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Makale Bilgisi OZET

Bu ¢alismada, tek uglu egimli boru-tank sisteminin laboratuvarda yapilan dogal dolasim
Gelis Tarihi: 19.10.2024 deneylerinin sayisal analizinde Hesaplamali Akiskanlar Dinamigi (HAD) yontemi
Kabul Tarihi: 02.04.2025 kullanilmigtir. Sayisal analiz sonucunda hiz vektorleri ve sicaklik konturlari elde edilmistir. Bu

Yayn Tarihi: 31.12.2025 sonuglara gore, dogal dolagimin var oldugu ve egimli borunun tank girisine yakin yerde daha
etkili oldugu ve borunun kapali dip kismma dogru gidildik¢ce bu etkinligin azaldig1 gibi

Anahtar Kelimeler: cikarimlar yapilmistir. Ayrica 6 saatlik deney sonucunda elde edilen tank ortalama sicakligi ile

Dogal akis, sayisal analiz sonucunda elde edilen ortalama tank sicakligi kiyaslandiginda, egimli boruya

Tek uglu egimli boru, uygulanan 600 ve 800 W yiiksek giicteki deneylerde 1s1l rejimin saglandigi ve 200 ve 400 W

HAD. daha diisiikk deneylerde ise 1s1l rejimin saglanmasi igin daha ¢ok zaman gerektigi sonucuna
varilmigtir.

CFD Modeling of the One-Ended Inclined Pipe-Tank System

Article Info ABSTRACT

In this study, Computational Fluid Dynamics (CFD) method was used in the numerical analysis
Received: 19.10.2024 of the natural circulation experiments of the one-ended inclined pipe-tank system conducted in
Accepted: 02.04.2025 the laboratory. As a result of the numerical analysis, velocity vectors and temperature contours
Published: 31.12.2025 were obtained. According to these results, it was concluded that natural circulation exists and

that it is more effective near the tank inlet of the inclined pipe and that this effectiveness
Keywords: decreases as one moves towards the closed bottom of the pipe. In addition, when the tank
Natural flow, average temperature obtained as a result of the 6-hour experiment is compared with the average
One-ended inclined pipe, tank temperature obtained as a result of the numerical analysis, it is concluded that the thermal
CFD. regime is provided in the experiments with high power of 600 and 800 W applied to the inclined

pipe and that more time is required to provide the thermal regime in the experiments with lower
power of 200 and 400 W.
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INTRODUCTION

The unsustainability and unequal distribution of fossil fuels are increasingly directing countries
to renewable energy sources [1]. Increasing energy demands and technological advances have
accelerated this transition [2]. This issue is now an incredibly attractive one for Turkey in terms of
reducing its energy dependency on energy [3]. Therefore, energy is of significant importance in ensuring
the welfare and economic development of countries [4]. Renewable energy offers a sustainable and
environmentally friendly alternative in various fields by using resources that are continuously or
repeatedly renewed by natural processes [5-7].

The efficient use of energy, which is an indispensable part of human life, is one of the most studied
current issues today [8]. Natural circulation systems can be given as an example. These systems work
according to natural laws such as gravity and buoyancy and automatically start the flow in the system
without the need for any machinery, with the density difference caused by heating and cooling.
Therefore, the maintenance and operating costs of these systems are quite low. For example, the use of
natural ventilation systems in the air conditioning of buildings is of significant importance to reduce
energy consumption and maintain the ecosystem balance [9]. Another example is the water heating
systems frequently used today. In these systems, the flow occurs in single-ended inclined pipes.

Natural circulation solar water heating systems; These systems, which are widely used in our
country and are becoming increasingly popular in other countries, consist of collectors, storage tanks
and connection pipes and include energy collection and use systems [10, 11].

