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Abstract 
This study investigates and compares the computational fluid dynamics (CFD) 
analysis of smooth absorber finned tubes and helical fin absorber tubes used 
in solar water heating collectors. The three-dimensional numerical simulations 
were conducted using COMSOL Multiphysics software to analyze fluid flow 
and heat transfer characteristics. The research is structured into three main sec-
tions. In the first section, absorber finned tubes made from different materials, 
including stainless steel, iron, copper, and aluminum, are evaluated to de-
termine their impact on thermal performance. The second section focuses on 
the comparative analysis of two different geometric configurations of absorber 
finned tubes, assessing their influence on heat transfer efficiency. The final 
section investigates the performance of a selected absorber tube—identified as 
optimal from the previous analysis—by introducing internal helical fins with 
varying pitch sizes of 25 mm, 50 mm, 75 mm, and 100 mm. The influence of 
these internal fins on heat transfer enhancement and flow characteristics is 
systematically examined. The findings of this study provide valuable insights 
into the optimization of absorber tube designs for solar water heating systems, 
contributing to improving efficiency and performance in thermal energy ap-
plications. 
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1. Introduction 

Solar energy can meet the energy needs of the world using a few percent of unin-
habited areas [1]. The improvement of solar energy devices is developing rapidly. 
Heat exchangers, which transfer thermal energy through direct and indirect con-
tact between fluids, are considered an indispensable part of several industries, from 

How to cite this paper: Uzakov, G., Sha-
murotova, S., Toshmamatov, B. and Dav-
lonov, K. (2025) CFD Analysis for a Screw 
Heat Sink Absorber Tube of a Solar Water 
Heater Collector. Engineering, 17, 315-334. 
https://doi.org/10.4236/eng.2025.176019 
 
Received: April 29, 2025 
Accepted: June 23, 2025 
Published: June 26, 2025 
 
Copyright © 2025 by author(s) and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/   

  
Open Access

https://www.scirp.org/journal/eng
https://doi.org/10.4236/eng.2025.176019
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/eng.2025.176019
http://creativecommons.org/licenses/by/4.0/


G. Uzakov et al. 
 

 

DOI: 10.4236/eng.2025.176019 316 Engineering 
 

pharmaceuticals to petrochemicals. Indirect contact heat exchangers are extensively 
used in solar systems. Due to the increasing importance of solar energy, nowadays, 
improving the performance of solar systems is one of the most important challenges 
for human beings and researchers [2]. One of the most effective types of solar water 
heating collectors are vacuum collectors, but they are expensive. Therefore, it is de-
sirable to increase the efficiency of flat solar water heater collectors. Recently, many 
efforts have been made by scientists to increase the efficiency of this type of col-
lector. Actually, the SWHC component is a heat exchanger in which heat transfer 
fluid (HTF) flows in the receiver tube and absorbs the radiated solar energy. In order 
to improve the thermal performance of this type of heat exchanger, various meth-
ods have been proposed and studied by researchers. Table 1 explores and presents 
this information to some extent. 

 
Table 1. Overview of articles to improve the heat transfer. 

Author Year 
Method 

(Exp/Num) 
Inserts Results 

Zaboli et al. [2] 2021 Numerical 

In the present work, a parabolic trough solar 
collector (PTC) with inner helical axial fins as 

swirl generator or turbulator is considered 
and analyzed numerically [2] 

Results show that the thermal performance  
improvement by 23.1% could be achieved by using 
one of the proposed innovative parabolic trough 
solar collectors compared to the simple one [2] 

Pambudi et al. 
[3] 

2023 Experimental 

In this research, a novel configuration for  
solar water heating (SWH) was proposed, 
featuring a v-corrugated collector made by 
adding an aluminum foil foam insulation 

with a 5 mm thick plywood base [3] 

The experimental results indicated that the  
highest energy efficiency (50%) was achieved at a 
flow rate of 240 Lph, followed by 40% and 34% 

for 180 Lph and 120 Lph, respectively [3] 

Aramesh et al. 
[4] 

2023 Experimental 

The present study proposes a novel built-in 
PCM-based storage design as an alternative 

to the bulky hot water storage tanks that  
residential solar water heaters are conven-

tionally equipped with [4] 

At the end of the experiment, the overall thermal 
efficiency of the normal and self-storing  

collectors are 49% and 72%, respectively [4] 

Rahi et al. [5] 2021 
Experimental 

and Numerical 

This work includes theoretical, numerical, 
and experimental investigation of using spiral 

solar collector [5] 

