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Abstract: The paper makes it possible to harvest energy from solar radiation
by using collectors containing fluid flow. Using this method, the radiant energy
of the sun is absorbed by the fluid in the collector, and this energy is then
conveyed to a thermal exchanger and used for a variety of purposes. Therefore,
the influence of the inlet and outlet valve positions on the thermal productivity
of the collector has been studied using computational fluid dynamics (CFD) in
this study. The simulation of the problem was performed by COMSOL
software by numerically solving the governing equations and establishing
suitable boundary conditions. There are three different configurations
investigated: input and output in the same direction, input and output
perpendicular to each other, and input and output in the same direction and the
opposite direction. Results indicate that the best thermal conduction rate occurs
when the inlet and outlet are aligned (inlet and outlet are positioned opposite
each other) and on the same side of the collector.
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1 Introduction

Solar energy is considered one of the most promising sources of renewable energy as it is
extensively used to generate electricity, heat, and purify water. This has been propelled
into the limelight as a solution considering the present-day chains of events under climate
change and the depletion of fossil fuels, making solar energy one such sustainable,
abundant, and clean alternative (Ameer and Jalil, 2024). Solar collectors are important
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apparatuses that absorb solar radiation and convert it into thermal energy for several
applications, including heating water, desalination, industrial processes, and space
heating (Anand et al., 2024). The performance of a solar collector is influenced by
several factors, ranging from the design and material properties to the configuration of
working fluid flow (Chandratreya, 2024). It is necessary to optimise the heat transfer
mechanism in the collector to absorb maximum energy to enhance the performance of the
entire system (Elaiyaraja and Boinapalli, 2024). Therefore, an important aspect to be
taken into consideration concerning the performance of solar collectors is fluid flow
dynamics (Femi et al., 2024). The best thermal mixing, the least heat loss by stagnant
zones, and a more uniform temperature distribution across the collector may be achieved
if these elements are placed scientifically (Uckan and Yousif, 2021).

Solar collectors are designed differently for different applications, the most common
modes being flat-plate collectors, evacuated tube collectors, and parabolic trough
collectors (Gnanaguru et al., 2024). Flat-plate collectors are now being extensively used
for domestic as well as industrial water heating because of their simple design and
economical nature, while evacuated tube collectors hold the capacity to minimise heat
losses for increased efficiency (Ha, 2024). Next, the parabolic trough collectors are
employed in the solar thermal power plant but boast the new creation of concentrated
solar energy upon a focal point to generate a higher temperature for efficient power
generation (Ikwuagwu et al., 2024). Fluid dynamics and heat transfer mechanisms with
any collector type are pivotal in ushering forth the overall efficiency (Kadam and
Deming, 2024). Computational dynamics has established itself as an indispensable tool
for the study of fluid motion and heat transfer phenomena occurring in solar collectors.
The CFD simulation allows the researcher to examine the fluid flow behaviour under
varying conditions, optimise the design parameters, and improve the performance of the
system (Kumar et al., 2024). Finding the solution numerically to the governing equations
of fluid dynamics and heat transfer allows one to find the configuration that enhances
thermal conduction and maximal energy efficiency (Siddique et al., 2023). It also helps
visualise the temperature distribution with velocity contours (Ajarostaghi et al., 2022).

However, environmental and economic factors were some of the most important
reasons for deploying solar collector technology on a wider range (Madhuranthakam,
2024). Thus, while cost plays a major role in manufacturing, installing, and maintaining
efficient systems, solar thermal technology will eventually lower operational costs than
their fossil fuel counterparts (Manikandan et al., 2024). Nevertheless, the initial cost is
usually high; governments and organisations worldwide encourage solar energy using
subsidies and tax incentives for research grants, thus making such technology more
accessible to residential consumers as well as industries (Mary et al., 2024). Solar
collector technology forms one of the main tools addressing major environmental
benefits, including zero greenhouse gas emissions, low fossil fuel dependency, and an
overall sustainable energy generation source (Munshi, 2024; Suraj et al., 2024). It is,
therefore, a more significant technology in globally reducing carbon emissions
(Mahadewi, 2024). Solar collectors can be best optimised to achieve higher temperatures
by streamlining complex interplays considering micro-mechanisms such as fluid flow
dynamics, heat transfer processes, and their configuration in the whole system (Mehta
et al.,, 2023). Some aspects that increase the efficiency of solar thermal technology
include the positioning of inlet and outlet ports, the incorporation of energy storage
solutions, the selection of advanced materials, and the inclusion of blended systems
(Nomula et al., 2023; Victor Ikwuagwu et al., 2023). Researchers focus on sustainable
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and cost-effective solar collectors through the use of computational simulations coupled
with experimental validations and innovative design approaches (Mathew et al., 2024;
Zanardo, 2024). Advances in designs for solar collectors, CFD modelling, and
experimental validations have resulted in a platform that will eventually provide even
more exciting opportunities for experimentation (Zachar et al., 2003).

The fluid inlet and outlet configurations do not solely determine the thermal
performance of a solar collector (Pandey et al., 2024). Still, it is also strongly influenced
by the collector’s design geometry, the thermal conductivity of its materials, surface
emissivity, and operating conditions (Panyaram, 2024; Srilakshmi et al., 2024). These
factors collectively determine the heat transfer efficiency and should be considered in
predictive modelling to obtain a more accurate and generalised assessment of collector
performance (Pierre et al., 2024; Singh, 2024a). The optimisation of solar collector
design, particularly in terms of the inlet and outlet configurations, offers considerable
advantages for both domestic and industrial heating systems (Raj et al., 2024; Tin et al.,
2024). The findings from this study can be applied to improve the efficiency of solar
thermal collectors, enhancing their overall thermal performance (Ramya et al., 2023;
Singh, 2024b). In domestic heating systems, these optimisations can lead to the
development of more efficient solar water heaters, ensuring better heat absorption and
thermal retention (Saxena et al,, 2023). This improvement can reduce energy
consumption and lower operational costs for homeowners relying on solar thermal
systems for hot water production (Shenbagavalli et al., 2024). For industrial heating
systems, optimised collector designs could lead to more efficient large-scale solar
collectors, which are often used in various processes such as water heating in factories,
greenhouses, and food production (Senapati et al., 2023; Srinivasan and Arulvendhan,
2024). By reducing the pressure drop and improving the flow dynamics, these designs
can lead to a more reliable and cost-effective use of solar energy in industrial
applications, promoting sustainability and reducing dependence on non-renewable energy
sources.

