-phase in a given region. The 
VOF technique was utilized to tackle these 
challenges by determining the motion of all 
phases and indirectly defining the motion of 
the interfaces [14], [15]. VOF model was 
proposed by Hirt and Nichols [16], and it can 
be considered as a simplified technique for 
solving two-phase problems. Furthermore, the 
VOF model well satisfies the mass conservation 
requirements. Using this technique, the volume 
of the tube can be expressed in terms of the 
volume of individual phase components. The 
VOF method can be used for surface tracking 
on a fixed mesh and is applicable for models 
involving two immiscible fluids with a well-
defined interface between the phases. The VOF 

model uses a single set of Navier-Stokes 
equations to track the motion of the various 
phases by defining the volume fraction of each 
phase [17]. Each cell in the domain must be 
filled by one phase or a mixture of the two 
phases in order to function the VOF model. If 
the volume fractions of liquid and vapor 
are𝛼𝛼𝑙𝑙and 𝛼𝛼𝑣𝑣, respectively, the following three 
circumstances are possible: 
1. 𝛼𝛼𝑙𝑙 = 1: Liquid occupies the entire cell; 
2. 𝛼𝛼𝑙𝑙 = 0: Vapor occupies the entire cell; and 
3. 0 < 𝛼𝛼𝑙𝑙 < 1: A mixture of liquid and vapor 

occupies the entire cell. 
The volume fractions of all phases add up to 1 
when the third criterion is met. 
 
3.2 Governing Equations of Fluid Flow 

and Heat Transfer 
The conservation properties used in the 
mathematical model are listed as below: 
1. The fluid's mass is conserved. 
2. The sum of the forces acting on a fluid 

particle equals the rate of change of 
momentum.  

3. The rate of energy change equals the sum 
of the rates of heat addition and work 
performed on a fluid particle.  

The continuity, momentum, and energy 
equations govern heat and mass transfer of a 
fluid flow. These equations have been 
considered in the form of standard 
dimensionless partial differential equations of 
the Cartesian coordinates. This work uses the 
ANSYS Fluent code and the VOF method to 
model the closed TPF system. Song et al. [8] 
and Fadhl et al. [9] have discussed the VOF 
model and the Navier-Stokes equations for the 
VOF model, which are pertinent to our 
investigation. In the VOF model, the 
summation of volume fractions of the two-
phase must be equal to 1 according to Equation 
3. 

𝛼𝛼𝑙𝑙 + 𝛼𝛼𝑣𝑣 = 1 .…3 
Under the following assumptions, Equations 4 
and 5 ([8], [18]) represent the continuity 
equations for vapor and liquid phases, 
respectively. 
1. Phase transition takes place under a 

constant pressure.  
2. Phase transition takes place under a 

constant temperature.  
3. The equilibrium temperature determines 

the characteristic of mass transfer. 

𝜕𝜕𝜕𝜕𝑙𝑙
𝜕𝜕𝜕𝜕 + 𝑣𝑣. ∇𝛼𝛼𝑙𝑙 = −

𝑆𝑆𝛼𝛼𝑙𝑙
𝜌𝜌𝑙𝑙

 
…4 

𝜕𝜕𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕 + 𝑣𝑣. ∇𝛼𝛼𝑣𝑣 = −

𝑆𝑆𝛼𝛼𝑣𝑣
𝜌𝜌𝑣𝑣

 
…5 
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Then the momentum equation can be written as 
Equation 6 ([8], [18], [19]). 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌 𝑣𝑣) + ∇.(𝜌𝜌 𝑣𝑣𝑣𝑣)
= −∇𝑝𝑝
+ ∇. [𝜇𝜇(∇𝑣𝑣 + ∇𝑣𝑣 T)] + 𝜌𝜌𝜌𝜌  

 
 
 
…6 

The energy equation can be written in the form 
of Equation 7 ([8], [19]). 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌ℎ) + ∇. (𝜌𝜌 𝑣𝑣ℎ) = ∇. (k∇T) + 𝑆𝑆𝐸𝐸  …7 

In the VOF model, the enthalpy, ℎ can be 
written as Equation 8 ([8], [19]). 

ℎ =
𝛼𝛼𝑙𝑙𝜌𝜌𝑙𝑙 ℎ𝑙𝑙 + 𝛼𝛼𝑣𝑣𝜌𝜌𝑣𝑣 ℎ𝑣𝑣

𝛼𝛼𝑙𝑙𝜌𝜌𝑙𝑙 + 𝛼𝛼𝑣𝑣𝜌𝜌𝑣𝑣
 

…8  

Since ℎ𝑙𝑙  and ℎ𝑣𝑣 are based on the specific heat 𝐶𝐶𝑙𝑙 
and 𝐶𝐶𝑣𝑣, respectively, ℎ𝑙𝑙  and ℎ𝑣𝑣 can be written as 
Equations 9 and 10, respectively [8]. 