There are many studies in the literature on natural flow in pipes: For example, Bejjam and Kiran
[12] performed a 3-D simulation of a single-phase natural circulation loop with Ansys 14.5 (Fluent)
program. In this loop, they performed steady-state analysis of water and water-based Al1203 (Al1203-
water) nanofluid at 1%, 3%, 5% and 6% particle volume concentrations. They adopted the mixing model
to simulate the nanofluid-based natural circulation loop depending on the Stokes number. Li et al. [13]
performed a numerical and theoretical study on a single-ended, horizontal, and vacuum tube. As a result,
they found that the secondary flow in natural circulation has a significant effect on the temperature
distribution and flow rate in the tube. Pleshanov et al. [14] designed two types of natural circulation
loops in a fluidized bed steam boiler. The first type was designed as a complex loop, while the second
type was divided into independent sections. As a result, it was observed that the specific metal amount
in both designed circulation circuits was almost the same. Riahi and Taherian [15] tested a closed
thermosyphon flat plate solar water heater with natural circulation and found that, contrary to
widespread belief, such systems could provide sufficient energy to meet the hot water demand. Misale
et al. [16] conducted an experimental study on natural circulation in interconnected vertical rectangular
loops. With the results obtained from the study, this study was accepted as the first attempt to optimize
several interconnected natural circulation loops. Bocanegra et al. [17] investigated different heater-
cooler configurations in the natural circulation loop. Bayhan and Arslan [18] created a model for thermal
calculations in a single-ended inclined pipe, calculation of natural circulation flow rate, energy balance
in the tank to which the pipe is connected and estimation of pipe outlet temperature. They also compared
this model with models in literature. As a result, the model created was easier and more successful.
Bayhan and Arslan [19] aimed to experimentally investigate the natural circulation solar energy system
containing parabolic trough solar collector under real field conditions in the outdoor environment. For
this purpose, an experimental setup system was established that included a parabolic trough solar
collector, followed the sun in one dimension from east to west on the N-S axis and operated with natural
circulation. Experiments were conducted on different dates when solar radiation values varied. With the
data obtained from these experiments, it was found that the radiation values coming to the opening of
the movable collector and 56% of this radiation could reach the vacuum tube glass pipe located at the
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focus of the collector. In all experiments, information about the existence of natural circulation was
obtained by finding the Rayleigh numbers in the tank-vacuum tube glass pipe connection section.
Additionally, studies on CFD were utilized during this study. For example, Jaber et al. [20] aimed to
increase the thermal stratification in a cylindrical heat storage tank. For this purpose, they placed a
conical passive flow guide and a heat exchanger coil in the tank. It was investigated both experimentally
and numerically by writing codes. As a result, a significant increase in efficiency was achieved. Canli
et al. [21] numerically investigated the velocity and turbulence distributions in the hydrodynamic inlet
length of the pipes depending on the axial and radial positions. Ceviz et al. [22] investigated the steady
laminar natural convection heat transfer due to gravity acceleration through a vertical pipe with zero
wall thickness using CFD. Canli et al. [23] aimed to calculate the heat transfer in pipes for flows
changing from laminar to transitional and turbulent. For this purpose, three types of computational fluid
dynamics thermal boundary conditions were used. These are constant surface temperature (type ), heat
flux (type 1) and convection heat transfer coefficient (type III). Canli et al. [24] aimed to determine the
aerodynamic resistances of two agricultural tractors. For this purpose, computational fluid dynamics
modeling was performed at nine different speeds.

In this study, the aim is to investigate the natural circulation inclined pipe-tank system
numerically. For this purpose, the numerical analysis of the experiments conducted in the laboratory
with Ansys 19 (Fluent) was performed and the velocity vectors and temperature contours were obtained.
According to these results, the existence of natural circulation in the system, its continuity, and the
locations where it is more effective in the system were commented on. Considering the difficulty of
experimental study in terms of application and cost and the importance of developing more practical
methods for such complex problems, we believe that this study will contribute to literature. In addition,
in this study, the numerical study modeling steps revealed are clearly stated. These details are not
included in the studies on similar subjects in the literature on the modeling of natural circulation.
Therefore, we think that this study will be extremely useful for researchers who will work on the
modeling of natural circulation.

MATERIALS AND METHODS

Within the scope of this study, numerical modeling studies of the experiments conducted at 100,
200, 400, 600 and 800 W thermal power were conducted in two and three dimensions using the CFD
method.

Experimental Setup in a Laboratory Environment

The experimental setup set up in the laboratory environment is given in Figure 1. In this setup,
the Mobilterm-605 heat transfer oil is heated by giving the desired electrical power to the rod resistances
on the surface of the inclined galvanized pipe with a boxed variac. The heat transfer oil heated in the
inclined pipe is directed to the tank consisting of 2 mm galvanized sheet metal at a lower temperature
connected to the inclined pipe by natural circulation. In order to minimize heat losses during the
experiment, the tank is insulated with 10 cm thick glass wool, and the inclined pipe is insulated with 20
cm thick glass wool. If desired, the heat transfer oil heated in the tank can be cooled by activating the
cooling system and circulating cooling water through the copper serpentine placed inside the tank with
a centrifugal pump. However, only the heating system was operated in this study [25].

