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Research Article Arastirma Makalesi DOI: 10.5281/zeno0do.14670892

Numerical Investigation of The Flow in Fractal Type Bifurcation and
Trifurcation Systems with Different Features

Farkh Ozelliklere Sahip Fraktal Tip Catallanma ve Ugliikasyon
Sistemlerinde Akisin Sayisal incelenmesi

ABSTRACT

In this study, CFD and mathematical analyses were performed on straight pipe, double branched
and triple branched pipe models. In the straight pipe model, it was observed that the velocity
was maximum at the center and decreased towards the wall. While the velocity distribution was
homogeneous at the inlet section, the velocity profile changed as the flow developed. In the
double branched and triple branched pipe models, it was determined that the velocity
decreased in the separation regions and vortex formations caused a decrease in velocity and an
increase in pressure. The fact that the side branches were of the same diameter and in the same
plane kept the differences in the velocity distribution to a minimum. The results showed that
fractal flow systems with small aspect ratios provided less pressure loss.

Keywords: Trifurcation, bifurcation, flow analysis, pressure difference
0z

Bu galismada, diz boru, cift ¢atalli ve U¢ ¢atalli boru modelleri lizerinde CFD ve matematiksel
analizler gercgeklestirilmistir. Diiz boru modelinde, hizin merkezde maksimum oldugu ve cidara
dogru azaldigi gozlemlenmistir. Giris kesitinde hiz dagilimi homojenken, akis gelistikce hiz profili
degisiklik gostermektedir. Cift catalli ve ti¢ dalli boru modellerinde ise ayrilma bélgelerinde hizin
azaldigi, vorteks olusumlarinin hiz diisisiine ve basing artisina neden oldugu belirlenmistir. Yan
dallarin es capta ve ayni dizlemde olmasi, hiz dagilmindaki farklari minimal tutmustur.
Sonuglar, kiiciik en-boy oranina sahip fraktal akis sistemlerinin daha az basing kaybi sagladigini
gostermistir.

Anahtar Kelimeler: Trifurkasyon, bifurkasyon, akis analizi, basing farki

Introduction

In various engineering applications, fractal-like geometric structures, new ideas, namely flow
systems and approaches representing similar small-scale structures, have theoretically shaped
the basic ideas of the research field in general over the past quarter century. This idea was
inspired by living and non-living objects and is important for the future of applied engineering.
In sequential and multi-flow systems with such similar structures, it is important to distribute
the single-phase fluid evenly throughout the channel (Bejan, 1997). These channels can have
symmetrical (regular) and asymmetrical (irregular) structures. As in circulatory systems, the
branches or bifurcations in multi-flow systems can have narrowing and widening structures.
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The mathematical behaviors and models of such physical
mechanisms are similar to each other (Senn & Poulikakos, 2004).
Fundamental laws such as Poiseuille and continuity equations in
terms of fluid mechanics, Ohm's law for electrical circuits,
Fourier equation in heat transfer calculations, Murray's law for
bifurcation or fractal structures in biological systems are
mathematically similar to each other.

In order to obtain the best heat transfer performance of fractal-
like channel networks, optimization of many geometric factors
is required. Examples of these geometric factors are; number of
levels (L), number of branches-number of bifurcations (n),
bifurcation angle (8), length scale ratio (y), width scale ratio (B),
and terminal (end boundary) channel width (wm). To find the
optimum point by establishing a relationship between these
factors and to ensure that the system to be created is more
efficient (Alharbi et al. 2003).

1. Theoretical Foundations

Bifurcation or branching is a phenomenon frequently seen in
multi-flow systems. At these points, we can encounter
expanding or contracting structures, they can be symmetrical or
asymmetrical. Comparison of such structures with Newtonian
and non-Newtonian fluids with different flow conditions is of
great importance for various application areas. For example,
they can be seen in many physical mechanisms, from biological
systems such as blood vessels or lung airways to city water
networks. They are also important in many areas, from cooling
systems of electronic circuits to the development of new
generation heat exchangers. Analogies of such systems can lead
to important advances in different areas (Kotcioglu, 2017).

1.1. Constructal Theory

Constructal theory is an approach that explains how complex
structures consisting of many interconnected simple elements
are formed in nature. This theory suggests that systems in
nature adapt to perform their functions with the least energy
expenditure. Using reverse engineering methods, the properties
of these optimized structures in nature are examined and
practical applications of this information are developed.
Constructal theory can be observed in many areas from
biological organisms to streams, from heat transfer to electric
current. This theory helps us understand the complexity of
nature and find more efficient and sustainable solutions in
technology (Wang et al. 2010a).
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2. Fractal, Bifurcation and Branch Geometry

2.1. Fractal (leaf) Structure

They are geometric shapes that are mathematically defined and
have self-similarity. These shapes repeat the same structure at
any scale. They have repeating building blocks that form a
certain pattern, and these building blocks create a smaller copy
of the same pattern at each scale. Fractals are used in modeling
complex structures frequently observed in nature. Structures
such as leaves, butterfly wings, circulatory systems, tree
branches are examples of these structures (Colak et al. 2018).

2.2. Bifurcation Structure

Another structure similar to fractal structures is bifurcation
(double branch) structures. Bifurcation is the occurrence of two
or more different states or behaviors in a system after a certain
point. Generally, in mathematical and physical systems, the
values of variables change suddenly after a certain critical point,
leading to new and different behaviors (Blonski et al. 2020).
They can be designed according to applications in various
engineering fields in a regular structure and in the form of elastic
veins. These designed structures are models that have become
increasingly important in terms of engineering applications.
Symmetrical and asymmetrical structures are shown in Figure 1.

S —_

Figure 1.
Symmetrical (bifurcation), Non-symmetrical (bifurcation)
structures

2.3. Branch Structure

A complex structure similar to fractal structures; these
structures are models that contain fractal and bifurcation
structures together (Muwanga et al. 2008). They are
structures that include structures such as leaf, butterfly wing,
dill, etc. as well as vein, network systems, tree branches, etc.
Different branch structures are shown in Figure 2. They are also
created in a certain hierarchical order.

3. Mathematical Model

The Navier-Stokes equations for a cylindrical pipe (vessel) are

given below. The flow velocity vector is defined as vectorial (l_f)
by the following 1 equation.

U= u(ue, +vey +we,) (D



Figure 2.
a) Disc-shaped flow tube, b) Vascular stent (Golak, 2017)

From the equation, for one-dimensional axial flow in cylindrical
pipes, u = u(r) is a function of u. The other fluid velocities in both
directions are v = w = 0 and - 8/dz = 0. Here, the continuity
equation for three-dimensional and one-dimensional flow in
cylindrical coordinates is given by the following equation in
vectorial and differential form (Equation 2).

ou v

= 7 1 ow
V=22 +ris 42 )

The same equation is given below for one-dimensional (v =
w = 0) flow (Equation 3).

3.17=%[r2—ur]=0—>u¢fn(x)—>u=u(r) 3

The momentum equation is expressed in vector form in the
following equation (Equation 4).

WV | = == = " So= 1, 9%u| o
p[§+ U.|7U]=—|7P+pg+u|7 U=;(T67)€r (4)
In this equation,|7P is the pressure gradient. In equation (5), the
dimensionless number Reynolds number, which determines the
flow regime of the fluid passing through the channel, is given by
the following equation.
Re = 2288 (5)

u

In this equation, Dy, is the hydraulic diameter, p is the density, U
is the velocity, u is the dynamic viscosity. The wall shear stress
in a straight cylindrical pipe (vessel) in steady laminar flow is
defined by the following equation (Equation 6).

- 32w (6)

nr3

Q given in the equation is the volumetric flow rate. The equation
of the velocity distribution in a cylindrical pipe in steady flow is
defined by the following 7 equation.

U = Upax (1 — ;—2) @)

The velocity distribution in pulsatile flow is expressed by the
following 8 equation.

U = Upae(1 + sin(2m.t)) €))

According to Poiseuille's law, the volumetric flow rate of a fluid
passing through a cylindrical pipe in steady flow is given by the
following 9 equation.

0 = APl 9

In this equation, AP is the pressure difference between the inlet
and outlet. The wall shear stress is defined according to the
volumetric flow rate and pressure difference as given below,
respectively (Equation 10).

4p0
= (10)

3.1 Murray's Law

Murray's law is a principle proposed to optimize efficiency by
minimizing the required blood (fluid) flow and energy in a vessel
(branch-pipe) (Lee, J. Y. & Lee, S. J. 2010). In its simplest form,
the equation for a parent vessel with a radius ro and two
daughter branches with radii r1 and rz is given by the Equation
(11).

rd=ri+ (11)

In this equation, r0 is the radius of the main branch, while rl and
r2 are the radii of the side branches. A represents the branching
exponent. According to Murray's law, when A=3 it indicates that
the flow energy is minimized. For this reason, A=3 is typically
used in the formula. Accordingly, Equation (12) becomes:

g=ri+nrs (12)
is arranged as follows.
4.Fluid (Water) Properties

The properties of the fluid used in the analysis are given in Table
1.

Table 1.
Density and viscosity of fluids
Newtonian 1] P
(kgms™) (kgm™)
Newtonian (Water) 0.008 997

Journal of Energy Trends 2024 1(2): 47-58
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5. RESULTS AND DISCUSSION

In this study, various solid models, including straight pipe (Figure
3), bifurcation pipe (Figure 10), and trifurcation pipe (Figure 17),
were designed using the SolidWorks software in accordance
with the specifications provided in the tables (2-4). Velocity and
pressure analyses were then performed on these models using
ANSYS software. Subsequently, the analysis results were
supported and evaluated using MATLAB (Figure 24-25)
software.

5.1. Straight Pipe Ansys Analysis
The properties of straight pipes analyzed with Ansys were drawn
with the SolidWorks program according to the data in Table 2.

Table 2.
Characteristics of the pipe
Pipe Diameter(mm) Length(mm)
1 6 70
2 8 80
3 10 90
L

Figure 3.
Straight pipe cross-sectional area

Figure 4.
Straight pipe (D=6mm, L=70mm)

Journal of Energy Trends 2024 1(2): 47-58

Figure 5.

a) Ansys vector velocity analysis for straight pipe (D=6mm,
L=70mm), b) Ansys velocity analysis for straight pipe, c) Ansys
pressure analysis for straight pipe (D=6mm, L=70mm)

Figure 6.
Straight pipe (D=8mm, L=80mm)

a

b
| S——
A N

c

L 1 B R
Figure 7.
a) Ansys vector velocity analysis for straight pipe (D=8mm,
L=80mm), b) Ansys velocity analysis for straight pipe (D=8mm,
L=80mm), c) Ansys pressure analysis for straight pipe (D=8mm,
L=80mm)



Figure 8.
Straight pipe (D=10mm, L=90mm)

a
b
| ee—
v v
O ®
Cc
I n
Figure 9.

a) Ansys vector velocity analysis for straight pipe (D=10mm,
L=90mm), b) Ansys velocity analysis for straight pipe (D=10mm,
L=90mm), c) Ansys pressure analysis for straight pipe
(D=10mm, L=90mm)

The flow of water at a velocity of 0.3 m/s through a straight pipe
with a diameter of 6 mm and a length of 70 mm was analyzed
using ANSYS. The physical dimensions of the pipe are shown in
Figure 4. According to the velocity analysis results, the velocity
distribution of the water inside the pipe is represented by a color
scale. As shown in Figure 5-a with vector lines and Figure 5-b,
the highest velocity was observed at the center of the pipe,
while it decreased toward the edges. This indicates a velocity
profile consistent with laminar flow characteristics. In the vector
velocity analysis, local velocity variations along the pipe were
observed, where higher velocity regions are represented by red
and yellow colors, while lower velocity regions are represented
by blue colors. The pressure analysis revealed a pressure drop
from the inlet to the outlet of the pipe. As illustrated in Figure 5-
¢, the color scale indicates a transition from high pressure to low
pressure, which is a result of frictional losses along the pipe
during the flow. The flow of water at a velocity of 0.3 m/s
through a straight pipe with a diameter of 8 mm and a length of