1) Increasing the water flow in the spiral pipe 
from (0.03125 - 0.0625) lit/sec leads to increased 

thermal efficiency of about 15%. 
2) Increasing in tube diameter also leads to an  

increase in water outlet temperature. 
3) Central water inlet with the full flow rate has 

been achieved the optimum efficiency of 82.5% [5] 

Yehualashet et 
al. [6] 

2022 
Experimental 

and Numerical 

In this research work, an attempt has been 
made to experimentally and numerically  

analyze a newly designed corrugated plate  
solar collector characterized by its chevron 
corrugated (sinusoidally profiled) absorber 
surface and thereby improved the thermal 

contact [6] 

A maximum collector outlet temperature and  
collector efficiency differences of 7:43˚C and 

7:03% was achieved both of which increased with 
amount of insolation [6] 

Barbosa et al. 
[7] 

2019 Experimental 
Two low-cost solar water heaters are offered 

[7] 

The collectors presented maximum efficiencies 
and global heat transfer coefficients of 40.9% and 
2.69 W ˚C−1 for tube pattern arranged in parallel 

(LCSHP), and 37.8%, and 3.07 W ˚C−1 for the one 
arranged in series (LCSHS) [7] 
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Continued 

Syahruddin et 
al. [8] 

2021 
Experimental 

and Numerical 

The thermal performance of a solar water 
heater system using absorber plate with phase 

change material (PCM) as thermal energy 
storage is presented in this study [8] 

The results showed that the average collector  
efficiency between absorber plate with and without 
PCM storage is 70.98 % using experimental study 
and 67.73 % using numerical simulation study [8] 

Sadhishkumar 
et al. [9] 

2014 A review 

This paper discusses optimization and simu-
lation methods of solar water heating systems 
to understand the flow and heat behavior in 
solar collectors leading to improved thermal 

performance of SWH collectors [9] 

The enhancement of heat transfer in the solar 
collector with twisted tape is found to be better 
than the conventional plain tube collector [9] 

Farahani et al. 
[10] 

2021 Numerical 

In this paper, the application of using a phase 
change material (PCM) and a porous material 

for thermal performance of a solar water 
heater (SWH) based on a cylindrical solar 

collector, which is cut from the oblique sur-
face, is comprehensively studied [10] 

The maximum thermal efficiency ratio occurs at a 
thickness of 70 mm, 40 mm, and diameter of 150 

mm for cases 1, 2, and 3, respectively, with  
corresponding efficiencies of 116%, 109.7%, and 

110.41% [10] 

Alwan et al. 
[11] 

2022 
Experimental 

and Numerical 

The thermal performance of the SWH was 
predicted using Fortran 90 programming  
language. SWH was designed as a square 

shape with dimensions of 110 cm length, 120 
cm width and 10 cm depth and tested by  

integrating with a modified solar distiller to 
increase the water temperature in the basin at 

a constant mass flow rate of 1.2 l/min [11] 

During the four typical days of the experiment, 
the highest water temperatures of the solar  
collector were recorded during midday, i.e. 

57.2˚C, 64.4˚C, 52.4˚C and 49˚C at the inlet, and 
62.8˚C, 71˚C, 57.4˚C and 53.2˚C at the outlet for 

19 June, 17 July, 22 August and 15 September 
2019, respectively, while the solar radiation  

intensities recorded are 957, 1022, 840 and 723 
W/m2 for the test days [11] 

Ramasamy et al. 
[12] 

2015 Experimental 

The main objective of the experiment is to 
maintain the velocity at the outlet and the 

better outlet water temperature by selecting 
the correct shape and measurement of fins 

[12] 

We have implemented the circular fins and  
rectangular fins among which the circular fins 

have more efficiency than that of rectangular fins. 
Normally the found temperature difference between 
the solar water heater with fins and without fins 

is (7 - 8) degree Celsius in normal conditions [12] 

Bhowmik et al. 
[13] 

2017 Experimental 
The solar reflector used here with the solar 
collector to increase the reflectivity of the  

collector [13] 

A prototype of a solar water heating system was 
constructed and obtained the improvement of the 

collector efficiency around 10% by using the  
reflector [13] 

Darbari et al. 
[14] 

2021 Numerical 

In this study, a numerical simulation is  
carried out to investigate the thermal  

efficiency of the flat plate thermosyphon solar 
water heater with different nanofluids [14] 

As the volume fraction of nanoparticles increases, 
the mean temperature of absorber decreases. As 
the ambient temperature increases from 20˚C to 