2 Literature review

Solar energy is now a major provider of sustainable and clean energy for replacing fossil
fuels, whose use is expanding worldwide (Conceicao et al., 2022; Sikiru et al., 2022;
Verduci et al., 2022). Growing concerns about environmental pollution and the
emergence of oil shortage crises during the last few years have made many countries,
especially the developed industrial ones, turn to sustainable energy providers. Due to this,
the investigation of factors that help in the efficiency of solar collectors becomes quite
essential, especially regarding the mechanics of water flow in solar collectors (Aggarwal
et al., 2023; Alshukri et al., 2022; Shoeibi et al., 2022). The increase in the global
demand for freshwater sources and the depletion of freshwater resources have intensified
research into sustainable water purification technologies. Among the various methods,
the high acceptability of solar-powered desalination and distillation systems arises mainly
from their environmental sustainability and the ability to serve off-grid applications. The
thermal performances of the different system components, especially solar stills and
condensers, essentially govern the system’s efficiency. Hoang et al. (2021) have carried
out experimental work on a novel solar distillation system that uses inclined metal tubes
as both collectors and condensers to speed up both evaporation and condensation
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processes. The high thermal conductivity of metal tubes improved heat absorption and
transfer, subsequently accelerating the distillation process. The performance of the case
study was evaluated concerning water yield, thermal efficiency, and energy conversion
efficiency based on varying operational conditions. Outcomes derived from this study are
useful in the development of low-cost and efficient technologies for solar distillation,
which could be implemented for decentralised water purification systems in water-scarce
regions.

Several investigations, including Alobaid et al. (2018) and Mehdipour et al. (2020),
have emphasised that inlet and outlet configurations can seriously affect the general
productivity of solar collectors. The flow rate, temperature, spatial distribution, and
systems configuration interact in a very complicated way to significantly affect the
collector efficiency in harnessing solar energy. The rush for fresh water in the world,
especially in arid and remote areas, has necessitated a great deal of research on solar
desalination technologies. Simple and relatively cost-effective solar stills are the most
used among several methods available. However, the real challenge lies in their low
productivity and, hence, the necessity of improvements in thermal efficiency and energy
storage mechanisms. Dawood et al. (2020) carried out an experimental study on
enhancing the productivity of solar stills by coupling them with parabolic trough
collectors (PTCs) and incorporating phase change material (PCM) in the receiver’s
evacuated tubes as well as the still. With the aid of all said PTCs, considerably more heat
can be fed into the system, while PCMs improve thermal storage, giving rise to extended
water evaporation periods. The overall performance of the developed system was
evaluated based on water yield, thermal efficiency, and energy utilisation at different
operational conditions. The results presented here will lead to more advanced
high-performance solar desalination devices by showing just how beneficial PTC and
PCM integration would be. One can foresee this solution being an effective method for
improving freshwater production under conditions in which water scarcity is caused by
not having readily available conventional water sources. On the other hand, a vital role is
played by how the water enters and leaves the collectors, which eventually decides their
efficiency. It has also been shown that the geometrical changes at the inlets and outlets
significantly influence the mechanism of thermal conduction, hence affecting the
productivity of such systems (Gunjo et al., 2017; Zhang et al., 2016; Hussein, 2007).

Eltawil and Omara (2014) had an extraordinary idea about an enhanced solar still
system that was incorporated with solar photovoltaic (PV) panels, a flat plate collector
(FPC), and hot-air circulation for optimised thermal performance and distillate yield. The
solar PV system supplied power for auxiliary heating and automation operations, and the
FPC aided in heat absorption and transfer. Besides, the hot air contributed to speeding up
evaporation and thus water production. The study performance evaluation was based on
water yield, thermal efficiency, and energy utilisation. The results pave the way for the
development of better-performing solar desalination systems since they show that the PV
panel-FPC-hot air circulation coupling works. Such hybrid setups might prove to be a
perfect solution for enhancing freshwater generation in areas with water scarcity and very
little access to conventional water sources. The work by Khodadadi et al. (2015) details
an empirical investigation of container thermal conduction in solar water heaters; they
concentrate on a flat-plate solar collector. In this research effort, a mapping of the thermal
spread inside the container is attempted. In this experiment, 29 temperature sensors are
installed inside the container in a network. Besides these, two sensors are placed inside
the inlet and outlet water passages, respectively.
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The purpose of this experiment is to investigate and obtain insight regarding the
positioning of inlet and outlet passages that affect the thermal spread inside the container.
This investigation tries to find the optimal position of these passages that will yield a
maximum temperature difference within the container. If this is done with a thorough
analysis, this study will have an enormous effect on the efficacy and productivity of the
solar water heater system. Assari et al. (2018) have done an integrated numerical and
empirical investigation of the influence of changing inlet and outlet locations along a
horizontal cylindrical container tank. The work has been focused on the optimisation of
the thermal zoning process taking place in the tank. For carrying out the analysis, they
kept one of the two positions constant, the inlet or the outlet, and changed the position of
the other one. For this analysis, a model with an energy balance basis was developed. In
each variation of this work, the empirical data were compared with the simulated
temperature profile. Their results showed that the peak deviation of the simulated
temperature profile from the empirically measured value was up to 7%. This probably
provides the deviation of predicted thermal behaviour inside the tank from that observed
temperature and thereby models prediction accuracy to some order of magnitude. These
studies embark on various configurations and inlet conditions that influence thermal
zoning within container tanks.