80 mm was also analyzed. The physical dimensions of this pipe
are shown in Figure 6. According to the velocity analysis results,
the velocity distribution of the water inside the pipe is
represented by a color scale. As shown in Figures 7-a and Figure
7-b, the highest velocity was observed at the center of the pipe,
while it decreased toward the edges. This is consistent with the
characteristics of laminar flow. In the vector velocity analysis,
local velocity variations along the pipe were observed, where
higher velocity regions are represented by red and yellow colors,
while lower velocity regions are represented by blue colors. The
pressure analysis revealed a pressure drop from the inlet to the
outlet of the pipe. As illustrated in Figure 7-c, the color scale
indicates a transition from high pressure to low pressure, which
is a result of frictional losses along the pipe during the flow. The
flow of water at a velocity of 0.3 m/s through a straight pipe with
a diameter of 10 mm and a length of 90 mm was also analyzed.
The physical structure of the pipe is visually presented in Figure
8. According to the flow analysis, the velocity distribution of the
water inside the pipe is notably higher at the center and lower
toward the edges. As shown in Figure 9-a, the vector velocity
analysis details the velocity variations along the pipe, with high-
velocity regions represented by red and yellow tones at the
center and low-velocity regions represented by blue tones
toward the edges. This demonstrates the laminar nature of the
flow. The velocity analysis results presented in Figure 9-b
provide a broader perspective on the overall velocity profile of
the water inside the pipe. It was observed that the water moves
faster at the center of the pipe, while the velocity decreases at
the edges due to friction. Pressure analysis results showed a
pressure drop from the inlet to the outlet of the pipe. As
depicted in Figure 9-c, the color scale clearly shows a transition
from high pressure (red) to low pressure (blue). This pressure
drop is evaluated as a natural result of frictional effects along
the pipe. In the comparison of the pipes in terms of their
diameters and lengths, it was observed that as the diameter
increased, the velocity profile became more homogeneous, and
pressure loss decreased. In the pipe with a 6 mm diameter, due
to the narrow cross-section, the velocity was concentrated at
the center and decreased significantly towards the edges. This
pipe experienced the highest-pressure loss. In the pipe with an
8 mm diameter, the velocity profile was more balanced, with a
smoother transition in velocity reduction at the edges. In the
pipe with a 10 mm diameter, the velocity distribution was the
most homogeneous, with a very slight decrease in velocity from
the center towards the edges. Moreover, this pipe exhibited the
lowest pressure loss among the three. In terms of length, as the
pipe length increased, frictional pressure losses also increased.
In the 70 mm long pipe, the pressure loss was limited due to the
short distance; however, the narrow diameter made friction
losses more pronounced. In the 80 mm long pipe, frictional
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effects became more apparent, but the velocity distribution
remained relatively balanced. In the 90 mm long pipe, the
highest frictional losses occurred; however, the wider diameter
mitigated the impact of these losses on the flow, resulting in a
more balanced velocity profile.

Overall, pipes with larger diameters and shorter lengths offered
lower pressure losses and more homogeneous velocity profiles,
providing more efficient flow characteristics. As the diameter
increased, the velocity distribution became more uniform, while
increased length led to higher frictional losses. Considering
these two factors together is essential for optimizing flow
performance.

5.2. Ansys Analysis for Bifurcation Pipe

The properties of bifurcation pipes analyzed with Ansys were
drawn with the SolidWorks program according to the data in
Table 3.

Table 3.
Characteristics of the pipe

s of
2 §¢ S % 3% 2
= 8g BQg g5 25 E
1 6 4 70 50 50
2 8 6 80 60 60
3 10 8 90 70 70

Figure 10.
Bifurcation pipe cross-sectional area

Figure 11.
Bifurcation pipe (Di=6mm, D2=4mm, L1=70mm, L2=50, ¢=50°)

Journal of Energy Trends 2024 1(2): 47-58

Figure 12.

a) Ansys vector velocity analysis for bifurcation pipe, b) Ansys
velocity analysis for bifurcation pipe (D1=6mm, D2=4mm,
L1=70mm, L2=50, #=50°), c) Ansys pressure analysis for
bifurcation pipe (D1=6mm, D2=4mm, L1=70mm, L2=50, p=50°)

Figure 13.
Bifurcation pipe (D1=8mm, D2=6mm, L1=80mm, L2=60, ¢=60°)
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Figure 14.

a) Ansys vector velocity analysis for bifurcation pipe, b) Ansys
velocity analysis for bifurcation pipe (D1=8mm, D2=6mm,
L1=80mm, L2=60, #=60°), c) Ansys pressure analysis for
bifurcation pipe (D1=8mm, D2=6mm, L1=80mm, L2=60, 3=60°)

Figure 15.
Bifurcation pipe (D1=10mm, D2=8mm, L1=90mm, L2=70,
@=70°)

yuft
AW

—<

Figure 16.

a) Ansys vector velocity analysis for bifurcation pipe, b) Ansys
velocity analysis for bifurcation pipe, c) Ansys pressure analysis
for bifurcation pipe

The flow of water at a velocity of 0.3 m/s through a pipe with an
inlet diameter of D=6 mm, outlet diameters of D,=4 mm, inlet
length of L1=70 mm, outlet lengths of L,=50 mm, and bifurcation
angle of @=50° was analyzed using Ansys. The physical
dimensions of the pipe are shown in Figure 11. The velocity
analysis results Figures 12-a and Figure 12-b illustrate the
velocity distribution of the water inside the pipe using a color
scale. A significant decrease in velocity was observed at the
bifurcation point due to the directional change in the flow and
the angular structure of the pipe. The velocity profile indicates
that the highest velocities occur in the inlet region and decrease
along the branches. Additionally, the 50° angle increased the

Journal of Energy Trends 2024 1(2): 47-58



turbulence level during flow direction change and caused local
velocity differences around the bifurcation point. These
differences are represented by red and yellow colors for high-
velocity regions and blue colors for low-velocity regions. The
vectorial analysis in Figure 12-a shows the directional
components of the flow. According to the analysis results, the
50° angle intensified the flow direction change at the bifurcation
point and increased the turbulence in this region. Due to the
turbulence, the flow did not distribute uniformly along the
branches, and higher velocities were observed in some areas.
The pressure analysis is shown in Figure 12-c. The results
indicate a pressure drop from the inlet to the outlets of the pipe.
This pressure drop is depicted using a color scale transitioning
from red to blue, reflecting the flow direction change and
friction losses caused by the 50° angle. The magnitude of the
angle led to fluctuations in both velocity and pressure, resulting
in an uneven pressure distribution at the outlets. The geometric
properties of another bifurcation pipe are shown in Figure 13,
where the pipe has an inlet diameter of D;=8 mm, outlet
diameter of D,=6 mm, inlet length of L,=80 mm, outlet lengths
of L,=60 mm, and bifurcation angle of p=60°. This design allows
for a directional flow change and provides the means to analyze
velocity and pressure profiles. The vectorial velocity distribution
of the flow, illustrated in Figure 14-a, demonstrates the
directional and magnitude components of the water velocity
inside the pipe using colored vectors. Higher velocities were
observed in the inlet region, while reductions in velocity
occurred at the bifurcation point due to the directional change.
Additionally, the bifurcation angle increased turbulence, causing
the flow to distribute unevenly along the branches. The velocity
distribution within the pipe, represented by a color scale in
Figure 14-b, highlights high-velocity regions in red and yellow
tones, while blue and green tones indicate low-velocity regions.
The analysis shows that maximum velocity occurs in the inlet
region, and a significant decrease is evident at the bifurcation
point. The 60° bifurcation angle intensified local velocity
differences and turbulence, with a gradual decrease in velocity
along the branches. The pressure distribution of the pipe is
depicted in Figure 14-c using a color scale transitioning from red
to blue. The results reveal high pressure in the inlet region, with
a notable decrease at the bifurcation point and along the
branches. This outcome is attributed to friction losses and the
directional change of the flow. The 60° angle caused pressure
fluctuations and resulted in an uneven pressure distribution at
the outlets. The geometric properties of a third bifurcation pipe
are shown in Figure 15. The pipe has an inlet diameter of D=10
mm, outlet diameter of D,=8 mm, inlet length of L,=90 mm,
outlet lengths of L,=70 mm, and a bifurcation angle of @=70°.
This design facilitates flow direction changes and provides a
detailed investigation of velocity and pressure profiles. The
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vectorial velocity analysis presented in Figure 16-a shows the
directional and magnitude components of the water velocity
using colored vectors. High velocities were observed in the inlet
region, while reductions in velocity occurred at the bifurcation
point due to directional changes. Additionally, the 70°
bifurcation angle increased turbulence, leading to uneven flow
distribution along the branches. Local velocity differences were
also observed due to the turbulence. The velocity distribution
represented in Figure 16-b uses a color scale to highlight high-
velocity regions in red and yellow tones, while blue and green
tones indicate low-velocity regions. The analysis confirms
maximum velocity at the inlet, with a significant reduction in
velocity at the bifurcation point. The 70° bifurcation angle
contributed to turbulence-induced irregularities in the velocity
profile, with a gradual reduction in velocity along the branches.
The pressure distribution of the pipe is illustrated in Figure 16-c,
where a transition from red to blue indicates a pressure drop
from the inlet to the outlets. High pressure is evident in the inlet
region, with a decrease at the bifurcation point and along the
branches. The 70° angle caused fluctuations in pressure due to
the flow direction change and friction losses, resulting in an
uneven pressure profile at the outlets.

5.3. Ansys Analysis for Trifurcation Pipe

The properties of trifurcation pipes analyzed with Ansys were
drawn with the SolidWorks program according to the data in
Table 4.

Table 4.
Characteristics of the pipe
£
-t
oo
- - £ g
% % 8E g
g n g n < E e € )
Q o o— = b [} )
o (=) [} T c
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Figure 17.

Trifurcation pipe cross-sectional area
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Figure 18.
a) Trifurcation pipe (D1=6mm, D2=4mm, L1=70mm, L2=50,

#=50°), b) Ansys vector velocity analysis for trifurcation pipe Figure 13.

a) Ansys velocity analysis for trifurcation pipe, b) Ansys pressure
analysis for trfurcation pipe

Figure 20.
Trifurcation pipe (D1=8mm, D2=6mm, L1=80mm, L2=60, #=60°)
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a
e cE e st
Figure 22.
Trifurcation pipe (D1=10mm, D2=8mm, L1=90mm, L>=70, ¢=70°)
b a

B—

C
Figure 21.
a) Ansys vector velocity analysis for trifurcation pipe, b) Ansys
velocity analysis for trifurcation pipe, c) Ansys pressure analysis
for trifurcation pipe
Figure 23.

a) Ansys vector velocity analysis for trifurcation pipe, b) Ansys
velocity analysis for trifurcation pipe, c) Ansys pressure analysis
for trifurcation pipe
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The design and analysis results of the trifurcation pipe have been
explained in detail. Figure 17 and Figure 18-a illustrates the
geometric properties of the trifurcation pipe. According to this
design, the inlet diameter is D1=6 mm the outlet diameter is
D2=4 mm, the inlet pipe length is L1=70 mm, the outlet pipe
length is L.=50mm, and the angle between the pipes is
@=50°.These dimensions are fundamental parameters used in
fluid dynamics analyses. The velocity vectors within the
trifurcation pipe were analyzed using ANSYS software, as shown
in Figure 18-b. The distribution of velocity vectors demonstrates
how the fluid is directed from the inlet towards the branches.
This analysis was conducted to examine the impact of the
trifurcation pipe design on flow performance. The direction and
intensity of the vectors clearly reveal the effect of the pipe
geometry on the flow. The results of the velocity analysis are
detailed in Figure 19-a. The color scale represents the velocity
values of the fluid. According to the analysis, the velocity is
higher at the inlet of the pipe and changes as it progresses
towards the branches. This velocity distribution indicates that
the fluid is effectively divided into the branches in accordance
with the pipe design, confirming the design’s ability to guide the
fluid. The pressure analysis is presented in Figure 19-b. In this
analysis, high-pressure values were observed at the inlet of the
trifurcation pipe, while the pressure gradually decreased across
the branches. The color distribution clearly demonstrates the
pressure drop from the inlet to the outlets. This phenomenon
highlights the energy loss and redistribution effect occurring
during the division of the fluid into the branches. Figure 20
illustrates the geometric properties of the trifurcation pipe. In
this design, the inlet diameter is D1=8 mm, the outlet diameter
is D2=6 mm, the inlet pipe length is L1i=80 mm, and the outlet
pipe length is L,=60 mm. The angle between the branches is
@=60°. These geometric parameters serve as the basis for fluid
dynamics analyses conducted in subsequent steps. The velocity
vectors inside the trifurcation pipe are analyzed and visualized
in Figure 21-a using ANSYS software. The vector plot
demonstrates the flow distribution and directional behavior of
the fluid as it enters the pipe and branches out. The vectors
highlight the influence of the pipe's geometry on the flow,
showing how the fluid transitions and adjusts within the
bifurcated structure. Figure 21-b presents the results of the
velocity distribution analysis. The color scale in the figure
represents the fluid velocity, with higher values concentrated at
the inlet and a gradual reduction as the flow progresses into the
branches. This velocity distribution indicates the efficiency of
the pipe design in directing and distributing the fluid evenly
across its outlets. The pressure distribution analysis is shown in
Figure 21-c. The results reveal high-pressure regions at the
pipe's inlet, with a consistent pressure drop as the fluid moves
through the pipe and into the branches. The color scale in the