40˚C, the efficiency increases by 5.5%. As the  
inlet temperature of water increases from 30˚C to 

55˚C, the efficiency decreases by 15% [14] 

 
Modern solar water heating collectors (SWHCs) can achieve higher thermal ef-

ficiency compared to conventional flat-plate or vacuum tube collectors, especially 
when integrated with phase change materials (PCMs) or advanced heat retention 
systems. However, these high-efficiency systems come with a significant cost, mak-
ing them less accessible to economically disadvantaged populations. The price of ad-
vanced SWHCs ranges between $248 and $1200, with additional expenses for trans-
portation, installation, and maintenance, sometimes reaching an average of $3600 
[9]-[11]. These high costs make it difficult for people in low-income communities 
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to afford such technologies, despite their potential benefits in reducing dependence 
on conventional energy sources. 

According to the latest global poverty statistics, approximately 9.2% of the world’s 
population (around 700 million people) live in extreme poverty, surviving on less 
than $1.90 per day. A vast majority—around 90% of these individuals—reside in 
Sub-Saharan Africa and South Asia, regions that experience high solar radiation 
levels throughout the year [12]. Ironically, these are the very areas where solar 
water heating systems could provide the most benefits, reducing the reliance on 
expensive and often unreliable electricity or fossil fuel-based heating methods 
[15]-[18]. 

Given the economic constraints faced by such populations, there is an urgent 
need to develop solar water heating systems that are not only thermally efficient but 
also cost-effective and easy to manufacture, transport, install, and maintain. Tradi-
tional flat-plate solar collectors are among the most affordable solutions available 
today. However, their efficiency is often lower compared to vacuum tubes or concen-
trated solar collectors. To bridge this efficiency gap while keeping costs low, mod-
ifications and optimizations in flat-plate collector designs can be explored. 

Improving Flat-Plate Solar Water Heating Collectors 
To make flat-plate collectors a more viable solution for low-income regions, sev-

eral design optimizations can be implemented: 
Enhanced Absorber Materials: Utilizing cost-effective yet high-conductivity ma-

terials such as aluminum with selective coatings can improve heat absorption while 
maintaining affordability. 

Incorporation of Phase Change Materials (PCMs): Integrating low-cost PCMs 
into the collector system can significantly increase heat retention, allowing for hot 
water availability even after sunset. 

Reflector Integration: Adding reflectors to direct more solar radiation onto the 
absorber surface can enhance energy capture without significantly increasing 
costs. 

Optimized Fluid Flow Design: Implementing helical or finned absorber tubes 
within the collector can enhance heat transfer efficiency, reducing thermal losses and 
improving performance. 

Use of Locally Available Materials: By designing collectors that can be manu-
factured with materials readily available in developing countries, costs can be reduced, 
and local economies can be stimulated. 

Modular and Scalable Design: Developing modular systems that can be expanded 
based on energy demand allows households to invest in smaller systems and grad-
ually upgrade as their financial capacity improves. 

By focusing on these improvements, flat-plate solar water heating collectors can 
be transformed into highly efficient yet affordable solutions, making solar thermal 
technology more accessible to the world’s poorest communities. 

This paper focuses on improving the optimized design of fluid flow, and investi-
gates how implementing spiral or finned absorber tubes inside the collector can im-
prove heat transfer efficiency, reduce thermal losses, and improve performance. 
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2. Materials and Methods 

Flat plate solar water heater (SWH) collectors are primarily utilized in the systems 
illustrated in Figure 1(a), while Figure 1(b) presents the visual representation of 
an SWH flat plate collector. Furthermore, Figure 1(c) depicts the geometric con-
figuration of the absorber finned tube of the investigated SWH flat plate collector. 
Additionally, Table 2 provides the geometric constants and physical parameters 
relevant to the study. According to the conducted investigation, the flow within 
the tube is turbulent. Three-dimensional numerical simulations were performed 
using COMSOL Multiphysics software, employing the Turbulent Flow and Heat 
Transfer in Solids and Fluids physics interfaces. The finite element method (FEM) 
was selected as the solution approach. Water at an inlet temperature of 20˚C was 
introduced into the tube at varying velocities, specifically 0.01, 0.02, 0.025, and 
0.035 m∙s−1. The velocity-inlet and pressure-outlet boundary conditions were ap-
plied at the inlet and outlet ports, respectively. In the first stage of the investigation, 
a heat flux of 1000 W/m2 was applied to the surface of the SWH flat plate. Moreover, 
the thermophysical properties of the tube material and the working fluid are pro-
vided in Table 3. 
 