Kabeel et al. (2020) studied the effect of mass flow rate on the enhancement of
freshwater in an inclined photovoltaic (PV) panel basin solar still. The inclined PV panel
aims to generate electrical power as well as provide additional thermal energy to the
major solar distillation process. The study was aimed at optimising water evaporation,
condensation, and the overall distillate output by varying the mass flow rate under
investigation. The performance of the system was analysed in terms of important
parameters like water yield, thermal efficiency, and energy utilisation. Having mass flow
rate optimisation proves its effect in this study in developing a more efficient solar
desalination system. The research findings provide needed knowledge for improving
hybrid solar still systems’ operational performance, which holds good promise for
freshwater production in water-scarce regions. A greater influence on the thermal zoning
by changing the area near the plate was found. Alizadeh (1999) empirically and
numerically investigated thermal zoning in a horizontal tank for thee different cases. In
case I, the temperature was uniform throughout the tank and was higher than that of the
cold water to be introduced at the inlet. In the second case, stratification was witnessed in
a tank having an inlet cold water warmth equal to the bottom water warmth. The third
case refers to the stratified tank whose inlet cold water temperature is below that of the
bottom water temperature. Indeed, this resulted in a minor improvement in thermal
zoning within the tank.

Kenjo et al. (2007) experimented by using a solar domestic hot water system with a
mantle tank to investigate thermal zoning. They conducted three tests in which different
inlets were used at higher, middle, and lower levels in the mantle. The first test, which
had the inlet at a higher level, gave much better thermal zoning inside the tank. They also
mentioned that there was a 6% deviation between the empirical and numerical values. All
these, put together, highlight various factors that could affect thermal zoning inside the
container tanks under different inlet conditions, configurations, and the placement of
obstructions or devices inside the tanks. Such results bring out the role of the inlet
conditions and the structural elements in achieving effective thermal zoning for energy
efficiency in systems containing thermally stratified container tanks (Chandra and
Matuska, 2019; Dzikevics et al., 2020; Li et al., 2021). Because the dynamics of water
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flow are so intimately connected with the productivity of solar collectors, this research
aims to focus on that relationship with greater clarity. By borrowing from methodologies
of past studies and adding in some innovative experimentation, this research hopes to
provide some insight into optimal inlet and outlet configurations. Careful analysis of such
dynamics is intended to help unlock pathways for a major stride forward in efficiency and
viability regarding solar collectors as sustainable energy providers.

Shoeibi et al. (2023) performed an experimental study into the impact of PV/T waste
heat on solar still water production and electricity generation using heat pipes and
thermoelectric generators. The heat pipes allowed effective heat transfer from the PV/T
system to the solar still, while the TEGs utilised temperature differences to create
additional electricity production. Important performance parameters such as water yield,
thermal efficiency, electrical output, and overall energy utilisation were assayed.
Similarly, an environmental assessment was done for the proposed system in terms of
sustainability benefits. The results, thus, advance hydra-efficient hybrid solar desalination
systems through the successful application of waste heat from a PV/T system. This study
can further improve the possibility of achieving higher yields in freshwater production
with the simultaneous generation of renewable electric power, presenting a chance to
meet water-energy scarcity in arid regions. The search for alternative sources of energy
has redoubled efforts to explore solar technology, and it is here that solar collectors have
become important instruments in the conversion of this limitless energy resource.
However, even as strides continue to be made in solar research, one key task remains: the
maximisation of the efficiency of these solar collectors. One such vital area under much
examination concerns the complex interaction that exists between water flow dynamics
and the efficiency of these collectors themselves.

Recent studies have highlighted that not only the design and material of the collector
but also the internal flow dynamics — especially the position of the inlet and outlet — play
a vital role in determining the thermal performance of solar collectors. Misaligned or
inefficient configurations can lead to the formation of dead zones, reduced turbulence,
and uneven heat absorption, which negatively affect the system’s output. Therefore,
analysing and optimising the positioning of these flow boundaries using CFD approaches
offers an effective pathway to enhance the overall heat transfer efficiency. The present
study deals with one relatively relevant yet often ignored aspect: the effective influence
of water flow inlet and outlet configurations on the general productivity of solar
collectors. Understanding how the path of water through these systems influences their
performance may provide new opportunities for such systems to improve their
efficiencies and, in turn, reinforce the viability of such systems as sustainable energy
solutions. Meanwhile, the focus is on finding a technique that can effectively capture a
large amount of solar energy. By running simulations, the goal is to pinpoint the exact
placement of the inlet and outlet valves. In an attempt to prevent fluid from falling into
the trap, the entry and the points of exit of the collector should be such that the fluid will
not fall into the trap. COMSOL solves the problem by providing a numerical solution for
the governing equations along with the boundary conditions.

3 Numerical approach and simulation setup

This analysis investigates the impact of inlet and outlet positions on the thermal
performance of a solar collector. computational fluid dynamics (CFD) simulations are
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conducted using COMSOL Multiphysics to assess various inlet-outlet arrangements and
identify the most efficient configuration for maximising heat transfer. The model is based
on a rectangular plate heat exchanger, where fluid flow dynamics and heat conduction
play a critical role in determining overall performance. Key components of the system
include the solar collector surface, which absorbs solar radiation and transfers heat to the
working fluid; the inlet and outlet, which regulate the flow path; and the internal region
where heat exchange occurs. Three inlet-outlet configurations are studied: aligned (same
direction), perpendicular, and opposite sides. Performance metrics such as temperature
distribution, velocity profiles, and heat transfer rates are used to evaluate each
configuration.