figure clearly visualizes this gradient, emphasizing the energy
dissipation and redistribution effects occurring during the flow
division process. Figure 22 illustrates the geometric properties
of the trifurcation pipe. In this design, the inlet diameter is
D1=10 mm, the outlet diameter is D=3 mm, the inlet pipe length
is L1=90 mm and the outlet pipe length are L,=70 mm. The angle
between the pipes is @=70°.These measurements form the basis
for the fluid dynamics analysis conducted on the pipe. Figure 23-
a shows the velocity vectors within the trifurcation pipe,
analyzed using ANSYS software. The velocity vectors visualize
how the fluid is directed from the inlet toward the branches. The
density and direction of the vectors highlight the flow
distribution and behavior within the pipe based on its design.
This analysis aims to evaluate the pipe's effectiveness in
directing fluid flow. The velocity distribution analysis results are
presented in Figure 23-b. The color scale represents the velocity
values within the pipe. According to the analysis, the velocity is
higher at the inlet and decreases significantly as the fluid
progresses toward the branches. This indicates that the fluid is
effectively divided among the branches in line with the pipe's
geometry, demonstrating the design's efficiency in controlling
flow. Figure 23-c presents the pressure analysis results. The
analysis shows high pressure at the inlet, with a gradual
decrease across the branches. The color scale clearly illustrates
the pressure loss and redistribution as the fluid divides into the
branches.

6. Solutions with the help of Matlab

% Kullanicidan Girdi Alma

D = input('Boru capini girin (m): '); % Boru capi (m)

L = input('Boru uzunlugunu girin (m): '); % Boru uzunlugu (m)
u_avg = input( Ortalama hizi girin {(m/s): "); % Ortalama hiz (m/s)
rho = input(’Su yogunlugunu girin (kg/m*3): '); % Su yogunlugu (kg/m"3)
mu = input('Su dinamik viskozitesini girin (Pa-s): ');% Su wiskozitesi

% Hesaplamalar
R=D/ 2; % Borunun yaricapi (m)

% 1. Reynolds Sayisi Hesabi
Re = (rho * u_avg = D) / mu;
fprintf( \nReynolds Sayisi: %.2f\n', Re);

% 2. Darcy-Weisbach Basing¢ Diisisi
if Re < 2308

+ = 64 / Re; % Laminer akis icin sirtinme katsayisi
else

f = 8.879 = Re”(-B.25); % Tirbiilansl1 akis icin siirtiinme katsayisi|
end
Delta p = f * (L / D) * (rho * u_avg"2 / 2);
fprintf( ' Basin¢c Kaybi: %.2f Pawn’, Delta p);

% 3. Hiz Profili

u max = 2 * u_avg; % Maksimum hiz (m/s)

r = linspace(8, R, 18@); % Boru capi boyunca noktalar (m)
ur = umax * (1 - (r."2 / R*2)); % Hiz profili

% 4. Basing Dagilimi

x = linspace(9, L, 1@);

p@ = input( Giris basincini girin (Pa): "); % Giris basinci (Pa)
p_x = p@ - Delta_p * (x / L); % Basinc dagilim

% Boru uzunlugu boyunca noktalar (m)

% Sonuc¢larin Yazdirilmasi

fprintf( "Maksimum Hiz: %.2F m/s\n’, u_max);
fprintf( 'Strtinme Katsayisi: %.4f\n’, f);
fprintf( ' Cikis Basinci: %.2f Pa\n', p_x(end));

Figure 24.
Matlab codes for straight pipe
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% Kullanicidan Girdi Alma

D in = input('Giris borusu capi (m): ');

D_out = input( 'Cikis borusu capi (m): ");

L_in = input(’'Giris borusu uzunlugu (m): ");

L_out = input({'Cikis borusu uzunlugu (m): ');

theta = input{'Cikis acisi (derece): ');

u_in = input('Giris hizini girin (m/s): ");

rho = input(’Su yogunlugunu girin (kg/m"3): ');

mu = input('Su dinamik viskozitesini girin (Pa-s): ');

% Boru Kesit Alanlara
A in = pi * (D_in / 2)"2;
A out = pi * (D_out / 2)"2;

% 1. Reynolds Sayisi Hesabi
Re_in = (rho * u_in * D_in) / mu;
fprintf( ' Reynolds Sayisi (giris): %.2f\n', Re_in);

% 2. Hiz Dagilim ve Cikis Hizi Hesaba
u_out = u_in * (A_in / (2 * A _out));
fprintf( 'Cikis Hizi: #.2f m/s\n’, u_out);

% 3. Basing Kayba (Darcy-Weisbach)
if Re_in < 2300
f in = 64 / Re_in;
else
f_in = 8.879 * Re_in"(-8.25);
end
Delta p in = f_in * {(L_in / D_in) * (rho * u_in"2 / 2);
Delta_p_out = f_in * (L_out / D_out) * (rho * u_out"2 / 2);

fprintf('Giris Borusu Basing Kaybi: ¥.2f Pa\n', Delta_p_in);
fprintf('Cikis Borusu Basing Kaybi: %.2f Pa\n', Delta_p_out);

% Basing Dagilim

p@ = input('Giris basincini girin (Pa): ');
p_out = p@ - (Delta_p_in + Delta_p_out);
fprintf( 'Cikis Basinci: %.2f Pa\n', p_out);

Figure 25.
Matlab codes for bifurcation and trifurcation pipe

Conclusion

Straight pipes: As diameter increases (D=6,8,10 mm), velocity
becomes more uniform, and turbulence decreases. Smaller
diameters cause higher pressure drops due to friction, while
larger diameters reduce resistance. Longer pipes (L=70,90 mm)
slightly increase pressure drop, but larger diameters minimize
this effect.

Bifurcation pipes: Larger diameters (D=6,8,10 mm) and bigger
bifurcation angles (6=50°,70°) lead to smoother and more
uniform velocity distributions. Narrow pipes and sharper angles
result in abrupt pressure drops, whereas larger diameters and
smoother angles reduce pressure losses.

Trifurcation pipes: Increasing diameter (D=6,8,10 mm) spreads
velocity uniformly, reducing central concentration and
turbulence. Smaller diameters and shorter pipes exhibit the
highest-pressure drops. Larger diameters reduce resistance,
balancing flow and minimizing losses, even in longer pipes.

As a result, larger diameters (D=10 mm) and smoother
transitions (6=70°) increase flow uniformity, reduce turbulence
and minimize pressure drops. Smaller diameters and sharper
angles increase resistance and losses.
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Effect of Rectangular Flow Elements and Different Fluids Used on
Efficiency in High Emissivity Solar Collector

Yiksek Emisiviteli Glines Kollektorlerinde Dikd6rtgen Tarbilatorlerin ve
Kullanilan Farkli Akiskanlarin Verimlilige Etkisi

ABSTRACT

This study investigates the effects of turbulators (1, 5 and 9 per tube in a spiral arrangement) and
advanced matte black coatings that providing high emissivity (Black 2.0 and Black 3.0) on the
thermal performance of flat plate solar water heater (FPSWH) systems. It also evaluates the effect
of different heat transfer fluid (HTFs) (ethylene glycol, ammonia and water) at varying flow rates
using ANSYS-Fluent software for simulation. An experimental design approach based on Response
Surface Methodology (RSM) was used to optimize the system parameters for maximum efficiency.
The findings highlight the importance of optimizing absorber plate designs, improving heat transfer
mechanisms and integrating advanced materials to enhance FPSWH performance. The adoption of
solar water heaters not only reduces dependence on fossil fuels but also aligns with global
sustainability goals by reducing environmental impacts and addressing energy security concerns.
As solar energy continues to dominate renewable energy applications, hybrid technologies and
developments in FPSWH systems are critical to meet the growing global energy demand in a
sustainable manner.

Keywords: Solar energy, Optimization, FPSWH, CFD Analysis
0z

Bu calismada, turbulatérlerin (spiral sekildeki tiip basina 1, 5 ve 9) ve mat siyah kaplamanin (Black
2.0 ve Black 3.0) diiz plakal glines enerijili su isitici sistemlerinin termal performansi tzerindeki
etkileri arastirilmistir. Ayrica, similasyon icin ANSYS-Fluent yazilimi kullanilarak farkli akis hizlarinda
farkh 1si transfer sivilarinin (etilen glikol, amonyak ve su) etkisi degerlendirilmistir. Maksimum
verimlilik igin sistem parametrelerini optimize etmek amaciyla Ylzey Yanit Metodolojisi'ne (RSM)
dayali deneysel bir tasarim yaklasimi kullaniimistir. Bulgular, sogurucu plaka tasarimlarini optimize
etmenin, 1s1 transfer mekanizmalarini iyilestirmenin ve FPSWH performansini artirmak igin gelismis
malzemeleri entegre etmenin 6nemini vurgulamaktadir. Glnes enerjili su isiticilarinin
benimsenmesi yalnizca fosil yakitlara olan bagimliligi azaltmakla kalmaz, ayni zamanda gevresel
etkileri azaltarak ve enerji giivenligi endiselerini ele alarak kiresel sirdurilebilirlik hedefleriyle de
uyumludur. Glines enerjisi yenilenebilir enerji uygulamalarina hakim olmaya devam ederken, hibrit
teknolojiler ve FPSWH sistemlerindeki gelismeler, bliyliyen kiresel enerji talebini strdirtlebilir bir
sekilde karsilamak igin kritik 6neme sahiptir.

Anahtar Kelimeler: Glines enerijisi, Optimizasyon, FPSWH, CFD Analizi
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Introduction

A substantial amount of energy is consumed for water heating
in hospitals, residential applications, and various industries.
Conventional energy sources, such as coal, natural gas, and oil,
are widely used around the world to meet energy demands.
However, the usage of these energy sources for water heating is
extensive, leading to greenhouse gas emissions that contribute
to environmental pollution and climate change. Furthermore,
the depletion of fossil fuels has become a growing concern. To
reduce the consumption of fossil fuels, various renewable
energy sources are considered viable alternatives (Jamar et al.
2016; Ozakin & Kaya, 2020).

In developing countries, solar energy is a prominent alternative
in numerous industrial and manufacturing sectors to reduce
fossil fuel consumption and mitigate environmental impact.
Solar water heating (SWH-Solar Water Heater) is an effective
method of utilizing solar energy to produce hot water or steam
for industrial heating and polygeneration. When selecting solar
thermal collectors, factors such as energy requirements,
required temperature range, and system economics are
significant. Among various solar thermal collectors, flat plate
solar water heaters (FPSWH) are widely utilized due to their
simple construction, smooth operation, low maintenance
needs, and cost-effectiveness (Vengadesan et al. 2020).

However, the thermal efficiency of the FPSWH (Flat Plate Solar
Water Heater) system is a critical factor in designing an
economically viable SWH system. The more cost-effective the
system, the lower its efficiency tends to be, while higher
efficiency may lead to a greater total annual cost (TAC). In
renewable energy utilization, the energy payback period (EPBP),
which measures the time required for a solar system to recover
the energy invested in its construction, is an important factor. A
thermoeconomic FPSWH system can achieve reduced TAC and
improved collector efficiency.

As global energy demand continues to rise due to population
growth, industrialization, and improved living standards, solar
energy remains the most widely used renewable energy source,
being environmentally friendly, economically advantageous,
clean, and carbon-free (Bazri et al. 2019). Solar thermal
applications are especially common for domestic and industrial
water heating purposes due to their simplicity and effectiveness
(Li et al. 2017; Abuska, 2018; Bazri et al. 2019).

Solar water heaters (SWH) are commonly employed in both
industrial and residential sectors to reduce the consumption of
conventional fuels by preheating water. Two popular types of
solar water heaters are the Flat Plate Solar Water Heater
(FPSWH) and the Evacuated Tube Collector (ETC) solar water
heater. The ETC utilizes double glass pipes with an inner heat
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pipe to absorb solar radiation, and its heat loss is minimized by
evacuating the space within the tube (Li et al., 2020). FPSWH is
a widely used collector, designed to provide temperatures
between 50-100 °C. The thermosiphon FPSWH operates on
natural water circulation due to the thermosiphon effect, while
the forced circulation FPSWH uses a pump in a closed-loop
system. According to Diego-Ayala and Carrillo (2016), the forced
circulation system generally performs better in terms of daily
energy efficiency due to forced convection.