 
Figure 1. (a) SWH system; (b) SWH collector; (c) Absorber finned tube. 

 
Table 2. Physical parameters of the analyzed absorber tube for SWH collector. 

Parameters Value 

Diameter of the inner tube D1 8 mm 

Diameter of the outer tube D2 10 mm 

Length of the tube L 750 mm 

Height of the fins H 2 mm 

Thickness of the fins th 2 mm 

Helix pitch of the fins P 10, 15, 20, 25 mm 

Helical angle of the fins α 180˚ 

Length of the wings l 35 mm 

Inlet velocity u 0.01, 0.02, 0.025, 0.035 m∙s−1 

Solar radiation I 1000 W∙m−2 
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Table 3. The thermo-physical properties of materials. 

Fluid Pipe Property 

Water Steel AISI 4340 Iron Aluminum Copper  

4182 475 440 900 385 
Heat capacity at constant pressure 

[J/(kg∙K)] 

997 (at 25˚C) 7850 7870 2700 8960 Density [kg/m3] 

0.606 44.5 76.2 237 400 Thermal conductivity [W/(m∙K)] 

~4.3 × 10−4 (at 25˚C) 12.3e−6 12.2e−6 23 × 10−6 17e−6 Coefficient of thermal expansion [1/K] 

~1.01 (for water vapor 
at 100˚C) 

0.48 0.45 
~1.67 (for  

monatomic metals) 
0.39 Ratio of specific heats [kJ/(kg∙K)] 

 
This study consists of two main sections. The first section investigates a finless 

heat-absorbing tube made from four different materials. Numerical simulations 
were conducted for Steel AISI 4340, Iron, Aluminum, and Copper at varying flow 
velocities, as presented in Table 3. Based on the obtained results, the most optimal 
material was selected. The second section focuses on the analysis of four different 
geometries incorporating internal spiral fins within the absorber tube. The obtained 
results are compared with a conventional collector that lacks any additional fins. 
The schematic representation of the evaluated geometry from the first section is 
illustrated in Figure 2. Figure 3 provides a visualization of the internal spiral fins 
inside the absorber tube, along with the selected mesh configuration. The details re-
garding the mesh structure are summarized in Table 4. In the second section, the 
performance of the internal spiral-finned receiver tube (P) is analyzed based on the 
material selected in the first section. Various step sizes of the internal fins, specif-
ically 10 mm, 15 mm, 20 mm, and 25 mm, are examined. The evaluated cases and 
corresponding geometries are depicted in Figure 4. 

Finite Element Analysis 

The three-dimensional Navier Stokes equation with energy equation was solved us-
ing the finite element technique COMSOL Multiphysics. The flow is incompress-
ible and steady state. The water is a circulating fluid with inlet velocities u1 = 0.01 
m/s, u2 = 0.02 m/s, u3 = 0.025 m/s, u4 = 0.035 m/s and inlet temperature 25˚C. The 
formula and boundary conditions and geometry used for this model can be found 
in Table 2 and Table 3. Figure 2 shows Model 1 and Figure 3 shows Model 2, while 
the FEM model is also presented, with the number of elements detailed in Table 
4. The inlet temperature is set to Tin and is equal to 25˚C. The ambient temperature 
is also 25˚C. The solar radiation (heat flux) on the absorber fin surface and tube is 
set to I0 = 1000 W/m2. The inlet velocity for the water flow was chosen to be 0.01 
m/s, 0.02 m/s, 0.025 m/s, and 0.035 m/s. 

At the outlet of the absorber tube, a zero-voltage state is maintained, which en-
sures the neutralization of the potential difference at the outlet. In addition, the 
boundary surfaces of the environment are not insulated, which does not prevent 
heat loss to the external environment. This approximates the results obtained in 
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real conditions. For this model, a 3D model was created based on the dimensions 
and data given in Table 1, a mesh consisting of elements of various sizes and types 
was created to ensure the correct representation of the geometry, and an analysis of 
the described mesh was performed. 
 
Table 4. Finite elements used in the calculation. 

Elements type Domain elements Boundary elements Edge elements 

Number of elements (M1) 258,569 20,172 658 

Number of elements (M2)    

 

 
Figure 2. Absorber finned tube (Model 1). 

 

 
Figure 3. Absorber finned tube and Finite element model absorber finned tube (Model 2). 
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Figure 4. Various twisted channel absorber finned tube. 