In the architectural model, the working fluid enters the system at a specific velocity
and temperature, flows through the collector while absorbing heat, and exits at a higher
temperature. The inlet and outlet positions strongly influence the efficiency of this energy
transfer, as they affect the residence time and interaction with the collector walls. The
simulation solves the governing equations of fluid flow and heat transfer, including the
continuity equation (for mass conservation), the Navier-Stokes equations (for momentum
conservation), and the energy equation (for thermal transport). The Reynolds number
characterises the laminar flow regime. Boundary conditions are applied as follows:
velocity inlet defined by Reynolds number, pressure outlet set to atmospheric conditions,
and no-slip walls to realistically model fluid-structure interaction. The computational
domain is discretised using a structured triangular mesh with boundary layer refinement
to enhance solution accuracy. Grid independence is achieved by testing various mesh
sizes. The finite element method (FEM) is used to solve the coupled equations iteratively
(Pouraminian et al., 2024; Alizadeh et al., 2023). Comparative analysis of the flow and
thermal fields reveals that the configuration with an inlet and outlet on opposite sides
delivers the highest heat transfer efficiency due to the extended fluid travel path and
enhanced mixing. The perpendicular arrangement induces localised vortices and
moderate efficiency, while the same-direction configuration results in the lowest
performance.

The study considers the governing equations essential for modelling the fluid
dynamics and heat transfer in the solar collector. These include the continuity equation
for mass conservation, the Navier-Stokes equations for momentum conservation, and the
energy equation for heat transfer. To ensure accurate simulation, these equations are
solved concurrently, with their interactions being analysed in the coupled framework.
The continuity equation ensures the mass balance within the system. In contrast, the
Navier-Stokes equations govern the movement of the fluid by accounting for the effects
of pressure and viscous forces. The energy equation, on the other hand, captures the
thermal transport within the collector, considering both convection through the air and
solid conduction, as well as solar heat input. The solution of these equations
simultaneously is crucial for modelling the complex interactions between fluid flow and
heat transfer. The Navier-Stokes equations influence the velocity field, which in turn
affects the temperature distribution as governed by the energy equation. In the presence
of heat transfer, the velocity gradients and temperature gradients are interconnected,
leading to complex flow patterns that directly influence the heat exchange efficiency. By
solving these equations concurrently, we account for the coupled nature of fluid
dynamics and heat transfer, ensuring a more realistic representation of the system’s
behaviour. This approach significantly enhances the accuracy of the model and provides
a more reliable basis for performance predictions.
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Compared to traditional experimental or analytical approaches, the use of CFD in
COMSOL Multiphysics offers distinct advantages. While experimental methods provide
high accuracy, they are often costly and less flexible in terms of geometry or flow
variation. Analytical models, though computationally inexpensive, typically require
assumptions that may oversimplify the physical behaviour. In contrast, CFD simulations
allow detailed modelling of conjugate heat transfer and fluid dynamics under multiple
inlet-outlet configurations with parametric control. This makes the approach both
efficient and scalable for design optimisation in solar energy systems. The energy
equation is fundamental for modelling thermal transport across the solar collector. It
incorporates several terms that contribute to heat transfer, including convection through
the air, conduction through solid materials, and solar heat input. These terms are critical
in understanding the overall thermal performance of the collector, as they account for the
various mechanisms that facilitate heat exchange between the working fluid, the collector
surface, and the environment. To improve the accuracy of the model, these components
should be observed in the broader range of thermal dynamics and heat transfer processes.
This includes considering factors such as radiation heat transfer, the impact of different
fluid flow configurations on heat exchange efficiency, and the overall system behaviour
over a range of operational conditions. By including these broader factors, the energy
equation becomes a more comprehensive tool for analysing the collector’s thermal
performance across various scenarios.

This CFD-based methodology offers a clear comparison of various configurations and
provides valuable insights into the optimal inlet-outlet arrangement for maximising
thermal performance. The results not only contribute to designing more efficient solar
collectors but also serve as a foundation for future studies on solar energy systems and
renewable energy technologies. In conclusion, positioning the inlet and outlet on opposite
sides significantly enhances heat absorption and thermal efficiency, providing a robust
foundation for the design of advanced solar collectors. The proposed CFD-based
methodology also serves as a versatile tool for future studies in renewable energy system
optimisation. The core components modeled include (i) the solar collector surface, which
absorbs solar radiation and transfers heat to the working fluid; (ii) the inlet and outlet
positions, which determine flow paths and residence times; and (iii) the heat transfer zone
where fluid-structure interaction governs energy exchange. Three distinct inlet/outlet
configurations were selected for analysis:

e same-side configuration — inlet and outlet on the same edge
e perpendicular configuration — inlet and outlet placed on adjacent sides
e opposite-side configuration — inlet and outlet on opposing edges.

These configurations were specifically chosen based on their frequent application in
practical flat-plate solar collectors. Each provides unique advantages in terms of flow
uniformity, pressure drop, and heat absorption potential. The same-side layout simulates
a compact system design with minimal piping. The perpendicular setup encourages
vortex generation and localised heat transfer due to fluid redirection. The opposite-side
configuration allows for an extended fluid path and longer residence time, which
typically promotes enhanced heat absorption. Overall, this methodology provides a
comparative framework for optimising solar collector design through fluid path
management. It serves as a foundation for future integration of adaptive fluid control
strategies in renewable energy systems.
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4 CFD simulation

An illustration of the geometry that is being studied in this research can be found in
Figure 1. Essentially, this geometry consists of a plate solar collector inside which fluid
flows. Fluid enters the collector horizontally through a tubing with a diameter of 0.9 cm
and exits the culture through a tube with the same diameter (Figure 1(a)) or vertically.
The purpose of the research is to determine the optimal inlet and outlet of the collector to
achieve maximum thermal conduction (average temperature of the fluid exiting the pipe).
Approximately 60 cm in length, 1 cm in width, and 1 cm in depth are the dimensions of
the collector (Figure 1).