ℎ𝑙𝑙 = 𝐶𝐶𝑙𝑙(𝑇𝑇 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 ) …9 
ℎ𝑣𝑣 = 𝐶𝐶𝑣𝑣(𝑇𝑇 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 ) …10 

In the TPF, VOF model the 𝜌𝜌, 𝜇𝜇 and 𝑘𝑘 in each 
cell can be written as Equations 11, 12 and 13, 
respectively, [8], [18].  

𝜌𝜌 = 𝛼𝛼𝑙𝑙𝜌𝜌𝑙𝑙 + 𝛼𝛼𝑣𝑣𝜌𝜌𝑣𝑣  …11 
𝜇𝜇 = 𝛼𝛼𝑙𝑙𝜇𝜇𝑙𝑙 + 𝛼𝛼𝑣𝑣𝜇𝜇𝑣𝑣 …12 
𝑘𝑘 = 𝛼𝛼𝑙𝑙𝑘𝑘𝑙𝑙 + 𝛼𝛼𝑣𝑣𝑘𝑘𝑣𝑣  …13 

Here 𝜌𝜌, 𝜇𝜇 and 𝑘𝑘 in Equations 11, 12 and 13 are 
described as density, viscosity and conductivity 
in the whole domain.  
 
The two distinct processes of evaporation and 
condensation are responsible for the heat 
transfer mechanism. The quantity of heat 
transfer can be written as the energy equation's 
source term in Equation 14 [8]. The mass 
transfers with rate 𝑆𝑆𝑎𝑎 and the amount of energy 
𝑆𝑆𝐸𝐸  are released when the phase temperature 
falls below the equilibrium/saturation 
temperature 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 . In such situations, those 
particles try to condense.  

𝑆𝑆𝐸𝐸 = 𝑆𝑆𝛼𝛼 ∆𝐻𝐻 …14 
Here the source term is one of the most critical 
parameters to solve the TPF problem and a 
proper source term should be substituted to the 
governing equations to model the liquid-vapor 
phase change phenomenon [8]. The calculation 
of mass source terms for the evaporation 
process and condensation processes given in 
Equations 15 and 16, respectively, are followed 
by the studies carried out by Hu et al. [18], [19], 
[20]. 

𝑆𝑆𝛼𝛼𝑙𝑙 = −𝑆𝑆𝛼𝛼𝑣𝑣 = 𝛽𝛽1𝛼𝛼𝑙𝑙 𝜌𝜌𝑙𝑙𝑇𝑇−𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

 ,𝑇𝑇>𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠
 …15 

𝑆𝑆𝛼𝛼𝑣𝑣 = −𝑆𝑆𝛼𝛼𝑙𝑙 = 𝛽𝛽2 𝛼𝛼𝑣𝑣𝜌𝜌𝑣𝑣 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 −𝑇𝑇
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

 ,𝑇𝑇<𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠
 …16 

Here the phase transition rate of the vapor and 
liquid phase is determined by 1 and 2, 
respectively. Here 1 and 2 are reference 
values, which can be considered as tuning 
parameters. To maintain the saturated 

temperature at the interface, proper values for 
1 and 2 described in Equations 15 and 16 
should be substituted for relevant source terms. 
 
3.3 Model Geometry and BCs of the 2D 

Simulation 
The TPF model which consists of heat transfer 
process and other characteristics were 
simulated and tested using above described 
model for an angled 2D tube. The 
corresponding geometry with pre-defined BCs 
is shown in Figure 15.  
 
Initially, the 2D tube was partly filled (72%) 
with water. Then the appropriate initial and 
boundary conditions were applied and the 
simulation was performed to investigate the 
bubble generation and steam production 
inside the tube. More precisely the bottom and 
left sides of the tube were treated as a diabatic 
walls, while the right side of the tube was 
subjected to a constant heat flux as shown in 
Figure 15. 

 
Figure 15 - Model Geometry and BCs 

 
3.4 Computational Mesh of the 

Simulation 
The angle between the horizontal plane and the 
2D heat pipe was set as 30°  and the 
computational mesh was constructed (Figure 
16) for the simulation according to the model 
geometry using the ANSYS Fluent software. 
The grid size of the mesh was set as 0.002 m 
and respective constant heat flux values were 
treated in each case at the side wall of the heat 
pipe as shown in Figure 15. As a BC on  
adiabatic walls, zero-heat flux was considered. 
Under the given BCs, the simulation was 
conducted for 180 seconds of operation. The 
pressure of the top outlet was considered as the 
atmospheric pressure. 
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Figure 16 - Part of the Mesh Distribution  

 
4. Experimental Measurements 
 
4.1 Temperature Distribution along the 

Axis of the Receiver Tube 
Six DS18B20 waterproofed digital temperature 
sensors were used to analyze the temperature 
distribution along the evacuated tube (RRG). 
The wires of sensors were covered by flexible 
PVC hoses and heat sleeves for further 
waterproofing and protection from high 
temperatures. An Arduino UNO Rev 3 board 
was used to carry out the temperature 
monitoring and recording process. Sensors were 
linearly placed inside the receiver tube, at a 0.24 
m distance, as shown in Figure 17. Then the 
receiver tube was filled with water and quickly 
placed on the receiver holder of PTR as data 
reading should be started before a temperature 
gradient is generated inside the receiver tube 
due to solar thermal radiation.  