3. Governing Equations and Dimensionless Parameters 
3.1. For Heat Transfer in Solids 

The following equation is utilized for solving the Heat Transfer in Solids Interface.  

( ) :p trans r
Т dSC Т Т Q
t dt

ρ α∂ + ⋅∇ +∇ ⋅ + = − + ∂ 
u q q           (1) 

where, ρ  is the density (kg/m3), pC  is the specific heat capacity at constant stress 
(J/(kg∙K)), T  is the absolute temperature (K), transu  is the velocity vector of trans-
lational motion (m/s), q  is the heat flux by conduction (W/m2), rq  is the heat 
flux by radiation (W/m2), α  is the coefficient of thermal expansion (1/K), S  is 
the second Piola-Kirchhoff stress tensor (Pa), Q  contains additional heat sources 
(W/m3). 

For a steady-state problem, the temperature does not change with time and the 
terms with time derivatives disappear. 

The first term on the right-hand side of Equation (1) is the thermoelastic damp-
ing and accounts for thermoelastic effects in solids: 

:ted
dSQ T
dt

α= −                          (2) 

It should be noted that the d/dt operator is the material derivative, as described 
in the Time Derivative subsection of Material and Spatial Frames. 

3.2. For Heat Transfer in Fluids 

The Heat Transfer in Fluids Interface solves for the following equation ((2)-(5) in 
Ref. [5]): 

( ) :r p p
Т dpСр u Т q q Т u u Q
t dt

ρ α τ∂   ⋅∇ +∇ ⋅ + = + ⋅∇ + ∇ +   ∂   
      (3) 

which is derived from Equations (4)-(13), considering that: 
The following equations describe the heat transfer and efficiency of a solar water 

heater (SWH): 
Cauchy stress tensor: 

pIσ τ= − +                          (4) 

where, 𝜎𝜎 is the stress tensor, 𝑝𝑝 is the pressure, 𝐼𝐼 is the identity tensor, and 𝜏𝜏 is the 
viscous stress tensor. This equation represents the distribution of forces in fluid 
mechanics. 
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Thermal expansion coefficient: 

1
P T

ρα
ρ
∂

=
∂

                           (5) 

where, Pα  is the thermal expansion coefficient, 𝜌𝜌 is the density, and 𝑇𝑇 is the tem-
perature. This equation describes the dependence of density on temperature. 

Heat changes due to pressure: 

P P p
dpQ Т u
dt

α  = + ⋅∇ 
 

                     (6) 

where, PQ  is the heat exchange due to pressure effects, 𝑢𝑢 is the velocity vector, 
and p∇  is the pressure gradient. This equation characterizes the influence of pres-
sure and temperature variations on heat transfer. 

Viscous dissipation heat flux: 

:vdQ uτ= ∇                           (7) 

where, vdQ  is the heat generated due to viscous dissipation, and u∇  is the ve-
locity gradient. This equation accounts for heat energy generated due to viscous 
effects. 

Total solar heat energy: 

solar fluid absorber radQ Q Q Q= + +                    (8) 

where, solarQ  is the total incoming solar energy, fluidQ  is the heat transferred to 
the fluid, absorberQ  is the heat absorbed by the absorber, and radQ  is the heat lost 
through radiation. 

Heat transferred to the fluid: 

( ) [ ]     fluid p out inQ mC T T W= −                   (9) 

where, m  is the mass flow rate, pC  is the specific heat capacity of the fluid,  outT  
is the outlet temperature, and inT  is the inlet temperature. This equation determines 
the amount of heat transferred to the fluid. 

Heat absorbed by the absorber: 

[ ]   absorber convective conductiveQ Q Q W= +               (10) 

where, absorberQ  is the heat transferred via convection, and convectiveQ  is the heat 
transferred via conduction. 

Radiative heat loss: 

( ) [ ]4 4
2     rad skyQ T T Wσ= ⋅ −                   (11) 

where, 𝜎𝜎 is the Stefan-Boltzmann constant, 2T  is the absorber surface tempera-
ture, and skyT  is the sky temperature. This equation quantifies the amount of heat 
lost due to radiation. 

Thermal efficiency: 

( )   fluid p out in

solar solar

Q mC T T
Q Q

η
−

= =


                  (12) 

where, η is the overall thermal efficiency of the system. This equation shows how 
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much of the incoming solar heat energy is effectively transferred to the working 
fluid. 