The measurement system of the experimental setup; It consists of a Keithley 2700 data logger
with £0.15% uncertainty, a computer and a 5 kVA single-phase boxed variac with a digital sensitive
multimeter display where current and voltage values can be read. Glass fiber insulated K-type
thermocouple wire was preferred as a thermocouple. Kline and McClintock methods were used to
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determine the uncertainty of the thermal power measured in the experiments [26]. As a result, it was
found that the uncertainty was below 3%.

Figure 1

The experimental setup established in the laboratory environment is (1) PC, (2) Cooling Water Tank, (3) Data
Logger, (4) Oil Tank, (5) Flowmeter, (6) Inclined Pipe, (7) Centrifugal Pump, (8) Boxed Variac and (9) Unused
Part [18, 20].

Methodology of CFD

CFD refers to an iterative process that is expensive in terms of memory and computation for the
computer, which develops in the form of numerical solutions of the equilibrium equations (continuity,
Navier-Stokes equations, etc.) in a flow field. In order to perform a numerical analysis, the problem is
first determined, expressed mathematically, and then this mathematical expression is concretized and
calculated with the CFD software. The results obtained by the expert who analyzes the problem are
visualized and interpreted with colored shape themes [27].

Two-Dimensional Numerical Study

For the experiments conducted at 100, 200, 400, 600 and 800 W thermal power, numerical
modeling studies were conducted separately in two dimensions. By converting the thermal power values
to heat flux and subtracting the lost energy, net heat fluxes of 287, 573, 1147, 1720 and 2294 W/m? were
defined on the inclined pipe surface, respectively. The heat flux on the tank surface was entered as zero.
The properties of Mobiltherm605 heat transfer oil were entered. A time-dependent (transient) solution
was made. Gravitational acceleration in the Y axis was entered as -9.81 m/s?. The flow was assumed to
be laminar. The speed was accepted as 0.001 m/s as a reference. Coupled algorithm was selected as the
solution method and the spatial discretization part was selected as completely second order. As the
numerical modeling equivalent of the experiments that lasted a total of 6 hours in the laboratory and
temperature measurements were made at S-minute periods; The number of time steps was entered as
21600 and the time step as one second. In numerical modeling, All Triangles Method was used to create
a solution mesh-1 consisting of 11786 nodes and 22444 elements (Figure 2.a). In order to make the
analysis result independent of the solution mesh, the value in the Refinement command was increased
from 1 to 2 and the solution mesh was made denser (solution mesh-2 (Figure 2.b); number of nodes:
25879, number of elements: 50067) and the results were compared. Since there was no significant
difference in the results, the velocity vectors obtained as a result of the numerical analysis performed
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with the solution mesh-2 were obtained.

Figure 2
Two-Dimensional Numerical Study Mesh; (a) Mesh-1, (b) Mesh-2.

Three-Dimensional Numerical Study

In two-dimensional studies, three-dimensional studies were needed due to divergences in energy
calculations. Similar to two-dimensional numerical studies; numerical modeling studies for experiments
performed at 100, 200, 400, 600 and 800 W thermal power were performed separately in three
dimensions. By converting thermal power values to heat flux and subtracting the lost energy, net heat
fluxes of 287, 573, 1147, 1720 and 2294 W/m? were defined on the inclined pipe surface, respectively.
Heat flux on the tank surface was entered as zero. Properties of Mobiltherm605 heat transfer oil were
entered. Gravitational acceleration on the Y axis was entered as -9.81 m/s. Flow was assumed to be
laminar. Velocity was accepted as 0.001 m/s as reference. The coupled algorithm was selected as the
solution method and spatial discretization part was selected as completely second-order. The
convergence criterion was entered as 0.001. Unlike the two-dimensional numerical study, a stable
solution was made. Because the transient solution requires a lot of time and powerful computer
hardware. Energy calculation was activated. The time step number was entered as 10000 and the time
step was entered as one second. In addition to the All-Triangles Method in numerical modeling, the
inflation command was used to make the solution mesh tighter near the surface. The solution mesh
consisting of 148235 nodes and 318260 elements was created as shown in Figure 3.

2500(m)

Figure 3
Three-Dimensional Numerical Study Mesh; (a) Tank-Pipe, (b) Pipe, (c¢) Tank.