 
Figure 17 - Temperature Sensor Arrangement 
inside the Receiver Tube 
 

The temperature of each sensor was recorded in 
30 second time intervals under CSP. Data was 
taken free of cloud cover in the sky as much as 
possible. The same procedure was repeated 
under the disturbances of clouds and the PTR 
was tracked in each case.  
 
4.2 Comparison of SGR of Different RGs 
The SID values were recorded every 5 minutes 
and the steam generation for the bare receiver 

tube was recorded every 10 minutes. This 
measurement was conducted in five different 
experiments under different flux conditions on 
five different days. The domestic solar PV 
system is a 5 kW system and the digital number 
generated in the inbuilt electronic controlling 
system varies from 0-5000 depending upon the 
total solar irradiance or solar constant at the 
location of the solar system and corresponding 
time. The average value of this digital number in 
the experimental duration was calculated and 
the corresponding solar constant was calculated 
assuming the reference solar constant 
as1370  𝑊𝑊𝑚𝑚−2 [21] (i.e., if the solar constant is 
1370  𝑊𝑊𝑚𝑚−2, digital number is 5000). Hence, 
calculated solar constant values for Days 1-5 
were 1223 𝑊𝑊 𝑚𝑚−2 1232 𝑊𝑊𝑚𝑚−2 1233 𝑊𝑊𝑚𝑚−2 1243 
𝑊𝑊𝑚𝑚−2 and 1285 𝑊𝑊𝑚𝑚−2, respectively. The flux 
falling area (𝐴𝐴𝑟𝑟) of the receiver tube is given by 
Equation 17. 

𝐴𝐴𝑟𝑟 = 2𝜋𝜋𝜋𝜋𝜋𝜋 ∗
2𝜃𝜃

360 …17 

Here, 𝑟𝑟, 𝑙𝑙 and 𝜃𝜃 are receiver diameter, receiver 
length and rim angle, respectively.  
Since,𝑟𝑟 = 21.5 𝑚𝑚𝑚𝑚, 𝑙𝑙 = 1220 𝑚𝑚𝑚𝑚 and 𝜃𝜃 = 80° , 
then 

𝐴𝐴𝑟𝑟 = 0.073248 𝑚𝑚2 ….18 
The effective flux falling area of the mirror is 

𝐴𝐴𝑚𝑚 = Trough width ∗ Trough length        …19 
∴ 𝐴𝐴𝑚𝑚 = 2.202 ∗ 1.22 = 2.68644  𝑚𝑚2…20 

Then the applicable concentrated flux value over 
the receiver tube for a given solar constant is 
given by 

Flux value = Solar constant ∗ (𝐴𝐴𝑚𝑚
𝐴𝐴𝑟𝑟

)…21 

SGR merely depends on the corresponding flux 
value and therefore we considered SGR/Flux 
value in each case. The flux values, 3D 
experimental SGR values and SGR/Flux values 
for the bare tube are shown in Table 1. 
 
The average values of Flux, SGR and SGR/Flux 
were calculated as shown in Table 1. SGR and 
corresponding flux values for different RGs were 
also calculated experimentally as described in 
Section 4.2. The SGR/Flux values for different 
RGs are shown in Table 2.  
 
Table 1 - Solar Constant Values and Projected 
Flux Values for RRG 
Day Flux 

(𝑊𝑊 𝑚𝑚−2) 
SGR 

(𝑔𝑔𝑠𝑠−1) 
(SGR/Flux)/10-6 

(𝑔𝑔𝑠𝑠−1𝑊𝑊−1𝑚𝑚2) 
1 44855 0.234 5.22 
2 45221 0.243 5.37 
3 47129 0.275 5.84 
4 45588 0.286 6.27 
5 45185 0.279 6.17 

Avg. 45596 0.263 5.79 
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Equation 17. 
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length and rim angle, respectively.  
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the receiver tube for a given solar constant is 
given by 
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)…21 

SGR merely depends on the corresponding flux 
value and therefore we considered SGR/Flux 
value in each case. The flux values, 3D 
experimental SGR values and SGR/Flux values 
for the bare tube are shown in Table 1. 
 