These equations are essential for understanding the heat transfer processes in a 
solar water heater (SWH) and help improve system efficiency while minimizing 
heat losses. 

4. Results 
4.1. Model Validation 

The developed Model 1 was compared with the experimental and simulation results 
presented in the study by Farhan et al. [19]. The geometric dimensions of Model 
1 were adjusted to match those reported in [19], and boundary conditions for the 
simulation were set using input parameters such as inlet temperature, ambient tem-
perature, and global radiation values at a specific time, ensuring consistency with 
the corresponding mass flow rate. According to [19], the experiment was conducted 
in Jamshedpur from 9:00 AM to 3:00 PM during April and May 2022. Experimental 
data for a mass flow rate of 0.5 L/min were obtained from the study by Farhan et 
al. The maximum recorded solar irradiance for the test day at 0.5 L/min was 824 
W/m2, with a peak temperature rise of approximately 6˚C at noon [19]. Experi-
mental data were also recorded for a flow rate of 1 L/min, where the maximum 
solar irradiance on the test day reached 832 W/m2, and the maximum temperature 
rise was 3.5˚C. 

For all experimental tests, the maximum variation in steady-state data for inlet, 
outlet, and ambient temperatures was 1.1 K, 0.9 K, and 1.2 K, respectively, while 
the maximum difference in global radiation values during a single test was 48 W/m2. 
These variations fall within the range defined by ASHRAE for experimental data 
[19] (Figure 5). 
 

 
Figure 5. Validation simulation Model 1 with Farhan et al. absorber fins temperature (a), 
and water outlet temperature (b). 

 
To compare these results, data from [19] were obtained (Table 5) and reprocessed. 

The reprocessing was carried out using the polynomial regression method, and the 
obtained results are presented in Table 6. For each derived result, the determination 
coefficient was calculated during the development of the polynomial regression 
equation (Table 6). 
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Table 5. Results for Farhan et al. and Model 1. 

  0.5 lit/min 1 lit/min 

  900 1200 1500 900 1200 1500 

Farhan et al. 
[19] 

Simulation 313.8 K 321.1 K 320.0 K 311.6 K 320.5 K 321.2 K 

Experimental 312.2 K 319.5 K 317.8 K 310.4 K 319.2 K 319.2 K 

Model 1 Simulation 315.5 K 322.1 K 321.1 K 312.2 K 321.3 K 320.7 K 

 
Table 6. Polynomial regression equations and the values of the coefficient of determination based on them. 

  2 3T A B C Dτ τ τ= + ⋅ + ⋅ + ⋅   

 0.5 lit/min A B C D R2 

Farhan et al. [19] 
Simulation 281.175 1.891 0.4123 −0.0244 0.9984 

Experimental 211.829 19.423 −1.06 0.0157 0.98407 

Model 1 Simulation 258.98 8.68 0.2128 −0.006 0.99946 

 1 lit/min A B C D R2 

Farhan et al. [19] 
Simulation 360.92 −20.11 2.315 0.07674 0.9922 

Experimental 333.82 −13.515 1.776 −0.06261 0.9811 

Model 1 Simulation 345.8481 −16.84 2.12 −0.074 0.99717 

 
To evaluate the reliability of the numerical model, the standard root means square 

error (RMSE) and mean absolute error (MAE) were used to evaluate the degree of 
agreement between the modeled and measured values. The lower the RMSE and 
MAE values, the higher the accuracy of the numerical model. They can be expressed 
as follows: 

( )2

1

n
i ii

P O
RMSE

n
=

−
= ∑                      (13) 

1

n
i ii

P O
MAE

n
=

−
= ∑                        (14) 

where, iP  is the measured value, iO  is the simulated value, and n is the number 
of measured values. 

 
Table 7. Root means square error and mean absolute error. 

 RMSE [K] MAE [K] 

Farhan et al. (simulation) and Model 1 for 0.5 lit/min 1.304  1.27 

Farhan et al. (experimental) and Model 1 for 0.5 lit/min 2.85 2.73 

Farhan et al. (simulation) and Model 1 for 1 lit/min 1.07 0.97 

Farhan et al. (experimental) and Model 1 for 1 lit/min 1.50 1.47 

 
The numerical model predicts the outlet temperature and compares the numeri-

cal results with the data obtained from experiments. The discrepancy between the 
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experimental and numerical results from [19] and Model 1 is illustrated in Figure 
5 (Table 7) 

4.2. Effect of Different Materials Tested on the Outlet Temperature  
of Water in the SWH Collector 

In this section, the thermal efficiency of various materials is numerically investi-
gated. Four different materials were considered, and the obtained results were com-
pared. The analysis was conducted exclusively on Model 1 at different flow rates, 
as illustrated in Figure 2. The thermophysical properties of these materials and 
water are presented in Table 3, while the geometric dimensions and physical pa-
rameters of Model 1 are provided in Table 2. 
 