Various methods have been explored to improve FPSWH
efficiency. Enhancements include optimizing the optical
properties of absorber materials, adding more glass covers to
reduce heat loss, and using polymer absorbers or nanofluids as
heat transfer fluids (HTFs). Additionally, new absorber plate
designs, mini and micro channels for fluid flow, and energy
storage integration have been shown to improve performance
(Pandey & Chaurasiya, 2017).

FPSWH systems traditionally suffer from low thermal efficiency
due to poor heat transfer between the absorber and HTF. To
address this, both active and passive methods are employed.
Passive methods focus on enhancing heat transfer in absorber
tubes, using devices such as twisted tape (Sandhu et al., 2014),
wire coil inserts (Garcia et al. 2013), vortex generators (Silva et
al. 2019; Wang et al. 2019), and other flow inserts to create
turbulence and improve fluid mixing. Additionally, different
nanofluids (e.g., aluminium oxide/water, CuO/water, and
SiO,/water) have been studied to enhance heat transfer and
increase the efficiency of water heaters (Boyaghchi &
Montazerinejad, 2016; Said et al. 2016; Shojaeizadeh & Veysi,
2016).

Integrating Thermal Energy Storage (TES) with FPSWH allows
solar energy to be stored for use during evening hours,
significantly boosting overall efficiency (Bazri et al. 2019). The
thermal performance of solar water heaters thus involves
optimizing absorber designs, heat transfer fluids, thermal
energy storage, and improving heat transfer mechanisms.

Another research area is hybrid solar energy systems that
combine solar thermal and photovoltaic (PV) technologies.
While solar thermal and PV technologies are well-
commercialized, the hybrid solar thermal-PV system, which
simultaneously provides hot water and electricity, is still under
extensive research and development. Although only a few
studies have been published on this hybrid system, many
researchers are working toward its commercialization (Michael
& Iniyan, 2017).

Due to the depletion of conventional energy sources and their
adverse environmental impacts, the adoption of renewable
energy for water heating has become increasingly critical. Solar



energy emerges as a prominent alternative, particularly in
developing countries, where it is widely applied in industrial and
residential sectors. Flat plate solar water heaters (FPSWH) are
commonly utilized due to their simplicity, cost-effectiveness,
and low maintenance requirements. However, improving the
efficiency of these systems has driven innovations such as
advanced heat transfer fluids (e.g., nanofluids), optimized
absorber plate designs, and the integration of thermal energy
storage. Furthermore, hybrid technologies that combine solar
thermal and photovoltaic systems are gaining attention for their
ability to simultaneously produce hot water and electricity.
These advancements aim to enhance energy efficiency and
reduce reliance on fossil fuels, contributing to sustainable
energy solutions.

In this study, the effects of adding different numbers (1-5-9 for
a single pipe of the spiral) of elements that create local
turbulence in the flow (turbulators) and the matte black coatings
Black 2.0 and Black 3.0 on the flat plate solar collector on the
system performance has investigated. Additionally, in this
research, the effects of different fluids (Ethylene glycol,
Ammonia and Water) and their flow rates on system
performance were evaluated using ANSYS-Fluent software. In
this article, variable parameters were also optimized by making
an experimental plan with the Response Surface (RSM)
experimental optimization method.

Material and Methods

In this study, which was conducted to heat the domestic water
more effectively by using solar energy, simulations were
performed with three different numbers of rectangular
turbulators, three different absorbency coatings, three different
heat transfer fluids and three different flow rates. The
geometries in which the analyses were made are shown in
Figure 1.

In the experiments designed with the Response Surface
experiment optimization method, solutions were made by
creating mesh elements for the geometries given in Figure 1. In
this step, the analyses were first made by starting with a mesh
element number of around 250,000 and were progressed in
iterations, resulting in the fluid outlet temperature converging
to a certain value. As a result, analyses were made by obtaining
approximately 555,000 mesh elements and 0.945 "Orthogonal
Quality" before starting the analyses. The mesh network
structure used in the relevant analyses is shown in Figure 2.

In the model where the mesh structure is seen in Figure 2, the
aluminum pipe is fixed to the copper plate. It is noticeable that
the mesh structure on the plate is denser in the parts where the
rectangular fins placed in the aluminum pipe to increase the

turbulence of the flow and increase heat transfer. Analyses were
performed with pressure based, k-epsilon turbulence model and
under steady state conditions.

(a)

Figure 1.
Cases with 1, 5 and 9 rectangular turbulators on the pipe. a: 1
turbulator, b: 5 turbulators, c: 9 turbulators.

Figure 2.
Cell structure of mesh elements used in the analysis.

The Response Surface Method was used to determine the
experimental design and optimum parameter values. This
method is a common method used to determine the variable
parameters and parameter values affecting the result variable.
In the Response Surface Method, after the problem is first
determined, the variable parameters and the result variable are
determined. After the parameter levels are determined, the
appropriate experimental design is selected. After the
experiments are carried out according to the experimental
design, the accuracy of the design is tested with variance
analysis. Finally, the optimum parameters and their values are
determined (Oztiirk et al. 2023). The selected experimental
parameters and values are shown in Table 1.
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Table 1.

Design parameters and levels.
Parameters Levels

Low Middle High

Number of 1 5 9
Turbulators
Flow rate (kgh) 50 100 150
Fluid Water Ammonia Ethylene

Collector type Standard  Black 2.0 glycol

Black 3.0

Results And Discussion

In the numerical study, the optimum parameters affecting the
thermal efficiency of the flat plate solar collector were
determined. In the analysis, the fluid type, collector type, fluid
flow rate and turbulator number were determined as variable
parameters. The experimental design and analysis were carried
out using the Minitab 18 program. The experimental design was
determined with the "Central composite" approach using the
response surface method. The experimental design and heat
values created for the heat energy obtained from the solar
collector are given in Table 2.

As a result of the variance analysis performed for the heat
energy obtained from the collector. the R2 value was
determined as 99.99% and R2adj as 99.97%. R2 expresses the
accuracy of the experimental design and the R2adj value is the
corrected squares value obtained by removing the insignificant
values. The fact that the R2 and R2adj values are close to each
other and to 100% indicates that the experimental design and
results are significant (Oztiirk et al. 2023). When the R2 values
obtained as a result of the analysis are examined. it is seen that
the design used is significant. The effect rates of the variable
parameters on the amount of heat obtained from the collector
are given in Table 3.

When the variance analysis table is examined. it is seen that the
parameters with a P-value less than 0.005 are the main effects
of flow rate. number of turbulators and fluid. This shows that
the parameters in question have a significant effect on the result
variable. It is seen that the parameter that affects the result
variable the most is the fluid fluid type with 56.48%. The result
variable is affected by the collector type with 1.20%.

Figure 3 shows the Pareto chart showing the parameters
affecting the heat energy obtained from the collector (the result
variable) in the form of a column chart. In the Pareto chart. the
columns passing the reference line (2.12 in this study) are
effective on the result variable. When the Pareto chart is
examined. it can be said that in addition to the main effects of
fluid type and collector type. the square effect of the fluid type
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and the combined effect of fluid type and collector type are the
parameters affecting the result variable.

Term 31

G
cC

D
cD
DD
BB
AA
AD
AC

A
AB Factor Name

B | A Flow rate
BC f B Number of Turbulators
C Fluid

BD : D Collector type

0 50 100 150 200 250
Standardized Effect

Figure 3.
Pareto chart for heat energy obtained from the collector.

Figure 4 shows the contour graph of the number of turbulators
and flow rate for the Black 3.0 collector and Ammonia. It is seen
that the maximum amount of heat obtained from the solar
collector for the Black 3.0 collector and Ammonia is at a collector
with 1-9 turbulators and a flow rate of 100 kgh™.

Q (Watt)

< 96.80

W 96.80 - 96.82
96.82 - 96.84
96.84 - 96.86
B 96.86 - 96.88
I 96.88 - 96.90
= > 96.90

Hold Values
Fluid
Collector type 3

Number of Turbulator

100
Flow rate

Figure 4.
Number of turbulators vs flow rate graph for Black 3.0 collector
and ammonia.

Figure 5 shows the flow-fluid contour graph for the Black 3.0
collector and the 9-turbulator collector. When the graph is
examined. it is seen that the highest heat energy is in Ammonia.
Also. the amount of heat obtained with the change in flow rate
has not changed.

Figure 6 shows the flow-collector type contour graph for
Ammonia and 9 turbulators. When the graph is examined, it is
seen that the amount of heat obtained from the collector
increases as the flow rate increases. It is seen that the maximum
amount of heat obtained from the solar collector for the 9



turbulator collector and Ammonia is Black 3.0 collector type and

150 kg/h flow rate.
Table 2.
Experimental plan and Q values.
Flow rate ((Lh'Y)  Number of Fluid Collector Type Q(watt)
Turbulators
50 1 Water Black 3.0 59.31
50 9 Liguid ammonia Black 3.0 97.01
100 5 Ethylene glycol Black 2.0 51.05
50 9 Liguid ammonia Standard 90.14
150 1 Liguid ammonia Black 3.0 96.94
100 5 Ethylene glycol Black 2.0 51.05
50 5 Ethylene glycol Black 2.0 50.85
100 5 Ethylene glycol Black 2.0 51.05
50 1 Liquid ammonia Black 3.0 97.01
150 1 Water Standard 55.08
100 1 Ethylene glycol Black 2.0 51.05
50 9 Water Black 3.0 59.32
100 5 Ethylene glycol Black 2.0 51.05
150 9 Liquid ammonia Standard 90.20
50 1 Liquid ammonia Standard 90.14
100 5 Ethylene glycol Black 3.0 53.19
150 9 Water Black 3.0 59.26
150 5 Ethylene glycol Black 2.0 51.02
100 5 Ethylene glycol Standard 49.44
100 5 Ethylene glycol Black 2.0 51.05
50 9 Water Standard 55.13
100 5 Liquid ammonia Black 2.0 93.04
150 9 Water Standard 55.08
150 1 Liguid ammonia Standard 90.20
50 1 Water Standard 55.13
100 5 Ethylene glycol Black 2.0 51.05
100 5 Water Black 2.0 56.94
100 9 Ethylene glycol Black 2.0 51.05
150 1 Water Black 3.0 59.26
100 5 Ethylene glycol Black 2.0 51.05
150 9 Liquid ammonia Black 3.0 96.94
Ammonia, Q Black3.0 Py
(Watt) ™ < 300
& 70 B 30 a0
“ -
H 9% B 500 - 550
W = > 550
Number of Turbulators 9 Hold Values
Collector type Number of Turbulator 9
::::‘:fng Black2.0 s
e ' 100 : 150 ot 100
Flow rate Flow rate
Figure 5. Figure 6.
Flow rate-fluid graph for standard collector and 9 turbulators. Flow rate - collector type chart for ammonia and 9 turbulators.
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Table 3.
Variance analysis for heat energy obtained from the collector.