Figure 1 Geometry under study, (a) horizontal outlet (b) vertical outlet (see online version
for colours)
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For the current problem, the following boundary conditions are appropriate:

e The inlet surface of the inlet pipe has been subjected to velocity boundary
conditions. Thus, based on the input Reynolds number, the average velocity on this
boundary is calculated, and based on this velocity, the fully developed velocity
profile (fully developed flow) for this boundary is assigned. As a function of the
average inlet velocity, the Reynolds number is defined as follows:

_ 14 Umean D
u

Re (D

where p and u are the density and dynamic viscosity of the fluid, and U mean, and D
are the average velocity of the pipe inlet and the diameter of the pipe, respectively.
Water fluid has been used as the working fluid in this research.

e Itis considered that the outlet boundary (right boundary) represents the outlet
boundary of constant pressure with atmospheric pressure.

e On the entire solid surface, hydrodynamic non-slip conditions (zero velocity) have
been applied.

e In this example, it is assumed that the fluid reaches the collector at a constant
temperature of 293.15K.
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e The outflow conditions consider the output. Therefore, there is no temperature
gradient in the path of movement in the outlet of the culture fluid.

A mesh has been generated in the computational domain using 2D triangular elements.
The mesh around has been reduced in size to provide better simulation and more
acceptable results. The velocity gradients and other variables can be predicted more
accurately by using a boundary layer mesh around the wall. A sample mesh employed in
this investigation is displayed in Figure 2.

Figure 2 Mesh in the solution domain

To ensure accuracy and reproducibility, a mesh sensitivity analysis was conducted. A
structured triangular mesh was used, with refinement near the boundary layers to capture
thermal gradients. Three mesh densities were tested (coarse, medium, and fine), and
results were considered grid-independent when temperature differences between the
medium and fine meshes were below 1%. The final mesh used in the simulations
contained approximately 640,000 elements. The simulations employed a segregated
solver in COMSOL Multiphysics with second-order accuracy, and convergence was
achieved when residuals for momentum and energy equations fell below 1076, The
steady-state approach was used for all cases, with no temporal variation, to focus on
thermal equilibrium behaviour. A direct linear solver (PARDISO) was applied for
improved numerical stability and convergence performance. COMSOL software is
employed to resolve the fluid domain using the Laminar Flow model. Throughout this
study, it is assumed that the velocity of the flow entering the channel remains within the
limits of laminar flow (Reynolds number less than 2,000).

Therefore, it is not necessary to model turbulence or to solve turbulence equations.
Because the simulation is performed in a time-dependent and unstable manner, the
correct time step must be chosen for the solution. Among the indicators of simulation
accuracy in numerical solutions is the residual of the solution. Figure 3 illustrates the
residuals of solving the problem and converging in the current simulation. The
performance evaluation is conducted through a multi-step analytical framework that
includes temperature distribution, velocity profile analysis, and quantification of heat
transfer rates. These metrics are examined sequentially: first, the thermal gradients across
the collector surface are assessed to identify heat absorption zones; second, the fluid flow
behaviour is evaluated through velocity contour plots to detect recirculation zones or



Investigation of the effect of inlet and outlet of the water flow 11

stagnation points; and finally, the heat transfer rates are computed and compared across
configurations to determine the most effective arrangement. This structured approach
ensures both adequacy and depth in capturing the collector’s thermal performance.

Figure 3 Residual error solution (see online version for colours)
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Table 1 Boundary conditions and simulation setup for solar collector analysis
Boundary L
o D
condition escription
Inlet Inlet velocity: determined based on the Reynolds number, with the average
inlet velocity calculated.
Inlet temperature: 293.15 K (constant temperature for the inlet fluid).
Outlet Outlet pressure: constant pressure set to atmospheric pressure.

Solid surface
Mesh

Boundary
layer mesh

Solver

Reynolds
number

Number of
elements

Outlet temperature conditions: no temperature gradient in the flow path at
the outlet.

No-slip condition: zero velocity on the solid surface.

2D triangular elements: refined mesh near boundary layers for more accurate
temperature gradients and other variables.

Boundary layer mesh refinement: refined mesh around the boundary layers
for more precise simulation.

Segregated solver in COMSOL multiphysics: second-order accuracy.

Direct solver (PARDISO): used for numerical stability and improved
convergence performance.

Laminar flow model: reynolds number less than 2,000; thus, turbulence
modelling is not required.

Final number of elements: approximately 640,000 elements.

As outlined in Table 1, the boundary conditions and simulation setup for the numerical
analysis are defined based on the specifics of the solar collector system. The inlet
velocity is determined according to the Reynolds number, with the temperature at the
inlet fixed at 293.15 K. The outlet boundary is set to atmospheric pressure, with no
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temperature gradient in the fluid exit path. Additionally, non-slip conditions are applied
to the solid surfaces, and the simulation employs a refined boundary layer mesh to ensure
accurate thermal gradient predictions.