 

 
Figure 6. Surface temperatures of receiver tubes with different materials. 
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The results indicate that among the examined materials—Steel, Iron, Copper, and 
Aluminum, the surface temperature of copper was found to be the lowest (Figure 
6). Additionally, the outlet water temperature in the Copper-based system was higher 
compared to other materials (Figure 7 and Figure 8). The inlet and outlet water 
velocities at different flow rates are depicted in Figure 9 and Figure 10. 

Figure 7 shows the variation of the heat transfer fluid (HTF) temperature in a 
solar water heater (SWH) collector along the length of the collector. The study was 
conducted by comparing collector pipes made of different materials for a fluid mov-
ing at a speed of 0.01 and 0.02 m/s. 

 

 
Figure 7. Temperature of HTF of SWH collector in 0.01 m/s and 0.02 m/s velocity made of dif-
ferent materials. 

 

 
Figure 8. Temperature variation of HTF with the length of receiver made of various materials. 
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The results of Figure 7 show that the HTF temperature increases steadily with 
increasing collector length. However, the intensity of the temperature increase 
differs due to the thermal conductivity of different materials. The temperature 
reaches the highest value in the copper (Cu) pipe, which confirms that it has high 
thermal conductivity properties. Aluminum (Al) is next, indicating that it has rel-
atively good thermal conductivity. Iron (Fe) and steel (Steel) record the lowest 
temperature values, indicating that heat transfer is slower than copper and alumi-
num. 

Figure 8 illustrates how the temperature of the heat transfer fluid (HTF) in a 
solar water heater (SWH) collector with aluminum, copper, iron and steel receiv-
ing tubes changes along the length of the collector. The study was conducted for 
different inlet velocities (0.01 m/s, 0.02 m/s, 0.025 m/s, 0.035 m/s), and the temper-
ature change at each velocity is shown separately. As can be seen from the graph, 
the temperature of the fluid increases steadily as the collector length increases. At 
the same time, the rate of temperature increase decreases as the inlet velocity of 
the fluid increases. At the lowest velocity (0.01 m/s), the HTF reaches the highest 
temperature, which means that the fluid stays in the tube for a longer time and 
absorbs more heat. On the contrary, at the highest velocity (0.035 m/s), the tem-
perature of the fluid increases relatively less, since there is not enough time for heat 
exchange. 

These results confirm the importance of choosing the right tube material when 
designing solar water heater collectors. Materials with high thermal conductivity, 
such as copper and aluminum, may be the best choice for increasing collector ef-
ficiency. However, economic and durability factors should also be considered. As 
a result, the choice of material should be carefully analyzed based on aspects such 
as thermal efficiency, cost, and durability to create the most efficient collector sys-
tem. 
 

 
Figure 9. The inlet and outlet water velocities at different flow rates (m/s). 
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Figure 10. Velocity magnitude of HTF with the length of SWH collector (m/s). 

4.3. Impact of the Schematic of the Proposed Collector’s Fins 

In this section, the effect of the internal spiral pitch variation of the absorber-finned 
tube on thermal efficiency is numerically investigated. Four different pitch con-
figurations were modeled, and the obtained results were compared with those of 
a conventional absorber-finned tube. The models considered in this study are illus-
trated in Figure 4. The temperature distribution for different models is presented 
in Figure 11, while the variation of the heat transfer coefficient concerning differ-
ent inlet velocities is depicted in Figure 12. Based on the analysis, the following 
conclusions can be drawn. First, all proposed models exhibit a higher heat transfer 
coefficient compared to the conventional collector (Model 1). Second, among the 
studied models, Model 2 demonstrates the maximum heat transfer coefficient across 
all investigated inlet velocities. Furthermore, Model 1 exhibits the lowest heat trans-
fer coefficient under all considered inlet velocity conditions. 

Figure 12 presents the results of the thermal efficiency analysis of a twisted chan-
nel finned tube of a solar water heater collector. The graphs show the effects of dif-
ferent inlet velocities and Model 2 dimensions on the heat transfer process of the 
collector tube.  