Source DF SeqSS  Contribution Adj SS Adj MS F-Value P-Value
Model 14 10524.4 99.99% 10524.4 751.74 8507.43 0.000
Linear 4 6071.6 57.68% 6071.6 1517.91 17178.10 0.000
Flow rate 1 0.0 0.00% 0.0 0.00 0.00 0.960
Number of Turbulators 1 0.0 0.00% 0.0 0.00 0.00 1.000
Fluid 1 5945.2 56.48% 5945.2 5945.16 67281.00 0.000
Collector Type 1 126.5 1.20% 126.5 126.48 1431.42 0.000
Square 4 4445.9 42.24% 4445.9 1111.47 12578.42 0.000
Flow rate*Flow rate 1 2416.9 22.96% 0.0 0.01 0.07 0.791
Tu':t‘l:?abtzrr:f Turbulators*Number of 1 3739 3.55% 0.0 0.01 0.13 0.719
Fluid*Fluid 1 1654.8 15.72% 1495.8 1495.76 16927.36 0.000
Collector Type*Collector Type 1 0.3 0.00% 0.3 0.29 3.32 0.087
2-Way Interaction 6 6.9 0.07% 6.9 1.15 13.00 0.000
Flow rate*Number of Turbulators 1 0.0 0.00% 0.0 0.00 0.00 1.000
Flow rate*Fluid 1 0.0 0.00% 0.0 0.00 0.04 0.848
Flow rate*Collector Type 1 0.0 0.00% 0.0 0.00 0.05 0.827
Number of Turbulators*Fluid 1 0.0 0.00% 0.0 0.00 0.00 1.000
Number of Turbulators*Collector Type 1 0.0 0.00% 0.0 0.00 0.00 1.000
Fluid*Collector Type 1 6.9 0.07% 6.9 6.88 77.90 0.000
Error 16 1.4 0.01% 1.4 0.09
Lack-of-Fit 10 1.4 0.01% 1.4 0.14
Pure Error 6 0.0 0.00% 0.0 0.00
Total 30 10525.8 100.00%
amount of heat obtained from the solar collector for a flow rate
B P of 100 kg/h and Black 3.0 collector is in the collector with
<60 .
60 - 70 ammonia.
W70 - 80
- Y Figure 8 shows the collector type-turbulator contour graph for
P it 100 kg/h flow rate and ammonia. It is seen that the maximum
::::;Iene o R amount of heat obtained from the solar collector for 100 kg/h
flow rate and ammonia is with the Black3.0 collector.
Figure 9 shows the collector type-fluid contour graph for 100
kg/h flow rate and 9 turbulators. It is seen that the maximum
heat amount obtained from the solar collector for 150 kg/h flow
Water _ | rate and ammonia is with Ammonia and Black3.0-Standard
1 Number ofSTurbuIator ’ collector.
Figure 7. Figure 10 shows the optimum parameter values. The sharper the

Fluid type-turbulator number graph for 100 kg/h flow rate and
Black 3.0 collector.

Figure 7 shows the contour graph of the number of fluid-
turbulators for a flow rate of 100 kg/h and Black 3.0 collector.
Changing the number of turbulators did not change the amount
of heat obtained from the collector. It is seen that the maximum
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curves change in this graph. the more effective it is on the result
variable. When the graph is examined, it is seen that the
parameters that affect the result variable the most are the fluid
type and the collector type. Flow rate and Number of turbulators
did not make a big difference on the amount of heat obtained
from the collector. y (96.9112) represents the maximum heat



energy obtained from the collector. Red lines show the optimum
parameter values. As a result. the optimum parameter values for
maximum collector efficiency were determined as 100 kg/h flow
rate. 9 turbulator numbers. ammonia fluid type and Black 3.0.

Flow rate 100
Flui
Black2.0 LEL.

Standard

Black3.0 Q Waty)
[ ] < 9

W o- R

W %2 - 93

93 - 94

W4 95

W95 - 9%

] > 96

Hold Values

1 ) 5 i 9

Number of Turbulator

Figure 8.
Collector type-turbulator number graph for 100 kg/h flow rate
and ammonia.

Black3.0
Q
(Watt)
< 50
50 - 60
|60 - 70
70 - 80
80 - 90
H >%
Hold Values
Flow rate 100
Number of Turbulators 9
Black2.0
Standard

Water Ethylene Ammonia
glycol

Figure 9.
Collector type-fluid chart for 100 kg/h flow rate and 9
turbulators.

Optimal Flow rate Number of Turbulators Fluid Collector Type
High 1500 90 30 30
Cur 197.4747) [9.0] [3.0] [3.01
Predict  Low 500 10 10 1.0
I

Q (Watt)
Maximum
y=969112

Figure 10.
Optimum parameter values for maximum heat energy obtained
from the collector.
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The Emittance and Absorptance of External Surfaces Values Effect for
Payload Panels on Geostationary Orbit Satellite: Thermal Analysis Studies

Yereduragan Yériinge Uydusu Uzerindeki Gérev Yiikii Panelleri icin Dis
Yizeylerin Yayilimi ve Emilimi Degerlerinin Etkisi: Isil Analiz Calismalari

ABSTRACT

One of the most important parameters in the dimensioning stages of communication satellites is
the calculation of the areas where the heat to be released into space is located. The satellite
thermal control system calculates these areas. Thermal analyses are performed for the north and
south panels where the payload equipment is located in three-axis geostationary satellites. It is
important to calculate these areas where the heat to be released into space is located correctly. In
this study, thermal analysis calculations were performed for a three-axis geostationary satellite
with an area of 1 to 10 m?. In the calculations, the absorptance of external surfaces at the end of
the satellite's life was calculated by considering 0.27. The radiator area temperature was taken as
30 °C in the calculations.

Keywords: Geostationary orbit, satellite, thermal analysis.
0z

Haberlesme uydularinin boyutlandirilmasi asamalarinda en énemli parametrelerinden bir tanesi
uzaya atilacak olan isinin yer aldigi alanlari hesaplanmasidir. Uydu isil kontrol sistemi bu alanlar
hesaplamaktadir. Ug eksenli yereduragan uydularda faydali yiik ekipmanlarin yer aldigi kuzey ve
gliney panelleri igin 1sil analizler yapilmaktadir. Uzay ortamina atilacak isinin yer aldigi bu alanlari
dogru bir sekilde hesaplanmasi 6nem arz etmektedir. Bu ¢alismada, 1 ile 10 m?'lik bir alana sahip
lg eksenli yere duragan bir uydu igin 1sil analiz hesabi yapilmistir. Hesaplamalarda uydunun émri
sonundaki ylizey sogurulma katsayisi 0.27 g6z 6nine alinarak hesaplanmistir. Hesaplamalarda
radyator alan sicakhigi 30 °C olarak alinmistir.

Anahtar Kelimeler: Yereduragan yoériinge, uydu, isil analiz.

Introduction

Radiator areas for heat dissipation have existed since the first satellite mission. With the
increasing heat generated by electronic equipment with the development of technology, the
optimization of radiator areas has become an important subject of study in space technology in
recent years. Especially in various planetary missions, the design of radiator areas where heat
rejection occurs is carried out by thermal control workers as high efficiency, low mass and
deployable as possible.

The importance of radiator areas has been realized due to the increase in radiator areas together
with the increase in heat loads produced by electronic equipment in satellite. Consequently,
pioneering studies were initiated in 1968 to investigate the role of radiator areas on the structural



subsystem in spacecraft applications (Cockfield, 1968). In the
study, studies were conducted on the optimization of mass,
which is one of the most important criteria of the structural
subsystem, together with the increase in the radiator area.
Important studies have been conducted on the optimization of
radiator areas as a thermal subsystem in recent years (Curran &
Lam, 1996; Krikkis & Razelos, 2002; Hull et al. 2006; Kim et al.
2015). Chiranjeevi et. al (2023) conducted a comprehensive
study that incorporated numerical simulations, experimental
investigations, and optimization of hybrid space thermal
radiators, resulting in a substantial reduction in mass from 6.8
kg to 4.3 kg. Liu et al. (2016) investigated the degradation
characteristics of two thermal control coatings, employing a
winner process to model the degradation of absorptivity. The
degradation modeling method is accurate, and the results
provide insight into the life prediction and thermal design
optimization of LEO satellites. Shen et al. (2024) conducted
thermal analysis throughout the satellite development process
based on modeling and simulations. Bulut and Sozbir (2015)
investigated the temperature for different solar panel
combinations in a 1U CubeSat. Bulut et al. (2010) modeled
CubeSat and the thermal analysis was performed by using
ThermXL spreadsheet-based thermal analysis tool. S6zbir and
Bulut (2009) ensure that the electronics in the payload panel
remain at appropriate temperatures by calculating the radiator
area. Arslantas et al. (2017) conducted a study in which they
analyzed the surface temperatures for communication satellites
based on thermal uncertainty values. The necessity of thermal
analysis for geostationary and nanosatellites has been widely
recognized, and significant research efforts have been dedicated
to developing methods for maintaining internal satellite
temperatures within acceptable limits (Sozbir et al. 2008; Bulut
et al. 2008; Bulut et al. 2017; Bulut & Sozbir, 2021).

Geostationary  satellites in  geostationary orbit are
approximately 36,000 km away from the Earth. Mostly, they are
designed by satellite manufacturing companies with three axes.
Heat rejection to space in three-axis geostationary satellites is
done using radiator areas located on the north and south panels.
Figure 1 shows a three-axis geostationary satellite (Coskun et al.
2016). The north and south panels where the heat is released
are covered with optical solar reflectors (OSR). OSR’s are
materials with high surface emission coefficients and low
surface absorption coefficients.

In this study, thermal analysis of the heat rejection capacity to
space from the radiator areas in the panels where the payload is
located in three-axis geostationary satellites was performed
analytically.

>
7

.
South OsrR

Solar Array "
P Y ' North OsR

~

Solar Array

Figure 1.
Three-axis geostationary satellite (Coskun, Bulut & S6zbir, 2016).

Material and Methods

Thermal Analysis Model

In the thermal analysis model of the satellite, OSR’s and thermo-
optic values are important. Radiator areas and OSR’s attached
to external surface of the satellite provide heat to be released
into space. In the calculation of radiator areas, the worst cases
such as maximum heat transfer, maximum solar radiation end-
of-life (EOL) thermo-optic properties are taken into
consideration (Bulut et al. 2008; Sozbir et al. 2008; Sozbir &
Bulut, 2009; S6zbir et al. 2010). In the thermal analysis model of
satellites, the heat absorbed by the satellite with radiation and
the heat emitted by the satellite must be balanced (energy
balance). The energy balance is shown in Figure 2.

Eaviromental heat loads
A*a*(solar+albedo), A*¢*(IR)

Reradiated energy

]
ol 2
h

~d
~“d
N
Que

Eaviromental heat loads +EQu =Reradiated energy _
(Steady state)

Figure 2.
Energy balance in a three-axis geostationary satellite (Bulut &
Sézbir, 2023).

The energy balance in three-axis geostationary satellites is
obtained by the following equation.

Qs + Q4+ Qp + Qinc = QSurface (1)

The internally dissipated power is Q;, and the environmental
heat loads associated with solar, albedo, and Earth are Qg, Qg4,



and Qg. The amount of heat rejected from the satellite’s
radiator surface is Qgyrface-

(AqstAgq oo+ A4qe+0, = ’4xur/‘ac(9-(7;4 _7;4 )e 2)

The left side of the equation shows the absorbed heat, the right
side shows the heat emitted by the satellite. The firstand second
terms on the left side of the equation show the net absorbed
heat, and the third term shows the operating heat load (heat
produced by the elements in the satellite). Ag, A4, and Agare
the surface areas related to direct solar, reflected (albedo) and
directly emitted infrared radiation from the earth. qg, q4, and
qrare the heat fluxes from direct solar, reflected (albedo) and
directly emitted infrared radiation from the earth. the
absorptance of external surfaces is shown as a and the
emittance of external surfaces as € in equation (1). In three-axis
geostationary satellites, the absorptance of external surfaces
values range between 0.24 and 0.27 at EOL of the satellite. In
this study, the absorptance of external surfaces (a) is taken as
0.27 in the calculations. The changes in the absorptance of
external surfaces values depend on the time the satellite is in
space, the location of the OSR’s on the satellite, and pollution
from external environments (Karam, 1998; Gilmore, 2002).
Satellite manufacturers calculate the surface absorption
coefficient values at the end of the satellite's life by taking into
account the satellites they have previously sent into space. The
emittance of external surfaces € was calculated by taking 3
different values as 0.80, 0.85 and 0.90. In order calculate the
radiative areas, 30 °C were chosen because the most of the
electronic equipment in the spacecraft considered the
qualification temperature of 65 °C.

Results

Table 1 shows the heat values rejected to space. For a radiator
area of 1 m?, a radiator temperature of 30 °C and a surface
emission coefficient of 0.9, the amount of heat to be rejected is
calculated as 431 W. For a radiator area of 10 m?, a radiator
temperature of 30 °C and the emittance of external surfaces of
0.9, the amount of heat to be rejected is calculated as 4310 W.
The heat absorbed by the north and south payload panels are
given in Tables 2, and 3.

Table 2 shows the total heat absorbed by the north payload
panels (solar and electronic equipment) in the case that the
radiator temperature is 30°C and the absorptance of external
surfaces is 0.27. For the north panel radiator area of 1 m? and
the emittance of external surfaces of 0.9, the total absorbed
heat is calculated as 348 W. For the north panel radiator area of

10 m? and the emittance of external surfaces of 0.9, the total
absorbed heat is calculated as 3480 W.

Table 1.