5 Results

The study has divulged substantial results of the computational analysis of the effect of
inlet and outlet position on the thermal performance of a solar collector, thereby
predicting the best designs for high heat transfer efficiency. Three main configurations
subjected to scrutiny- that involved inlet and outlet in the same direction, inlet and outlet
in a direction perpendicular to each other, and inlet and outlet positioned opposite each
other- were found to be among the many immediate configurations. Consequently, it was
possible to relate the placement of an inlet and outlet with the thermal conduction rate,
velocity distribution, and temperature gradients within the collector. The optimal thermal
conduction was achieved when the inlet and outlet were placed opposite to each other on
the same side of the collector because the working fluid could have traversed the longest
distance within the collector, thereby promoting more heat exchange. In this case, the
computational results indicate that the peak outlet temperature for this configuration was
approximately 5% higher than for cases where the inlet and outlet were positioned in the
same direction. In addition, the thermal conduction rate of this configuration, termed
optimal, was greater by nearly 1.5% than that of other configurations. Analysed collector
velocity profiles show quite a variation with different configurations.

The highest velocity was recorded for the configuration in which the inlet and outlet
were opposite each other, thus enhancing the convective heat transfer. Configuration
poles generated local turbulence whenever the flow struck and bounced off the opposite
wall. This increased heat transfer in the localised region but also led to higher pressure
drops and possible inefficiencies in the long run. The aligned configuration, where the
inlet and outlet were in the same direction, resulted in the lowest velocity and thermal
conduction efficiency. The working fluid, therefore, travelled the shortest distance,
leading to less effective heat absorption and reduced residence time in the collector. This
was confirmed by the temperature distribution plots, which showed lower peak outlet
temperatures and higher temperature stratification in this setup. Some significant findings
emerged from the comparison of all the configurations. Two systems perform much
better than the other, with most parameters cross-referencing them, while the
counter-current configuration scored beyond the reach of other setups in all parameters
evaluated since its capacity outlet temperature was complemented with the highest heat
transfer efficiency of 92%. The perpendicular configuration aided moderately due to the
different mixing and localised turbulence effects, falling short of the opposite direction
configuration in performance.

Comparatively, a same-direction setup argued the least thermal efficiency, as the
minimum travel distance of fluid brought it on the heated surfaces, thereby absorbing
comparatively less heat. These findings were further substantiated by flow line and
vortex analysis. A huge stagnant zone occurred at the same place when they were in the
same direction setup, thereby limiting their ability to take full advantage of convective
heat transfer. Some impingement areas are created by that perpendicular configuration,
which increases turbulence and mixing of fluid by an impact but requires further energy
dissipation as well. The opposite direction configuration had the most uniform
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distribution of flow and minimised stagnation areas while at the same time realising a
highly effective heat transfer process across the total collector surface.

Results indicated that for proper selection of inlet and outlet conditions, the thermal
conduction rate in the collector is increased by about 1.5% for an inlet-outlet aligned in
the same direction. This was also analysed regarding the influence of such positions on
the collector’s temperature-absorbing capacity. Because the outlet was in the centre of the
collector, the fluid stream was diverted towards the outlet by hitting the opposite wall
first. This created a significant low-temperature vortex in the half closest to the outlet; the
liquid jet exited through the outlet after heat exchange with still liquid inside the
collector, resulting in a comparatively larger low-temperature zone than in any other
cases, thereby improving heat-exchange efficiency. Some minor differences were
observed in the flow of fluid and thermal conduction in various perpendicular layouts for
the change direction after hitting the opposite wall and exiting from the collector
vertically. This kind of movement affects the temperature distribution, resulting in lower
cooling effects and higher outlet temperatures compared with the same direction setup. It
has been derived from the flow patterns that for a case wherein first strikes at the opposite
wall, there is a contribution of vortex formations toward mixing and improved thermal
conduction, but the highest efficiency still occurs when the inlet and outlet are located
opposite each other. From this, it is clear that the location of the inlet and the outlet plays
a crucial role in optimising the thermal performance of a solar collector.

Figure 4 The collector’s inlet and outlet

1 2 3
1 1
2 2
3 3
1 2 3

Figure 4 shows the inlet and outlet configurations for the solar collector numbered
systematically from 1 to 3 horizontally and vertically. The numbering above is a
systematic definition for different inlet and outlet arrangements in the CFD simulations
conducted to analyse thermal conduction efficiency. Figure refers to how they access the
dynamics of the flow, heat transfer rates, and temperature distributions due to the
switching of inlet and outlet locations. Thus, the best thermal performance was found
when the inlet and outlet were opposite because that configuration had the longest flow
path, giving it the most heat absorption and conduction. With such a visual representation
of these configurations, a clear basis for comparing different setups concerning
maximising efficiency per collector becomes clear.
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5.1 Effect of outlet location on the heat absorbed by the collector with inlet and
outlet in the same direction

Specifically, in this part of the study, the effect of changing the location of the inlet and
outlet on the speed and thermal spread within the solar collector is examined. Generally,
the inlet and outlet of the collector are placed horizontally (the inlet and outlet are
oriented in the same direction represented in Figure 4), with the inlet being horizontal and
the outlet being horizontal. By optimising the placement of the inlet and outlet, the goal is
to maximise the flux absorbed by the collector. Based on the discussion in the previous
section, it is possible to identify the degree of thermal conduction in the collector by
observing the average temperature of the fluid outlet with other parameters remaining
constant. Figure 5 shows the dimensionless temperature contours on the collector’s
middle plate in 3 states, including when the inlet and outlet are positioned opposite each
other (mode 2-2), when the input is in the middle and the outlet is in the sides (mode 1-2),
and when the output is in the corners (mode 1-3). Many situations are either similar to
these situations or can be justified by combining them.