Figure 12(a) depicts the temperature variation along the length of the receiving 
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tube. It can be seen from the graph that as the inlet velocity and fin length increase, 
the temperature of the heat transfer fluid (HTF) increases. In particular, the max-
imum temperature is recorded for a fin length of 10 mm and a velocity of 0.01 m/s. 
Figure 12(b) shows the variation of the convective heat flux along the length of the 
collector tube. It is seen that a higher inlet velocity (0.02 m/s) increases the heat flux 
compared to a lower velocity (0.01 m/s), which indicates an increase in heat trans-
fer due to improved fluid movement. 

 

 
Figure 11. The temperature variation along the surface and the temperature variation of the HTF are presented 
for 5 different models. 
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Figure 12. (a) Variation of the temperature along the length of the receiving tube; (b) Variation of the convective 
heat flux along the length of the collector tube; (c) Variation of Reynolds number along the length of the collector 
tube; (d) Variation of conductive heat flux along the length of the collector tube. 

 
Figure 12(c) shows the variation of Reynolds number along the length of the 

collector tube. It can be seen from the graph that at high inlet velocity (0.02 m/s) the 
Reynolds number shows higher values. An increase in Reynolds number increases 
the probability of the flow becoming turbulent, which improves heat transfer. Fig-
ure 12(d) shows the variation of conductive heat flux along the length of the pipe. 
The red and black symbols show the results for inlet velocities of 0.01 m/s and 0.02 
m/s, respectively. It can be seen from the graph that the conductive heat flux is rel-
atively variable and has sharp changes at different locations. 

5. Conclusions 

The evaluation of the thermal performance of the solar water heater collector in-
dicates that variations in the absorber finned tube geometry and inlet velocity sig-
nificantly influence the heat transfer process. The key findings from the analysis are 
summarized as follows: 

Firstly, the temperature distribution along the receiver tube is directly affected 
by the fin geometry and inlet velocity. A shorter fin pitch combined with higher 
inlet velocity results in an increased fluid temperature, thereby enhancing heat 
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transfer efficiency. Secondly, the convective heat flux exhibits a notable increase 
with higher inlet velocity (0.02 m/s), demonstrating improved thermal exchange 
within the collector tube. This confirms that enhanced convective heat flux contrib-
utes to the overall improvement in the system’s heat transfer capability. 

Additionally, the analysis of the Reynolds number reveals that a higher inlet ve-
locity leads to an increase in Reynolds number, suggesting a transition towards a 
more turbulent flow regime. This enhances convective heat transfer and improves 
the thermal efficiency of the system. In contrast, conductive heat flux variations 
indicate that thermal distribution within the system is highly dynamic. The observed 
reduction in conductive heat flux with increased inlet velocity suggests a dominance 
of convective heat exchange over conduction. 

Overall, the results confirm that optimizing the absorber finned tube design and 
employing a higher inlet velocity significantly improve the thermal efficiency of the 
solar water heater collector. Notably, the highest heat transfer performance was ob-
served for Model 2, making it the most efficient configuration. In contrast, Model 
1 exhibited the lowest heat transfer efficiency. These findings highlight the im-
portance of absorber design optimization and proper selection of flow parameters 
in enhancing the energy efficiency of solar water heater collectors. 
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Appendix 

Nomenclature  

A  Area, [m2] ρ  Density, [kg/m3] 

1D  Diameter of inner the tube, [m] S  The second Piola-Kirchhoff stress tensor, [Pa] 

2D  Diameter of outer the tube, [m] T  Absolute temperature, [K] 

H  Height of the Fins, [m] transu  Velocity vector of translational motion, [m/s] 

rh  Heat transfer coefficient, [W/(m2∙K)] α  Coefficient of thermal expansion, [1/K] 

rk  Thermal conductivity, [W/(m∙K)] Q  Heat sources, [W/m3] 

L  Length of the tube, [m] rq  Heat flux by radiation, [W/m2] 

M  Turbulent Mach number, [nd] ambT  Ambient temperature [K] 

q  Heat flux by conduction, [W/m2] inT  Inlet temperature water [K] 

pC  Specific heat capacity, [J/(kg∙K)] outT  Outlet temperature water [K] 

Abbreviation  

SWH  Solar water heater SWHC  Solar water heater collector 

HTF  Heat transfer fluid Lph  Liter per hour 

Exp  Experimental LCSHS  Low-cost solar heating systems 

Num  Numerical FEM  Finite element method 

PTC  Parabolic trough collector in  Inlet 

PCM  Phase change material out  Outlet 
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