Heat released into space (30 °C)
Total Q(w)
Area
(m?) €=0.8 €=0.85 €=0.9
1 383 407 431
2 766 814 862
3 1149 1221 1293
4 1532 1628 1724
5 1915 2035 2155
6 2299 2442 2586
7 2682 2849 3017
8 3065 3256 3448
9 3448 3663 3879
10 3831 4070 4310

Table 2.

North payload panel absorbed heat value (radiator area
temperature 30 °C)

North North Panel @ 30 °C, a=0.27
Panel s Qint(w) Qint(W) Qint (W)
Area

(m?) (w) @£=0.8 @£=0.85 @£=0.9
1 143 293 321 348

2 286 587 641 696

3 428 880 962 1044

4 571 1174 1283 1392

5 714 1467 1603 1740

6 857 1761 1924 2088

7 999 2054 2245 2436

8 1142 2347 2566 2784

9 1285 2641 2886 3132
10 1428 2934 3207 3480

Table 3 shows the total heat absorbed by the south payload
panels (solar and electronic equipment) in the case that the
radiator temperature is 30°C and the absorptance of external
surfaces is 0.27. For the south panel radiator area of 1 m? and
the emittance of external surfaces of 0.9, the total absorbed
heat is calculated as 338 W. For the north panel radiator area of
10 m? and the surface emission coefficient of 0.9, the total
absorbed heat is calculated as 3381 W.
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Table 3.
South payload panel absorbed heat value (radiator area
temperature 30 °C)

South South Panel @ 30 °C, a=0.27

:*:::' e W anw) Qune (W)

(m?) @e=0.8 @£=0.85 @<=0.9

1 153 284 311 338

2 305 567 622 676

3 458 851 932 1014

4 611 1134 1243 1352

5 763 1418 1554 1690

6 916 1701 1865 2028

7 1069 1985 2176 2366

8 1221 2268 2486 2704

9 1374 2552 2797 3043

10 1527 2835 3108 3381
Conclusions

In this study, the focus was on the calculation of heat rejection
capacity in three-axis geostationary satellites, with specific
attention given to the consideration of radiator areas. The
lowest recorded heat rejection was determined to be 293 W, a
figure achieved under conditions where the radiator
temperature was set at 30°C, the radiator panel area was
measured at 1 m?, and the emittance of external surfaces was
set at 0.8. Conversely, the maximum heat rejection was
determined to be 3480 W under conditions of a radiator
temperature of 30°C, a radiator panel area of 10 m?, and an
external surface emittance of 0.9.

The analytical calculation revealed a positive correlation
between the emittance of external surfaces and the increase in
heat rejection. Therefore, in order to achieve effective heat
rejection in satellites, it is recommended that the optical solar
reflector material be selected with a high emittance of external
surfaces as a priority.
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Industrial Tea Waste and Energy Potential
Endistriyel Cay Atigi ve Enerji Potansiyeli

ABSTRACT

Tirkiye is ranked seventh in the world in tea cultivation and tea cultivation is carried out only in
the cities of Rize, Trabzon, Artvin, Giresun and Ordu. The annual production amount of tea is 1.357
million tons and the highest cultivation rate is 67% in Rize City and the lowest is 2% in the Giresun-
Ordu region. The tea plant harvested from the field is processed in state or private tea factories.
The product obtained as a result of this process is defined as tea, and the remaining parts consisting
of fiber, garbage and dust are defined as industrial tea waste (ITW). It is a big problem for both
growers and tea operators due to the same harvest time of the tea plant in all cities, the high
potential of tea cultivation in the region and the lack of suitable land structure for the disposal of
ITW. Removing ITW from the factory environment during the production period and adding to the
country's economy as an energy source is important in terms of sustainable energy.

In the study prepared with 2023 statistical data, the energy potential that can be obtained by
directly burning ITW formed after tea production in factories was examined. As a result, it was
found that 1.06e9 MJ of electrical energy and 1.06e9 MJ of thermal energy would be obtained
annually if ITW in Tiirkiye were burned directly in the cogeneration system.

Keywords: Biomass energy, direct burning, energy potential, industrial tea waste.

0z

Tirkiye Cay yetistiriciligi siralamasinda Diinyada yedinci siradadir ve gay yetistiriciligi sadece Rize,
Trabzon, Artvin, Giresun ve Ordu sehirlerinde yapiimaktadir. Yillik Gretim miktari 1.357 milyon ton
olan gayin en ylksek yetistiricilik %67 oranla Rize ilinde, en az da %2 ile Giresun-Ordu bdélgesinde
yapilmaktadir. Tarladan hasat edilen cay bitkisi devlet veya 6zel ¢cay fabrikalarinda islenir. Bu proses
sonucunda elde edilen iriin ¢ay, geride kalan lif, ¢op ve tozdan olusan kisimlar da endiistriyel cay
atig1 (ECA) olarak tanimlanmaktadir. Cay bitkisinin tiim illerde ayni hasat zamanina sahip olmasi,
bolgede ¢ay tarimi potansiyelinin yliksek olmasi ve ECA’nin imha edilmesi i¢in uygun arazi yapisinin
olmamasi hem diireticiler hem de cay isletmecileri icin biiyiik bir sorundur. Uretim déneminde
ECA'nin fabrika ortamindan uzaklastirimasi ve enerji
kazandirilmasi suirdiriilebilir enerji agisindan énemlidir.

kaynagl olarak ilke ekonomisine

2023 istatistik verileri ile hazirlanan ¢alismada, fabrikalarda gay Uretimi sonrasi olusan ECA’nin
dogrudan yakilmasiyla elde edilebilecek enerji potansiyeli incelendi. Sonug olarak, Tirkiye'deki
ECA'nin dogrudan kojenerasyon sisteminde yakilmasi durumunda yilda 1,06e9 MJ elektrik enerjisi
ve 1,06e9 MJ termal enerji elde edildigi bulundu.

Anahtar kelimeler: Biyokiitle enerjisi, direk yakma, enerji potansiyeli, endiistriyel ¢ay atig|.



Introduction

The most important effect of developing technology is
undoubtedly the increasing living standards. The most obvious
result of the growing population and rising living standards is the
increasing energy consumption. The increase in energy
consumption threatens the existence of societies due to
environmental effects such as greenhouse gases and the
decreasing amount of reserves. As a result, the condition of
society's continuity is possible with the use of energy sources
that do not harm the environment and do not have a reserve
problem.

Today, instead of fossil-based non-renewable energy sources
that have been actively used from the past to the present due to
their high energy potential, the use of environmentally friendly
and highly renewable energy sources is rapidly becoming
widespread. The use of renewable energy sources varies
according to the accessibility of countries to resources. While
hydraulic, and solar energy are at the forefront among its
renewable resources due to Tiirkiye's geographical structure,
geothermal energy and biomass use are also available
regionally.

The term biomass is most commonly defined as a substance
obtained or produced from living beings and their waste. All
plant and animal substances in nature are biomass. Domestic
organic waste, agricultural waste, animal waste, city sewage
waste, and industrial organic waste (beet pulp, tea waste,
sunflower waste, etc.) are examples of biomass. It is possible to
convert biomass resources into energy with three different main
processes (Eryasar, 2007)

1. Thermochemical processes: direct burning, gasification,
pyrolysis and liquefaction,

2. Biochemical processes: anaerobic fermentation, alcohol
fermentation,

3. Physicochemical: transesterification

It is possible to obtain energy from biomass resources by
burning them directly or by converting them into a different
form such as biofuel (biogas, biodiesel, bio-alcohols, etc.). Its
waste resulting from agricultural and animal activities must be
disposed of. Otherwise, it creates both visual and environmental
problems. Biomass energy contributes to the environmental
appearance and prevents harmful formations such as harmful
insects, odors, and flies, as it allows waste to be used without
waiting (Eryasar, 2007).

Biomass energy, which has significant potential among
renewable energy sources, is a continuous energy source, unlike
the sun and wind. The advantages of biomass energy are that it

is renewable, its energy and raw materials can be stored, waste
harmful to the environment is converted into energy for the
economy, it prevents external dependency on energy, and it
creates employment in the regions where it is established. While
organic wastes are converted into energy via biochemical and
phytochemical processes that require high technology and
professional system installations, biomass with weak or no
microorganisms, such as tea waste, is converted into energy via
thermochemical processes.

First cultivated in China and India, tea is a traditional beverage
consumed by people of all ages, hot and cold, around the world.
The fact that tea is dried allows it to be consumed in any season
and at any time, making it a widespread beverage. Most of the
production is carried out on the Asian continent, and 64% of the
total area and 49% of the total production are in China (Erkal,
2023).

The harvested tea plant is exposed to the production phase. The
product obtained as a result of the production process is tea,
and the remaining is tea waste (Tiftik, 2016). Waste consists of
discarded leaves, buds, and pruned stems (Debnath & Purkait,
2023). According to 2023 data, approximately 1,357 million tons
of fresh tea are processed in Tiirkiye, and approximately 200
tons of this are released into the environment as industrial tea
waste (ITW) (Ministry of Agriculture and Forestry, 2020). Due to
the high potential of ITW, many studies have been conducted in
the literature to prevent environmental pollution caused by ITW
and to bring it into the economy.

Asik and Kutiik (2012) studied the effect of tea waste compost
on germination and compared the results with farmyard manure
and peat. They found that tea waste is more effective.

Boyraz et al. (2023) investigated whether tea wastes could be
used in the production of activated carbon. The study showed
that it could be produced by the hydrothermal method from tea
facility wastes provided by Rize-CAYKUR facilities.

Miftiioglu et al. (2009) searched the effect of tea waste on
compost production time. The study found that using tea waste
in composting shortened the compost production time.

Turumtay (2020) mixed tea waste with lignite coal in different
proportions to use the energy of tea waste and examined the
thermal capacities of the obtained mixtures.

This study aims to convert ITW generated after the production
of tea grown in Tiirkiye into energy while disposing of it. The
energy potential to be obtained from ITW was examined using
2023 tea statistics.
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Tea Plant

The tea plant, known by its Latin name Camellia sinensis or Thea
sinensis, belongs to the Theaceae family. This plant, which is a
short shrub, grows in humid climates. China, India, Indonesia,
Japan, and Taiwan have the highest production, and it is
produced in 40 countries worldwide (Ustiin & Demirci, 2013;
Mammadow, 2024). It can be produced in regions where rainfall
is more than 2000 mm and regular. While tea cultivation is
carried out for 12 months in tropical and equatorial regions, it is
only carried out for 6 months of the year in high-latitude
countries such as Tirkiye and Iran (Ministry of Agriculture and
Forestry, 2020). According to the fermentation status of the tea

plant, it is classified as green tea (unfermented), black tea
(fermented) and oolong tea (semi-fermented) (EImas & Gezer,
2019).

Tea leaves are harvested by using specific machinery or by hand.
Black tea’s quality highly relies on the physicochemical
processes involved in its production, the timing of the harvest
and the skills of the picker in selecting the most suitable leaves.
Soon after tea leaves are plucked, they undergo various
processing steps, including withering, rolling, fermentation,
drying, classification, packaging and storage. Figure 1 shows
steps in the manufacturing of tea leaves (Tiftik, 2016; Aaqgil et al.,

2023).
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Steps in the manufacturing of tea leaves.

Tea and Tiirkiye Potential

The first studies on tea cultivation in Tiirkiye were initiated in
1888 with the planting of seeds brought from China in the Bursa
area. However, the Bursa studies did not yield positive results.
In 1924, tea production studies were started in Rize and its
surroundings, and when successful results were obtained, 20
tons of tea seeds were purchased and distributed to producers
in 1937. In 1940, fresh tea leaves were processed to obtain dry
tea, and in 1942, the import and domestic sale of tea were
monopolized by the state. Due to the increasing tea production,
the first tea factory with a capacity of 60 tons/day was opened
in the Fener neighborhood of Rize in 1947. Tea enterprises,
which were affiliated with the General Directorate of Tekel until
1971, were transferred to the General Directorate of Tea
Institution and the title of the enterprise was changed to
General Directorate of Tea Enterprises (CAYKUR) in 1984. In the
same year, tea cultivation, production, processing and sale were
freed in the markets. Today, tea production is carried out in
more than 300 private enterprises other than CAYKUR (Ustiin &
Demirci, 2013).
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Tea production in Tirkiye is carried out in the Eastern Black Sea
Region in the cities of Rize, Trabzon, Artvin, Giresun and Ordu.
The teas grown are processed by CAYKUR Enterprises or private
enterprises located in the same regions and added to the
economy. According to 2023 data, approximately 1.357 million
tons of fresh tea have been processed and this value is
increasing day by day. The amount of fresh tea produced in
Tirkiye between 2000 and 2023 is presented in Table 1 and
Figure 2 (TUIK, 2023).