Figure 5 Dimensionless temperature contour in the central plane of the collector in the input and
output mode in the same direction for the modes (a) 2-2, (b) 2-1, and (c) 1-3 (see online
version for colours)

1.05

(@) (b)

(©)



Investigation of the effect of inlet and outlet of the water flow 15

If both the inlet and outlet are situated opposite each other, as can be seen in the figures
above, the fluid will follow the shortest path from the inlet to the outlet and enter directly
from the inlet to the outlet. As a result, the rate of thermal conduction is expected to be
relatively low in this example. Based on the dimensionless temperature contours, it can
be determined that the peak temperature in the computational domain is only about 4%
more than the average inlet temperature. The process is slightly different in mode 2-2,
where the input is from the middle of the collector, and the output is from the corners. It
can be seen that the inlet flow enters the computational domain as an enclosed jet, which
expands along its path inside the jet collector. This results in the jet expanding near the
outlet and changing the temperature of the corresponding component. The maximum
outlet temperature is approximately 12% higher than the inlet temperature in this case,
which indicates an improvement in thermal conduction to the collector relative to the
previous case. To understand this behaviour, the velocity contours within the
computational domain can be examined.

Figure 6 Dimensionless velocity contour in the central plane of the collector in the input and
output mode in the same direction for the modes (a) 2-2, (b) 2-1, and (c) 1-3 (see online
version for colours)
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According to Figure 6, these contours are depicted for the modes that have been
investigated. As can be seen, the maximum dimensionless velocity inside each collector
is almost the same in all three cases. Because the convective thermal conduction
coefficient is a function of the speed and intensity of heat exchange, it can be concluded
from these contours that in the current problem, maximising the amount of temperature
exchange, i.e., the path by which the flow travels, is the most important objective. The
numerical results confirm the hypothesis that the farther the distance between input and
output, the better the results.

Flow lines in different states are examined in Figure 7 to investigate the effects of the
flow pattern on the heat absorbed. Additionally, the contours indicate the amount of
convective flux that has been absorbed. Figure 7(a) reveals that the input current divides
the computing domain into two equal parts when input and output are opposite one
another. This results in the formation of large vortices on both sides with a low speed.
Vortices cause heat to be trapped, and no heat is conveyed to the incoming flow as a
result. In the case of an inlet in the middle and an outlet from the sides [Figure 7(b)], the
vortices would stretch on one side and gather on the other. As a result, the vortices gather
on the side with higher velocity, and thermal conduction takes place more efficiently on
this side. In contrast, in this case, the inlet jet first strikes the opposite wall before
deviating towards the outlet, which also contributes to an increase in thermal conduction.

It is noteworthy that in the third condition, the flow travels almost along one side
before changing direction at the corner along the perpendicular side. The final section of
this side concludes with the departure from the computing domain. This situation results
in the formation of a vortex in the corner, which traps heat in that region. The law of
conservation of mass also dictates that vortices form within the field under the influence
of the jet movement.

Figure 7 Flow lines in the central plate of the collector in the input and output mode in the same
direction for the modes (a) 2-2, (b) 2-1, and (c¢) 1-3 (see online version for colours)
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The results reveal that with the proper selection of the inlet and outlet locations, the
thermal conduction rate in the collector will increase by about 1.5% when the inlet and
outlet points are in the same direction.
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5.2 The impact of perpendicular inlet and outlet positions on the heat absorbed
by the collector

In this part, fluid movement and internal thermal conduction have been explored in a
state where the inlet and outlet are not perpendicular to one another, for example, a
horizontal inlet and a vertical outlet. As in the previous part, it can be shown that it is
possible to analyse all states by analysing three basic states. It is important to note that
the letter V serves to differentiate horizontal from vertical outputs in this case. In the
example of mode V3, the output is displayed in position three with a vertical orientation.
An illustration of the contours of the collector’s central plate can be found in Figure 8.
From Figure 8(a), it is obvious that the current enters the collector from the middle and
proceeds to the opposite wall. It is at this point that the flow is split into 2 branches. A
portion of the flow acts as an impinging jet on impact with the opposite plate, and it
returns to the source. A vortex is formed on the side opposite to this collision. There is
also another portion of the flow that tilts its way toward the outlet and leaves it directly.
In this case, low-temperature areas will be observed in the upper part of the collector and
near the opposite wall. However, the temperature of the inlet flow has little effect on the
temperature of the other parts of the collector.

Figure 8 Dimensionless temperature contour in the central plane of the collector in the input and
output states perpendicular to each other for the states (a) 1v-2, (b) 2v-2, and (¢) 1v-1
(see online version for colours)
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When the outlet is positioned in the middle of the collector [Figure 8(b)], the fluid flow is
diverted towards the outlet by hitting the opposite wall first. During this process, a large
vortex of low temperature is formed in half closest to the outlet, and the liquid jet exits
the outlet after exchanging heat with the still liquid inside the collector. As can be seen in
this case, the low-temperature area is larger than in the previous case, and consequently,
this means that the heat exchange is improved compared to the previous case.

Figure 9 Dimensionless velocity contour in the central plane of the collector in the input and
output states perpendicular to each other for the states (a) 1v-2, (b) 2v-2, and (c) 1v-1
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There is a slight difference between the movement of fluid and the thermal conduction
field in the 1-1v state. The flow initially enters the solution domain in a horizontal
direction, then changes direction by 90 degrees upon striking the opposite wall and exits
the collector vertically. This case shows that the incoming flow affected the rest of the
channel, except for the section located near the opposite corners of the flow exit, and
decreased the temperature of the fluid in those sections. Due to this, one can expect that
the collector was more effectively cooled by this mode than by the previous modes,
resulting in a higher average fluid temperature at the collector outlet. As shown in
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Figure 9, the temperature contours within the collector under this condition can be seen.
In addition, Figure 10 displays the velocity vectors inside the collector and in the central
plane.