The average values of Flux, SGR and SGR/Flux 
were calculated as shown in Table 1. SGR and 
corresponding flux values for different RGs were 
also calculated experimentally as described in 
Section 4.2. The SGR/Flux values for different 
RGs are shown in Table 2.  
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Table 2 - Solar Constant Values and Projected 
Flux Values for Different RGs 

 
Figure 18 - Average Flux Value and Average 
SGR/Flux Value for Different RGs 
 

The graphical representation of average Flux 
value and SGR/Flux value for seven different 
RGs is shown in Figure 18.  
 

5. Results 
 

5.1 Experimentally Measured 
Temperature Distribution along the 
Axis of the Receiver Tube 

Figure 19 shows the temperature distribution 
inside the receiver tube of six different sensors in 
a low-cloudy environment. Figure 20 shows the 
same temperature distribution shown in 
Figure 19 at higher temperatures. According to 
Figure 19 and Figure 20, there is a significant 
temperature difference between any adjacent 
sensors, up to < 95˚C. This happens due to the 
heated water molecules, which become less 
dense and move upward. Afterwards, 
temperature difference between any adjacent 
sensors was approximately the same since flux 
distribution along the axis of the receiver tube is 
the same. However, the temperature sensor 
placed at the closed end of the receiver tube 
(Sensor 6) showed an unusual behaviour. But 
the temperature variation of all other sensors 
was approximately linear when the temperature 
was less than 95˚C (see Figure 19). 

 
Figure 19 - Temperature Distribution inside 
the Receiver Tube under a Low Cloudy 
Environment 

 
Figure 20 - Temperature Variation at Higher 
Temperatures under a Low Cloudy 
Environment 

 
Figure 21 - Temperature Distribution inside 
the Receiver Tube in a Partially Cloudy 
Environment 

Figure 21 shows the temperature distribution 
inside the receiver of six different sensors in a 
partially cloudy environment. According to 
Figure 21, the presence of cloud covers in the sky 
while experimenting was clearly indicated on 
the temperature distribution curves. 
Furthermore, those cloud cover situations were 
physically observed and scientifically revealed 
by Solar Insolation Data (SID) values. A similar 
pattern of temperature distribution curves was 
received under the non-concentrated case, 

RG Flux 
(𝑊𝑊𝑚𝑚−2) 

SGR 
(𝑔𝑔𝑠𝑠−1) 

(SGR/Flux)/ 10-6 
(𝑔𝑔𝑠𝑠−1𝑊𝑊−1𝑚𝑚2) 

A 45596 0.263 5.79 
B 46762 0.258 5.52 
C 46762 0.298 6.37 
D 46982 0.289 6.15 
E 45662 0.247 5.41 
F 46028 0.194 4.21 
G 45662 0.284 6.22 

ENGINEER113



ENGINEER 10  

except that it took a long time (~8 times of CSP 
case) to reach the boiling point. 
 
5.2 Steam-solar Profile for RRG in 

Different Days 
Generally, the Simpson's rule is used to find the 
estimated value of a definite integral and the 
basic form of the Simpson’s 1/3 rule [22], given 
by Equation 22.  

∫ 𝑓𝑓(𝑥𝑥)𝑑𝑑𝑑𝑑 ≈
𝑏𝑏 − 𝑎𝑎
6

𝑏𝑏

𝑎𝑎
[𝑓𝑓(𝑎𝑎) + 4𝑓𝑓 (

𝑎𝑎 + 𝑏𝑏
2 ) + 𝑓𝑓(𝑏𝑏)] 

      ...22 
As described in Section 4.2, the SID values were 
recorded every 5 minutes and the steam 
generation was recorded every 10 minutes. 
Hence, Simpson’s 1/3 rule was used to calculate 
average solar energy for 10-minute intervals 
using three adjacent SID measurements. Those 
calculated values were referred to Sympson’s 
Approximated Solar Power (SASP). 
 
Figures 22-26 show the graphical representations 
of the variations of SASP and SGR measured on 
five different days and simultaneous SID values 
can predict the steam generation curve. 
Interestingly, steam generation has not fallen 
with the SID curve at the beginning and end of 
the day due to the collector tracking the sun. To 
compensate for that, we may also have to track 
the solar panels or add some modifications to 
the data. Alternatively, experimental time could 
be limited from 11.00 am to 1.00 pm, so that the 
end effects could be ignored for comparison of 
various RGs.  

 
Figure 22 - Variations of SASP and SGR at 
Day 1 

 
Figure 23 - Variations of SASP and SGR at 
Day 2 

 
Figure 24 - Variations of SASP and SGR at 
Day 3 

 
Figure 25 - Variations of SASP and SGR at 
Day 4 
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except that it took a long time (~8 times of CSP 
case) to reach the boiling point. 
 