In 2023, tea production was carried out on 791 decares, 67% of
which was in Rize, 19% in Trabzon, 12% in Artvin and 2% in the
Giresun-Ordu Region. Tea plantation areas and the number of
tea producers are in Table 2. Distribution by province of the area
reserved for tea plantations and of the number of tea producers
is presented in Figure 3 and Figure 4, respectively (CAYKUR,
2023). Table 3 shows the amounts of fresh tea leaves between
2019 and 2023, and Figure 5 shows graphically the distribution
according to province (Erkal, 2024).



According to the 2024 Tea Product Report published by the
Turkish Ministry of Agriculture and Forestry, Tirkiye has the

highest efficiency value for the amount of tea produced per unit

area, with 1,563 kgda™. Zimbabwe is in second place with 1,448
kgda, and Malawi is in third place with 1,222 kgda™. In 2022,
the efficient distribution of tea produced by the province is
presented in Table 4 and Figure 6 (Erkal, 2024).

Table 1.

Tea production, 2000-2023

Area reserved

Production of

Year Number of for tea green tea
tea growers plantation leaves
(Decare) (Tonnes)
2000 204491 767500 758038
2001 204112 766530 824946
2002 203028 766450 791700
2003 203318 766400 869000
2004 202431 766320 1105000
2005 202699 766250 1192004
2006 203431 766136 1121206
2007 203901 765808 1145321
2008 199231 758257 1100257
2009 200798 758513 1103340
2010 202494 758641 1305566
2011 205312 758895 1231141
2012 - 758566 1250000
2013 - 764255 1180000
2014 - 760494 1266311
2015 - 762073 1327934
2016 - 763609 1350000
2017 - 821079 1300000
2018 - 781334 1480534
2019 - 785693 1407448
2020 - 786813 1450556
2021 - 789001 1453964
2022 - 791285 1269546
2023 - 791984 1356556
Table 2.
Tea cultivation areas and the number of tea producers for
2023.
. Area reserved for tea Number of tea
City .
plantation (Decare) growers
Rize 530803 130399
Trabzon 152540 49322
Artvin 91929 19903
Giresun-Ordu 16712 7522
Total 791984 207146

Production of Green Tea Leaves from 2000 to 2023
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Figure 2.
Production of green tea leaves, 2000-2023
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Area reserved for tea plantation in 2023
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Figure 4.
Number of tea producers in 2023.
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Table 3.
The amount of fresh tea leaves by province (Kilo Tonnes)

City 2019 2020 2021 2022 2023
Rize 906 934 935 821 872
Trabzon 325 333 328 287 306
Artvin 146 154 160 135 147
Giresun-Ordu 31 30 31 27 32
Total 1408 1451 1454 1280 1357
Production of green tea leaves from 2019 to 2023
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Figure 5.

The amount of fresh tea leaves by province from 2019 to 2023

Table 4.
Efficiency of tea produced from 2019 to 2023

City 2019 2020 2021 2022 2023
Trabzon 2,163 2,206 2.167 1.884  2.006
Giresun 1.880 1.825 1.861 1.634 1.899

Tea Losses

During the tea production phase, losses are caused during both
production and consumption. Production losses in this study are
named as ITW. Table 5 presents the losses of tea.

Table 5.
Tea losses
Harvest Losses (Tonnes)
Year
(Tonnes)  jTw Cons. Total %

2019 1407448 211117 37577 248694 17.6699
2020 1450556 217583 39311 256894 17.7100
2021 1453964 218095 37880 255975 17.6053
2022 1269546 190432 33072 223504 17.6051
2023 1356556 203483* 35338* 238821* 17.6050*

* Approximately values accepted

Loss values are determined annually from June to May of the
following year. Since the loss data for 2023 had not yet been
created when the study was prepared, the 2023 loss values were
estimated based on the loss values for 2022 and 2021.

Energy Production from Industrial Tea Wastes

The energy released as a result of the burning of organic
compounds is called by different names as thermal energy and
calorific value. The amount of energy is calculated with Equ. 1.

Q=mH 1))

here Q, m and H show thermal energy, the mass of ITWs and
heat value of ITW, respectively. In the study, the heat value of
ITW was accepted as 17.45 MJkg™ using Table 6.

Table 6.
The heat/calorific value of ITW in some studies in the literature

References Heat Value

(Haque et al., 2024) 19.48 MJkg?

(Nagaraja et al., 2013)  16.19 MJkg™*

(Pua et al., 2020) 17.393 Mlkg™*

(Turumtay, 2020) 4000 kcalkg™ (16.747 MJkg-1)
Mean (accepted) 17.45 MJkg?

Rize 1.716 1769 1767 1547 1.643
Artvin 1.599 1.683 1.743 1.470 1.594
Ordu 0.621 0.552 0.567 0.478 0.478
Tlrkiye 1.791 1.844 1843 1.604 1.713
Efficiency of Tea Produced from 2019 to 2023
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Figure 6.

Efficiency of tea produced from 2019 to 2023
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Today, combined heat and power (CHP) systems, also known as
cogeneration, are used for the production of electrical energy
from thermal energy because they increase the unit efficiency
by using the residual heat. The efficiency schema of the CHP
system is in Figure 7 (Fuentes-Cortés et al., 2015).
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Figure 7.
Conventional systems and CHP systems

According to 2023 statistics, if 203483 tons of ITWs from the
originated 1356556 tea plants are directly burned, 3550811664
MJ of thermal energy is produced. Suppose the thermal energy
is converted via the CHP to electricity and thermal energy,
1065243499 MJ of electricity energy and 1952946415 MJ of
thermal energy form. Production and transformation values of
energy are shown in Table 7.

Table 7.
Production and transformation values of energy
. Tea (Tonnes) 1356556
fArr;::Jla.'I;\:voet:amed Waste (Tonnes) 203483
Thermal energy (MJ) 3550811664
Annually required Electricity (kWh) 5500
energy for Heating system (MJ) 38058
residences Hot water (M) 6280
L Electricity (%) 30
CHF efficiency Thermal (%) -
Produced energy  Electricity (MJ) 1065243499
from CHP Thermal (MJ) 1952946415

Using the electricity and thermal energy produced in CHP is
possible in residences. So, it is necessary to transport the ITW to
a CHP system, where it must be converted into electricity and
thermal energy and then distributed to residences. Considering
the annual energy consumption of a 100 m? house and family of
4, it is possible to provide the electricity needs of approximately
40 thousand residences and the thermal needs of roughly 20
thousand residences.

Conclusion

Tlrkiye ranks seventh in the world's tea producers ranking, with
more than 1 million tons of tea plants grown annually. After
harvesting, the tea plant is processed in factories for tea
production, and as a result of this process, a large amount of

industrial tea waste is generated. The removal and disposal of
iTW from the factory environment creates additional costs for
factories.

The study prepared using 2023 Tiirkiye statistical data examined
the disposal of ITW without harming the environment and the
generation of energy by burning ITWs. When 203483 tons of
ITW formed after tea production is directly burned, 3550811664
MJ of thermal energy is produced. It is possible to convert this
energy into 1065243499 MJ of electrical energy and
1952946415 MJ of thermal energy via CHP.

Production electricity and thermal energy can be used in
residences. if the energy is used in residences, it will reduce the
unit efficiency of the obtained energy from ITW due to
transportation costs and distribution losses. While losses in
electrical energy are expected to be around 15%, thermal losses
are expected to be around 50%. Therefore, processing the ITW
by the factories where it is produced will increase the efficiency
of the energy to be obtained from

There are two important results of doing the energy conversion
process in the factories where the ITW is obtained.

1. It eliminates the negative environmental effects, as it will
allow the ITW to be disposed of immediately.

2. It prevents additional losses, such as the transportation of
the ITW to a different location and the transfer of the
produced energy.

The advantages of converting ITW into energy in factories are
listed below.

1. The electrical energy produced can be used for the
electricity needs of the factory.

2. The thermal energy produced can be used in the drying
process of the tea plant.

3. Since the ITW produced will be processed in the same
factory, there is no need for a waste collection area.

4. Since the ITW will not be transferred to another location,
the use of fossil fuels due to transportation is prevented.
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Research Article Arastirma Makalesi

Research on Heat Transfer of Nanofluid in Porous Media: A Mini Review

Gozenekli Ortamda Nanoakigkanin Isi Transferinin Arastirilmasi: Mini
Derleme

ABSTRACT

In this article, the recent developments in the literature on the application of heat transfer of
nanofluids used in porous materials are examined. By analysing the articles published between
1998-2024, it is aimed to facilitate the researchers working in this field in their studies in this
field. In this context, different analytical methods are used to describe flow and heat transfer in
different porous media. In addition, various methods used in the modelling of nanofluids are
described in detail. Here, analytical methods and forced convection heat transfer in porous media
are discussed. In various studies in the literature, it is stated that a change in the height of the
solid and porous media causes a change in the flow regime inside the pore cell. However, the
effect of Darcy number (permeability value) as a dimensionless number in heat transfer varies.
In this context, the statistical results obtained from the investigations examined in relation to the
representation of various parameters such as the type of nanofluid and the geometry of the flow
region are compared and it is thought to give an idea for future studies.

Keywords: Nanofluid, porous media, forced heat transfer, migration of nanoparticles, volume
fraction.

0z

Bu makalede gézenekli malzemelerde kullanilan nanoakiskanlarin isi transferi uygulanmasindaki
literatiirde yer alan son gelismeleri incelenmistir. 1998-2024 yillari arasinda yayinlanan makaleler
incelenerek bu alanda galisan arastirmacilara bu alana yonelik galismalarinda kolaylik saglamasi
hedeflenmistir. Bu kapsamda farkli gozenekli ortamlarda akisi ve isi transferini tanimlamak igin
farkh analitik yontemler kullanilmaktadir. Bununla beraber nanoakiskanlarin modellenmesinde
kullanilan cesitli metodlar ayrintili olarak anlatilimistir. Burada gézenekli ortamda analitik
yontemler ve zorlanmis tasinimla isi transferi konusu ele alinmistir. Literatlirdeki cesitli
calismalarda, kati ve gozenekli ortamin yiiksekligindeki bir degisiklik, gbzenek hiicresi icindeki akis
rejiminde bir degisiklige sebep oldugu ifade edilmektedir. Bununla beraber isi transferinde
boyutsuz bir sayi olarak Darcy sayisinin (gecirgenlik degeri) etkisi degisiklik gostermektedir. Bu
baglamda nanoakiskanin tiiri ve akis bolgesinin geometrisi gibi ¢esitli parametrelerin gésterimi
ile ilgili olarak incelenen arastirmalardan elde edilen istatistiksel sonuglar karsilastirilarak ileriye
doniik galismalara fikir vermesi diistintlmustar.

Anahtar Kelimeler: Nanoakigkan, gézenekli ortam, zorlanmis isi transferi, nanopartikillerin gogu,
hacim kesri.

Introduction

Nanofluids are the type of fluid used in heat transfer processes in many fields and where different
particles are preferred. Here, various particles of different nanosize (Al.0s, CuO, SiC, etc.) are
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used. The thermal conductivity of nano fluids varies according to
the amount of concentration.

This situation has been evaluated by many researchers in the
literature through various media and particles. In the
researches, the heat conducting capacities and concentration
values of different nano particles in the solution they formed
with water were compared. This study investigated the
experimental data of studies conducted by many researchers in
recent years. In addition, the thermal conductivity enhancement
coefficient was gathered from data found in the literature. The
thermal conductivity improvement ratio is defined as the ratio
of the thermal conductivity of the nanofluid to the thermal
conductivity of the base fluid. According to the researchers'
findings, eight parameters are effective in improving the
thermal conductivity of nanofluids, and the laboratory results
include the following: volume percent or particle concentration
(Choi, 2002) particle material type (Keblinski et al. 2005) particle
size (Putra et al. 2003) particle shape (Eastman et al. 2001) base
fluid material type (Das et al. 2003) temperature (Pak & Cho,
1998), additives (Yu et al. 2008), acid strength (Wang et al.
1999). Each of these parameters is examined individually for
data behavior, size, and stabilization through multiple tests.
Heat exchangers, thermal storage, geothermal systems, and
drying methods are just a few of the industrial and engineering
domains where the study of heat transfer qualities in porous
media is of great interest. One passive way to enhance heat
transfer in a mechanical system is to incorporate a porous
substance into it. In actuality, the inclusion of a porous material
modifies the flow pattern and raises the system's overall
thermal conductivity (Whitaker, 1986; Murshed et al. 2008;
Meng & Yang, 2019; Boccardo, 2020; Ling et al. 2021; Gundogdu,
2023; Mustafaoglu, 2023; Zhang et al. 2024). Nanofluids and
porous materials are of great importance in enhancing heat
transfer, and considerable research has been conducted to
study the thermal properties of nanofluid flow in porous media.
This paper provides a comprehensive summary of the latest
research on this topic. The authors have surveyed their work
from 1998 to 2024, given the large number of papers published
since the last review article and their analytical complexity. The
work is organized by fluid flow, heat transfer models, and
applications of nanofluids in porous media.