Figure 10 Flow lines in the central plate of the collector in the inlet and outlet states
perpendicular to each other for the states (a) 1v-2, (b) 2v-2, and (c) 1v-1
(see online version for colours)
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Based on the flow patterns, it can be determined that in cases 10a and 10b, the flow first
hits the opposite wall and is then directed towards the outlet by forming a vortex. It
should be noted that the inflow from the entrance to the opposite wall acts as a free jet as
well. When the flow encounters the opposite wall, it will act as an impinging jet, and
once it impacts the opposite wall, it will turn into a rotating vortex flow. A visual
inspection of the movement pattern in case 10c displays the formation of a strong and
elongated vortex near the inlet. This part of the flow is cooled by these vortices, which
help to mix the flow and mix the flow. Also, the other branches of the vortex are spread
inside the collector, which in turn results in the mixing of the movement and the increase
of thermal conduction in these areas. Of course, the influence of the flow in these areas is
less and is proportional to the movement speed value. The movement speed decreases as
the main movement moves away. So, in a part of the flow that is on the opposite side of
the outlet, the rotating currents and the speed of the secondary flow are so small that
these parts are not affected by the incoming flow, and their temperature remains constant.
As the maximum outlet temperature is determined by comparing the inlet and outlet
currents in the same direction (state 3-1), and the average dimensionless temperature of
the outlet is about 1.026, this value suggests that state 1-3 has a superior thermal
conduction efficiency when the inlet and outlet are oriented in the same direction as when
they are oriented perpendicular to each other.

6 Discussion

The results presented in this study did promise very valuable insights into the influence of
inlet and outlet placement on thermal efficiency as far as solar collectors are concerned.
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Indeed, one can say that the arrangements of all fluid flow paths within a collector have
determinant characteristics influencing heat transfer within the collector, such as
temperature distribution as well as the overall performance of the system. A comparative
analysis of different configurations has demonstrated that measuring an optimum inlet
and outlet position could result in some significant measurable improvements in thermal
conduction, fluid mixture, and energy utilisation by comparison.

A very interesting one from the study is that the highest thermal conduction path
would be obtained when the inlet and outlet were kept counter to each other. This allows
such a long distance for the working fluid to flow inside the collector, which improves its
contact with the heated collector surfaces and optimises the overall heat transfer. This, in
turn, improves the travel distance and, as a consequence, better mixing and less thermal
stratification, thus improving efficiency in heat absorption. This fact is confirmed by the
velocity profiles and temperature contours, which prove that this arrangement minimises
stagnant zones that are associated with inefficient heat transfer, as referred to in less
optimal configurations. Testing a perpendicular inlet/outlet showed some improvement in
thermal performance, but again, it was not as good as the opposite direction. The
opposing wall has localised turbulence, hence improving convective heat transfer due to
the fluid being bombarded against the wall. However, it also often produces high-
pressure losses of flow resistance, which may affect system stability in the long run.
Although vigorous mixing can be advantageous, the picture also shows that there can be
deleterious energy waste resulting from excessive turbulence, and this is demonstrated by
vortex formations at certain locations in the collector. The aligned inlet-outlet
configuration, where both ports are positioned in the same direction, was said to have the
least performance in terms of heat transfer efficiency. The research concluded that in
such a case, the fluid travels the shortest route from inlet to outlet, hence lower residence
time inside the collector and hence little heat absorbed by the working fluid. This
arrangement was seen to correlate with low thermal conduction overall, as indicated by
lower temperature differentials recorded in the simulations. The configuration is
mandated further by the formation of temperature gradients and stratified flow regions
that reduce its effectiveness even more.

Table 2 Comparative summary of thermal performance for different inlet-outlet configurations
Outlet Thermal

Conﬁgumtlon temp. efficiency Max. v?loczty Vortex Remarks
(inlet-outlet) increase ", (dimensionless)  presence

0 (%)

(%)
Same direction ~4% Baseline Moderate Yes Shortest flow path,
(2-2) (ref.) high stratification
Same direction ~12% +1.5% Moderate Yes The jet expansion
(2-1) improves conduction
Same direction ~10% +1.0% Moderate Yes Heat-trapping in
(1-3) corner vortex
Perpendicular ~8% +0.7% Moderate-high Yes Mixed flow, localised
V3) turbulence
Opposite ~14-15% 92% Highest No Longest path, uniform
direction (highest) conduction

(optimal)
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The analysis reveals that the inlet and outlet positions significantly affect the thermal
efficiency of the collector. In the crosswise configuration, the fluid jet impacts the
opposite wall before exiting, creating vortices that enhance localised heat transfer. The
highest thermal efficiency is observed when the inlet and outlet are positioned opposite
each other, allowing the fluid to travel a longer distance for optimal heat absorption.
Temperature distribution and velocity vectors support that this configuration yields the
highest outlet temperature, making it the most suitable for solar collector design. As
summarised in Table 2, the configuration with opposite inlet and outlet positions
demonstrates the highest thermal efficiency and outlet temperature increase, achieving
approximately 92% thermal efficiency and a 14-15% outlet temperature increase. This
confirms the longer flow path significantly enhances heat transfer.

7 Conclusions

Using the dynamic method of fluid calculations and COMSOL software, this exploration
investigated for the first time the effects of the inlet and outlet of the water fluid flow on
the productivity of a solar collector. As a result of this research, the following findings
have been identified:

e [t is noteworthy that the location of the inlet and outlet substantially affects the
movement area and thermal conduction within the solar collector.

e The best thermal conduction rate was obtained when the inlet and outlet of the
collector were on the same side. Three different configurations were examined,
including inlets and outlets perpendicular to each other, inlets and outlets
perpendicular to each other, inlets and outlets perpendicular to each other, and inlets
and outlets perpendicular to each other. The input and output must be oriented in the
same direction.

e To attain the ideal thermal conduction rate, the inlet and outlet of the culture should
be located on the same side of the collector.

e The results display that the thermal conduction rate in the collector elevated by 1.5%
when the inlet and outlet were in the same direction when the location of the inlet
and outlet was properly selected.
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