5.2 Steam-solar Profile for RRG in 

Different Days 
Generally, the Simpson's rule is used to find the 
estimated value of a definite integral and the 
basic form of the Simpson’s 1/3 rule [22], given 
by Equation 22.  

∫ 𝑓𝑓(𝑥𝑥)𝑑𝑑𝑑𝑑 ≈
𝑏𝑏 − 𝑎𝑎
6

𝑏𝑏

𝑎𝑎
[𝑓𝑓(𝑎𝑎) + 4𝑓𝑓 (

𝑎𝑎 + 𝑏𝑏
2 ) + 𝑓𝑓(𝑏𝑏)] 

      ...22 
As described in Section 4.2, the SID values were 
recorded every 5 minutes and the steam 
generation was recorded every 10 minutes. 
Hence, Simpson’s 1/3 rule was used to calculate 
average solar energy for 10-minute intervals 
using three adjacent SID measurements. Those 
calculated values were referred to Sympson’s 
Approximated Solar Power (SASP). 
 
Figures 22-26 show the graphical representations 
of the variations of SASP and SGR measured on 
five different days and simultaneous SID values 
can predict the steam generation curve. 
Interestingly, steam generation has not fallen 
with the SID curve at the beginning and end of 
the day due to the collector tracking the sun. To 
compensate for that, we may also have to track 
the solar panels or add some modifications to 
the data. Alternatively, experimental time could 
be limited from 11.00 am to 1.00 pm, so that the 
end effects could be ignored for comparison of 
various RGs.  

 
Figure 22 - Variations of SASP and SGR at 
Day 1 

 
Figure 23 - Variations of SASP and SGR at 
Day 2 

 
Figure 24 - Variations of SASP and SGR at 
Day 3 

 
Figure 25 - Variations of SASP and SGR at 
Day 4 
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Figure 26 - Variations of SASP and SGR at 
Day 5 
 
5.3  Experimental Approach for 

Comparison of RGs 
The experimental SGR/Flux values for different 
RGs are shown in Table 3 and variations of 
SGR/Flux values in seven different RGs are 
shown as a bar chart in Figure 27. Figure 27 
shows that there are three improved RGs (G, D 
and C) with respect to RRG. Hence, the order of 
RGs due to SGR can be represented as 
F < E < B < A < D < G < C. 
Hence, the best-improved RG can be concluded 
as C, which is the three wagons-shaped profile 
inserted into the bare receiver as shown in 
Figure 12-(C).  
 
Table 3 - Improvement of SGR/Flux with 
Respect to RRG 

RG (SGR/Flux)/ 10-6 
(𝑔𝑔𝑠𝑠−1𝑊𝑊−1𝑚𝑚2) 

Improvement 
of SGR/Flux 

A 5.79 RRG (0%) 
B 5.51 -4.8% 
C 6.37 10.0% 
D 6.15 6.2% 
E 5.41 -6.6% 
F 4.21 -27.3% 
G 6.22 7.4% 

 
Figure 27 - SGR/Flux Value for Different RGs 
 

5.4 Simulated Results in Ansys FLUENT 
Bubble formation and evaporation were 
observed approximately 23 seconds after the 
given BCs and with an initial temperature of 
368 K, which was physically relevant to the 
process occurring in solar collector pipes. The 
tiny bubbles with a lower diameter were 
generated initially at the flux-applied wall and 
moved upwards with flow movements. Then 
tiny bubbles were grouped together, increasing 
the mean diameter with time. The 
corresponding volume fraction (of air and 
water) is provided as a confirmation of the 
physical relevancy. A higher concentration of 
vapor is produced as the liquid evaporates. The 
volume fraction contours corresponding to this 
boiling phenomenon are illustrated in Figure 
28. The simulation results showed that the 
model utilized is appropriate for understanding 
the complex phase-change mechanism inside 
the heat pipe. 
 

 
Figure 28 - Contours of Liquid Volume 
Fraction with Time 
 
5.5 Qualitative Representation of the SGR 

of 3D Experiment and 2D Simulation 
Results for RRG 

The experimentally measured SGR values were 
calculated in five cases for RRG. Then five 
corresponding 2D simulations were carried out 
to find out the SGR values numerically with the 
respective flux values in the experimental case. 
The Average Flux Values (AFV), the 
experimental SGR values, the Numerical SGR 
(NSGR) values and the corresponding 
SGR/Flux values for the two cases are shown in 
Table  4.  
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Table  4 - Calculated SGR by Experimentally 
and Numerically 

 

 
Figure 29 - Qualitative Representation of the 
SGR/Flux of Experimental and Simulation 
Results for RRG 
 
According to Table  4, qualitative 
representation of the SGR of experimental and 
simulation results are shown in Figure 29. Here 
we compared SGR/Flux values of 2D 
numerical simulation and 3D experimental 
case. Therefore, the comparison may not be that 
much accurate for fully quantitative analysis. 
This problem can be overcome by upgrading 
the numerical simulation into dimension three. 
 