RESULTS AND DISCUSSION
Two-Dimensional Numerical Modeling Study Results

When Figure 4 is examined, it is seen that the velocity vectors are directed upwards at the tank
inlet and show a movement tendency similar to Benard cells. The highest flow rates are 1.61; 2.79; 4.04;
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5.17 and 5.64 mm/s for 100, 200, 400, 600 and 800 W, respectively.

Figure 4
Velocity Vectors for 100 W thermal power.

Three-Dimensional Numerical Modeling Study Results

When Figure 5 is examined, it is seen that the velocity vectors are directed upwards at the tank
inlet and show a movement tendency similar to Benard cells. The highest flow velocities are 0.186;
0.235; 0.241; 0.264 and 0.212 m/s for 100, 200, 400, 600 and 800 W, respectively.

When Figure 6 is examined; the streamlines of the numerical analysis performed at 800 W thermal
power are seen. It is understood that these streamlines are continuous in the pipe-tank system. In
addition, while the natural flow follows a laminar profile in the lower and upper sections of the pipe, it
follows a spiral profile in the middle section.

NAnsys
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Figure S
Velocity Vectors for 100 W thermal power.
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Figure 6
Streamlines for 800W thermal power.

The temperature distributions at the inlet, top, middle, and bottom sections of the inclined pipe
tank are given in the range of Figures 7-10 for 200, 400, 600 and 800 W, respectively. Since there was
a temperature divergence in the numerical analysis at 100 W, it was not included in the results. The
temperature distribution in the tank appeared completely blue in the numerical analyses performed at all
thermal powers and was 377, 407, 396 and 425 K for 200, 400, 600 and 800 W, respectively. At the end
of the 6-hour experimental study, temperatures of 338, 372, 400 and 429 K were obtained in the tank,
respectively. This shows that at the end of the experiment, the thermal regime was provided in the 600
and 800 W experiments performed at high thermal power, while more time was needed for the thermal
regime in the 200 and 400 W experiments performed at low thermal power.

As we move from the tank inlet to the bottom of the inclined pipe towards the closed end, the
color of the temperature contour turns almost into a single color. In this case, it can be said that natural
circulation is not remarkably effective in this section and the temperature difference in the pipe section
is small.

Temperature (K)

e —

OO NBIA DD H D DD
CANEANE NS O M I S

(a). (b). . (d)
Figure 7

Temperature distribution in inclined pipe section (200 W) (a) Tank Inlet, (b) Top, (c) Middle and (d) Bottom.
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Figure 8
Te Temperature distribution in inclined pipe section (400 W) (a) Tank Inlet, (b) Top, (c) Middle and (d) Bottom.
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Figure 9
Temperature distribution in inclined pipe section (600 W) (a) Tank Inlet, (b) Top, (c) Middle and (d) Bottom.
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Figure 10
Temperature distribution in inclined pipe section (800 W) (a) Tank Inlet, (b) Top, (c) Middle and (d) Bottom.
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CONCLUSIONS

When the velocity vectors obtained as a result of all numerical analysis are examined, it is seen
that the fluid heated and reaching high temperature in the single-ended inclined pipe rises to the upper
part of the pipe and moves towards the tank. Similarly, the fluid with lower temperature moves from the
tank to the lower part of the inclined pipe. It is seen that the fluid moves like Benard cells in the tank.
All these impressions are formed by the natural movement of the fluid due to the temperature difference
in the system. It can be understood from the integrity of the streamlines obtained as a result of the
numerical analysis that this movement of the fluid is also continuous in the single-ended inclined pipe-
tank system.

When the temperature contours obtained as a result of the numerical analysis are examined, the
color of the temperature contour changes almost to a single color as we move from the tank inlet to the
bottom of the inclined pipe towards the closed end. In this case, it can be said that natural circulation is
not remarkably effective in this section and the temperature difference in the pipe section is small.

It would be appropriate to increase scientific studies on natural flow in single-ended inclined
pipes, which is the most common example of a water heating system. Especially when considered in
terms of cost, it becomes clear that experimental work is very costly and instead it is important to turn
to theoretical models and numerical analyses. There are not enough studies in the literature on modeling
natural flow in single-ended inclined pipe-tank systems and similar systems. In this study, the parameters
taken during modeling and the operations performed are given in detail. Thus, we believe that this study
will be an example for future studies on similar subjects and will make a significant contribution to
literature.
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