5.6 Statistical Approach for Comparison 

of the Performance of RGs using 
Experimental Data   

Regression analysis is a statistical technique 
used to investigate correlations between 
variables. Multiple linear regression is a 
generalization of simple linear regression, 
which is used to evaluate the linear relationship 
between a quantitative response variable and 
several predictor variables [23]. 
 
After confirming the required assumptions, 
such as normally distributed solar energy 
patterns, a multiple regression model was fitted 
to predict the amount of steam production by 
considering solar power and receiver 
geometries (referred as (RG) 1-7) as predictor 
variables. The equation of the fitted model is 
given by Equation 23. The term solar in 

Equation 23 represents the SASP (Solar power 
for 10 minutes). 

Steam =  − 153.4 
+ 0.0001181 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

− 2.607 ∗ 𝑅𝑅𝑅𝑅2  
+ 10.91 ∗ 𝑅𝑅𝑅𝑅3  
+ 3.998 ∗ 𝑅𝑅𝑅𝑅4  
− 2.827 ∗ 𝑅𝑅𝑅𝑅5  
− 1.852 ∗ 𝑅𝑅𝑅𝑅6   
− 4.253 ∗ 𝑅𝑅𝑅𝑅7 

 
 
 
 
 
 
 

…23 
Equation 23 can calculate the amount of steam 
generation (in grams) for the duration of 10 
minutes. For example, if we want to calculate 
the steam generation for 𝑅𝑅𝑅𝑅2 for a given solar 
value (Assume 2700 kJ), then we must 
substitute 
𝑅𝑅𝑅𝑅2 = 1, 𝑅𝑅𝑅𝑅3 = 𝑅𝑅𝑅𝑅4 = 𝑅𝑅𝑅𝑅5 = 𝑅𝑅𝑅𝑅6 = 𝑅𝑅𝑅𝑅7 = 0, 
in Equation 23. Hence, the amount of generated 
steam for 10 minutes in RG2 is given in 
Equation 24.  

Steam𝑀𝑀𝑀𝑀2 = −153.4 
+0.0001181 ∗ 2700000 

−2.607 = 162.863 𝑔𝑔 

 
 

…24 
Then the SGR for RG2 per second can be 
calculated as stated in Equation 25.  

𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀𝑀𝑀2 =
162.863

600 = 0.271𝑔𝑔𝑠𝑠−1 …25 

Based on Equations 23, 24 and 25, SGR and 
SGR/Flux values for all other RGs are shown in 
Table 5. The percentage improvement of 
SGR/Flux with respect to RRG is shown in  
Table 6. The bar graph of the SGR/Flux value 
for different RGs for a given solar value 
(2700 kJ) is shown in Figure 30, according to  
Table 6. 
 
Table 5 – SGR and SGR/Flux for Different 
Receiver Geometries 

RG Flux 
(Wm-2) 

SGR 
(gs-1) 

(SGR/Flux)/10-6 
(𝑔𝑔𝑠𝑠−1𝑊𝑊−1𝑚𝑚2) 

1 45576 0.276 6.06 
2 44767 0.271 6.05 
3 44854 0.294 6.55 
4 44189 0.282 6.38 
5 43911 0.271 6.17 
6 45041 0.273 6.06 
7 44405 0.269 6.06 

 
Table 6 - Statistical Percentage Improvement 
of SGR/Flux with respect to RRG 

RG (SGR/Flux)/10-6 
(𝑔𝑔𝑠𝑠−1𝑊𝑊−1𝑚𝑚2) 

Percentage 
improvement 

1 6.06 RRG (0%) 
2 6.05 -0.2% 
3 6.55 8.1% 
4 6.38 5.3% 
5 6.17 1.8% 
6 6.06 0% 
7 6.06 0% 

AFV 
(𝑊𝑊 𝑚𝑚−2) 

NSGR 
(2D) 

 (𝑔𝑔𝑠𝑠−1) 

(SGR/Flux)/10-6 
(𝑔𝑔𝑠𝑠−1𝑊𝑊−1𝑚𝑚2) 

3D Exp. 2D Num. 

44855 0.010154 5.22 0.2264 
45185 0.010392 6.17 0.2300 
45221 0.010418 5.37 0.2304 
45588 0.010667 6.27 0.2340 
47129 0.011547 5.84 0.2450 
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Table  4 - Calculated SGR by Experimentally 
and Numerically 

 

 
Figure 29 - Qualitative Representation of the 
SGR/Flux of Experimental and Simulation 
Results for RRG 
 
According to Table  4, qualitative 
representation of the SGR of experimental and 
simulation results are shown in Figure 29. Here 
we compared SGR/Flux values of 2D 
numerical simulation and 3D experimental 
case. Therefore, the comparison may not be that 
much accurate for fully quantitative analysis. 
This problem can be overcome by upgrading 
the numerical simulation into dimension three. 
 
5.6 Statistical Approach for Comparison 

of the Performance of RGs using 
Experimental Data   

Regression analysis is a statistical technique 
used to investigate correlations between 
variables. Multiple linear regression is a 
generalization of simple linear regression, 
which is used to evaluate the linear relationship 
between a quantitative response variable and 
several predictor variables [23]. 
 
After confirming the required assumptions, 
such as normally distributed solar energy 
patterns, a multiple regression model was fitted 
to predict the amount of steam production by 
considering solar power and receiver 
geometries (referred as (RG) 1-7) as predictor 
variables. The equation of the fitted model is 
given by Equation 23. The term solar in 

Equation 23 represents the SASP (Solar power 
for 10 minutes). 

Steam =  − 153.4 
+ 0.0001181 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

− 2.607 ∗ 𝑅𝑅𝑅𝑅2  
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…23 
Equation 23 can calculate the amount of steam 
generation (in grams) for the duration of 10 
minutes. For example, if we want to calculate 
the steam generation for 𝑅𝑅𝑅𝑅2 for a given solar 
value (Assume 2700 kJ), then we must 
substitute 
𝑅𝑅𝑅𝑅2 = 1, 𝑅𝑅𝑅𝑅3 = 𝑅𝑅𝑅𝑅4 = 𝑅𝑅𝑅𝑅5 = 𝑅𝑅𝑅𝑅6 = 𝑅𝑅𝑅𝑅7 = 0, 
in Equation 23. Hence, the amount of generated 
steam for 10 minutes in RG2 is given in 
Equation 24.  

Steam𝑀𝑀𝑀𝑀2 = −153.4 
+0.0001181 ∗ 2700000 

−2.607 = 162.863 𝑔𝑔 

 
 

…24 
Then the SGR for RG2 per second can be 
calculated as stated in Equation 25.  

𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀𝑀𝑀2 =
162.863

600 = 0.271𝑔𝑔𝑠𝑠−1 …25 

Based on Equations 23, 24 and 25, SGR and 
SGR/Flux values for all other RGs are shown in 
Table 5. The percentage improvement of 
SGR/Flux with respect to RRG is shown in  
Table 6. The bar graph of the SGR/Flux value 
for different RGs for a given solar value 
(2700 kJ) is shown in Figure 30, according to  
Table 6. 
 
Table 5 – SGR and SGR/Flux for Different 
Receiver Geometries 

RG Flux 
(Wm-2) 

SGR 
(gs-1) 

(SGR/Flux)/10-6 
(𝑔𝑔𝑠𝑠−1𝑊𝑊−1𝑚𝑚2) 

1 45576 0.276 6.06 
2 44767 0.271 6.05 
3 44854 0.294 6.55 
4 44189 0.282 6.38 
5 43911 0.271 6.17 
6 45041 0.273 6.06 
7 44405 0.269 6.06 

 
Table 6 - Statistical Percentage Improvement 
of SGR/Flux with respect to RRG 

RG (SGR/Flux)/10-6 
(𝑔𝑔𝑠𝑠−1𝑊𝑊−1𝑚𝑚2) 

Percentage 
improvement 

1 6.06 RRG (0%) 
2 6.05 -0.2% 
3 6.55 8.1% 
4 6.38 5.3% 
5 6.17 1.8% 
6 6.06 0% 
7 6.06 0% 

AFV 
(𝑊𝑊 𝑚𝑚−2) 

NSGR 
(2D) 

 (𝑔𝑔𝑠𝑠−1) 

(SGR/Flux)/10-6 
(𝑔𝑔𝑠𝑠−1𝑊𝑊−1𝑚𝑚2) 

3D Exp. 2D Num. 

44855 0.010154 5.22 0.2264 
45185 0.010392 6.17 0.2300 
45221 0.010418 5.37 0.2304 
45588 0.010667 6.27 0.2340 
47129 0.011547 5.84 0.2450 
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Figure 30 – SGR/Flux Value for Different 
Receiver Geometries 
Hence, the order of receiver geometries due to 
SGR can be represented as 
RG1=RG2=RG6=RG7<RG5<RG4<RG3. 
Hence, the best receiver geometry can be 
concluded as RG3, which is the 
three wagons-shaped profile inserted into the 
reference receiver as shown in Figure 12-(C). 
Based on the adjusted R-squared value of the 
fitted model, 72.13% variation of the  
response variable, steam, can be explained by 
solar power and seven different receiver 
geometries. There is a significant and positive 
relationship between steam and solar 
power. So, for an increase of one unit in solar 
power, steam increases, on average, by 
0.0001181, for a constant level of all the other 
receiver geometries. Here, the RG1 is used as 
the reference variable, and the variations of the 
amount of the steam produced by other 
receiver geometries are explained concerning 
RG1. 
 
Based on Table 3 and Table 6, both the 
experimental approach and statistical approach 
yielded relatively close percentage 
improvements for SGR/Flux which were 10.4% 
and 8.1%, respectively. 
 
6. Conclusions 
 
In this research project, we introduced a novel 
solar tracking system based on an optical 
feedback method. This tracking system is 
enriched with the following advantages. 

1. Since two light sensors are placed at a 
significant distance, i.e., 2.44 m apart, it 
gains a higher accuracy. 

2. The capability of adjusting the tracking 
accuracy appropriately by changing the 
upper and lower bounds of CN. 

3. Capability of extending the solar 
tracking system as a dual-axis tracking 
system, using four light sensors. 

4. Possibility of fine-tuning the tracking 
mechanism by changing the threshold 
value. 

 
Estimating the temperature distribution profile 
inside the receiver tube is a significant finding 
since one can perceive what is physically 
happening inside the receiver tube. Although 
there was a temperature gradient along the 
axial direction of the receiver at the beginning 
of the experiment, ultimately the whole domain 
reached approximately an equal temperature 
(near the boiling temperature). However, using 
a double-side opened tube would enhance the 
steam generation efficiency, since the 
continuous water input to the receiver tube 
does not drop the temperature at the steam-
generating surface.    
 
The results of the Computational Fluid 
Dynamics (CFD) simulations indicate that the 
employed model successfully reproduces the 
complex phenomena of the TPF system. Further 
improvements over more comprehensive 
operating ranges are still required for the 
suggested CFD model, which should be tested 
using the experimental data. In the simulation, 
the bubble formation and evaporation were 
seen under the given BCs, which were 
physically relevant to the process occurring in 
solar collector pipes. The bubbles were 
generated at the flux-applied wall and moved 
upwards with flow movements. The 
corresponding volume fraction (of air and 
water) profile is provided as a confirmation of 
the physical relevancy.  
 
The incoming heat flux warms the angle pipe, 
causing the creation of bubbles at the beginning 
of the heating-up process. Mainly tiny bubbles 
having a lower diameter were generated near 
the flux-applying wall and then tiny bubbles 
were grouped together, increasing the mean 
bubble diameter with time. The evaporation of 
a liquid results in a rise in the vapor content 
and, consequently, the volume fraction of 
vapor. According to the simulation results, CFD 
can be useful for understanding the complex 
phase-change process inside the heat pipe. The 
results agreed with phase transition, leading to 
evaporation and condensation inside the pipe. 
 
The simulation results of the 2D model are 
helpful for improving the outer shapes of the 
receiver tube, like its diameter and length.  
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Additionally, experimenting with different 
inner shapes of the receiver tube gives us more 
choices to enhance the system. By combining 
these two approaches, we can create one of the 
most efficient systems by optimizing both the 
outer and inner geometries of the receiver tube. 
Optimization of the inner geometries is one of 
the leading research outcomes of the 
experimental results that can be quantified 
explicitly with a linear regression model. 
Having tested seven different RGs, it was able 
to improve the SGR/Flux to a maximum of 
10.0% compared to RRG using direct 
experimental data. This was 8.1% in accordance 
with the statistical approach via multiple linear 
regression model. Obtaining 3D simulation 
results for the actual geometry using the 
mathematical model described above would be 
a challenging task. Alternatively, using 
different types of outer geometries of the 
receiver tube, such as square, rectangle, etc., the 
2D simulation results can easily be projected 
into the experimental setup for a better 
validation. Nevertheless, such considerations 
can be addressed as a further investigation.  
 
Nomenclature/Abbreviations 
PTC  Parabolic Trough Collector 
RG Receiver Geometry 
PV Photo Voltaic 
CSP Concentrated Solar Power 
PDC  Parabolic Dish Collector  
LFR Linear Fresnel Reflector 
SPT Solar Power Tower 
OFSTS  Optical Feedback Solar Tracking 

System 
TPF Two-Phase Flow 
VOF Volume of Fluid 
SGR Steam Generation Rate 
2D Two Dimensional 
PVC Polly Vinyl Chloride 
CN Comparison Number 
RRG Reference Receiver Geometry 
RRB Reference Receiver B 
RRC Reference Receiver C 
RRD Reference Receiver D 
RRE Reference Receiver E 
RRF Reference Receiver F 
RRG Reference Receiver G 
HTF Heat Transfer Fluid 
BC Boundary Condition 
3D Three Dimensional 
SID Solar Insolation Data 
SASP Sympson’s Approximated Solar Power  
AFV Average Flux Value  
NSGR Numerical SGR 
CFD Computational Fluid Dynamics 
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