Materials and Methods

The most important parameter in nanofluid models is the
calculation of the volume occupied by the nanoparticles in the
whole mixture and the thermal conductivity value. The
efficiency of the mixture can be evaluated by calculating the
particle volume percentage. The effect of particle volume
percentage is clear. Figure 1 shows the effect of volume

Journal of Energy Trends 2024 1(2): 79-94

percentage or particle concentration on increasing the thermal
conductivity of the nanofluid. The figure shows the experimental
work of a group of researchers for Al203 in water. The particle
size and temperature of the nanofluid varied between the
groups in Figure 1, however, the results were consistently close.
Thermal conductivity increases as the particle volume ratio
increases. There are usually 4-5% oxide particles in the
nanofluid. The amount of nano particles in the fluid is
considered the most optimum value in terms of viscosity and
heat transfer (Figure 1)
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Increasing the thermal conductivity of Al20z in water (Yu et al.
2008)

Particle volume percentage's effect on thermal conductivity is
distinctly shown in Figure 1. The results of two groups using the
same nominal particle sizes are presented for comparison.
Figure 2 shows that the results are almost identical for the two
groups using the same parameters. The increase in Figure 2 is
relatively small due to the relatively small diameter of the
particle. Figure 3 shows the results of other tests to increase the
thermal conductivity of CuO in water. Figure 3 shows the particle
size and fluid temperature ranges relative to Figure 1. Figure 4
shows a separate concentration parameter, using the particle
size and fluid temperature. The overall behavior is identical to



Figures 1 to 4, and the values in Figures 3 and 4 were validated
with two sets of experiments.
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Effect of particle concentration for Al:0z in water (Yu et al.
2008)
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Figure 3.
Increasing the thermal conductivity of CuO in water (Yu et al.
2008)

Figure 4 clearly demonstrates the effect of the volume fraction
of copper oxide nanofluid in ethylene glycol, which exhibits the
same behavior as Figures 1 to 4. Additionally, the values
obtained from the data of the two groups in Figure 5 are in
excellent agreement. Figures 1 to 4 clearly demonstrate that the
thermal conductivity increases with an increasing volume
fraction. The influence of particle type on increasing silicon
carbide oxide particle thermal conductivity in water is obviously
shown in Figure 5. The remaining parameters, which are nearly
constant in Figure 5, clearly demonstrate the impact of material

properties. As shown, particle type has no significant effect on
thermal conductivity in the low volume fraction.
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Effect of particle concentration for thermal conductivity of CuO
in water and CuO in ethylene glycol (Yu et al. 2008)
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Figure 5.
Effect of particle type for particles in water (Yu et al. 2008)
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Effect of particle type for particles in ethylene glycol (Yu et al.
2008)
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Effect of particle type for particles in ethylene glycol (Yu et al.
2008)

The results of increasing the thermal conductivity are shown in
Figure 6, which includes iron and copper oxide metal particles
for comparison. As can be seen, the metal particles provided the
same increase as the oxide particles at a much lower volume
fraction. Figure 6 shows that the thermal conductivity
coefficient of metal is higher than that of oxide particles.
Therefore, the particle concentration for the highest level is
included in the execution of the experiments. This can also be
seen in Figure 7. The results of oxide particles, silicon carbides
and metal particles at the same time. The size of the particles in
Figure 7 is larger than the particles in Figure 6. However, the
most significant effect seen is a large increase in the thermal
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conductivity of the metal particle nanofluid when the volume
percentage of metal particles increases to 2.5% compared to
0.7% in Figure 7.

At 2.5% volume percent of metal particles, the thermal
conductivity of the nanofluid shown in Figure 7 is up to 115%
higher than that of ethylene glycol. This result is significantly
higher than the results for non-metallic particles in Figure 7 and
points to the research and production areas of nanofluids.
However, as mentioned before, the main disadvantage of
nanofluids with metal particles is the oxidation process during
production and use. The influence of the size of the spherical
particles on the increase of thermal conductivity will be
discussed later. Here the size parameter is the nominal
diameter. The results for aluminum nanofluid with particle
diameters from 28 to 60 nm are shown in Figure 8. For 38 nm
particles, there is a similarity between the data from the two
groups. The results indicate an improvement in heat
conductivity for larger particles (60 nm, for example). According
to these results, smaller particles are expected to show the least
increase. However, the results for 28 nm particles are in
between the two larger particles. The results in Figure 8 show
similar results to those obtained for ethylene glycol. The case in
Figures 8, apart from the results of Wang et al. (1999) results in
larger diameter particles producing a greater increase in thermal
conductivity. This result contradicts some theories that assume
a uniform distribution of small particles even with the best
manufacturing method.
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Effect of particle size for Al20s in water and particle size for
Al203 in ethylene glycol (Yu et al. 2008)
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Effect of particle size for CuO in water,SiC in water and particle
shape for SiC in ethylene glycol (Yu et al. 2008)

The third comparison of the effect of particle size on the
increase in thermal conductivity is shown in Figure 9 for CuO in
water. The results of Figures 9 show that the increase in thermal
conductivity does indeed increase with the diameter of the
spherical nanometer particles. Figure 9 compares the effect of
particle shape (spherical and cylindrical). Cylindrical particles
show an increase in thermal conductivity; this result appears to
be due to the network of elongated particles conducting heat
from the fluid. All of the results in Figures 9 through 10 show
that elongated particles are better than spherical particles at
increasing thermal conductivity. This result points to other areas
for nanofluid research and production, although spherical
particles are generally available at more reasonable prices.
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Effect of particle shape for TiOz in water

The effect of the base fluid (such as water, ethylene glycol, and
pump oil) on increasing the thermal conductivity of the
nanofluids is shown in Figure 11. The results show that the
thermal conductivity increases in fluids that are poor in heat
transfer. Water is the best heat transfer fluid with the maximum
thermal conductivity when compared to other fluids, and the
results in Figure 11 demonstrate the least rise in water.
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Effect of base fluid type and for Al20s in water (Yu et al.
2008)

The thermal conductivity is usually more sensitive to
temperature than the bulk liquid. Wang et al. (2003) presented
nanofluid data for Al203 in water and CuO in water over a small
temperature range. The authors proposed that the motion of
the nanoparticles is responsible for the considerable
temperature dependency of the thermal conductivity of the
nanofluid. Figures 11 through 12 display the Al2Os in water
results for each of the three groups. While the fluid
temperatures and particle sizes vary throughout the figures, the
temperature and particle size remain consistent across all
figures. Only the results of Masuda et al. (1993) deviate from the
general behavior. The increase in thermal conductivity of CuO in
water is shown in Figures 13 two groups of researchers. The data
show that the thermal conductivity increases with increasing
temperature. Similar results were obtained from the two
laboratory values for multi-walled carbon nanotubes in water,
as shown in Figures 14. Although the behavior of some data is
not consistent with the general temperature behavior, it should
be noted that this does not mean that the self-test is completely
inaccurate. The inconsistent temperature behavior was
reported by Masuda et al. (1993) for SiO2. However, the results
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for TiO2 in water were not the same with respect to
temperature. Anyway, considering all the results, we see that
the general proof of the general temperature behavior has been
made. This behavior is essential for heat transfer applications in
the transportation industry, where fluids operate at high
temperatures.
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Effect of temperature for Al203 in water (Yu et al. 2008)
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Effect of temperature on CuO water (Yu et al. 2008)
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Effect of temperature for multi-walled carbon nanotubes in
water (Yu et al. 2008)
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Figure 15.
Addition effect of copper in ethylene glycol and multi-walled
carbon nanotubes in water (Yu et al. 2008)

Researchers use additives to keep nanoparticles in solution and
prevent them from agglomerating. A review of previous studies
shows that there has been a wide range of results depending on
the type of additive, concentration and other factors. However,
most studies involving additives show an increase in thermal
conductivity. Data from two sets of studies for nanofluids with
different additives are shown in Figures 15, in both cases the



improvement in thermal conductivity increases with the use of
additives. In addition, very few studies have been published on
the effect of the acid strength of the fluid on improving the
thermal conductivity of nanofluids, and the results of the two
groups are presented separately below. The results of Figure 16
show the same behavior for different particles in water.
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Figure 16.
Effect of acid strength for Al20s in water and CuO in water (Yu
etal. 2008)

Convection Heat Transfer of Nanofluids in Porous Media

As for experimental research, Eastman (1999) conducted an
experiment for copper oxide in water. He tested the turbulent
flow regime in a nanofluid tube with a volume fraction of 0.9%.
The test result shows a 15% increase in heat transfer for
nanofluids compared to the base fluid. Wen and Ding (2004)
conducted several experiments with aluminum oxide-water
nanofluid flowing in a slow-flowing copper tube. In this context,
the penetration of nanoparticles into the base fluid shows an
increase in the displacement heat transfer coefficient. As the
concentration of nanoparticles increases, the heat transfer
coefficient also increases. Heris et al. (2006) conducted their
experiments with alumina nanofluid in copper water in water in
a tube with slow flow and constant wall temperature. In another
experiment conducted by Heris et al. (2007) the heat transfer of
alumina in water with volume fraction from 0.2% to 2.5% and
Reynolds number from 2050 to 7000 was tested in a constant
temperature tube. It shows that the Nusselt number increases
with increasing volume fraction and Reynolds number. Lai et al.
(2006) investigated alumina nanofluid in water in a stainless
steel tube (the tube was made in mm) with a constant heat flow
of Reynolds number less than 270. The results showed that for
a volume fraction of 1%, the heat transfer increased by 8%. Jung
et al. (2006) investigated alumina nanofluid in water in a
rectangular microchannel with laminar flow and presented a

new relationship for the heat transfer of nanofluids in
microchannels. Rea et al. (2008) investigated the displacement
heat transfer in fully developed turbulent flow with alumina in
water and zirconia in water and found good agreement with the
presented single-phase relations. Xuan and Li (2003) performed
an experiment with copper nanofluid in water flowing in a tube
in a turbulent regime with a Reynolds number between 10,000
and 25,000 and a volume fraction of 0.3 to 2% and reported a
significant increase in heat transfer. In another study, Li and
Xuan (2004) reported a 39% increase in Nusselt number for 2%
by volume of copper nanoparticles in water. Zhou (2004) studied
copper-acetone heat transfer for 80 to 100 nm particles and 0
to 4 gL? concentration. Li et al. (2005) studied copper-water
heat transfer for 26 nm nanoparticles at 0.5 to 2% by volume
and reported the heat transfer ratio of nanofluid to base fluid to
be 1.6 to 1.39. Faulkner et al. (2004) investigated the heat
transfer of carbon nanotubes in water and microchannels with
a hydraulic diameter of 335 micrometers and volume fractions
of 1.1, 2.2, and 4.4%. The results showed that increasing the
volume fraction increased the heat transfer coefficient. Yang et
al. (2005) also performed an experiment with graphite
nanoparticles fully dispersed in water. The test was performed
inside the tube and showed a 22% increase in heat transfer. Ding
et al. (2006) have found a 350% increase for multi-walled carbon
nanotubes at Reynolds 800. Duangthongsuk and Wongwises
(2008) reported an increase in heat transfer for 0.2% titanium
oxide and noted that the heat transfer coefficient is highly
dependent on the measurement and calibration system. Jang
and Choi (2004) reported an 8% increase in heat transfer for
0.3% alumina in water. Duangthongsuk and Wongwises (2009)
estimated an 11.6% increase in displacement heat transfer for
2% titanium oxide volume fraction in water and concentric tube
heat exchangers.

Theoretical Investigations of Nanoflows in Porous Media

Nanofluids in porous media can be analyzed theoretically by
creating different models in the computer environment. In this
context, nanofluidscan be modeled in two ways as single-phase
and two-phase. In the single-phase method, nanofluids are
assumed to be continuous and continuity equations are solved
accordingly. In this method, the particles are assumed to be
uniformly distributed throughout the fluid and the fluid does not
disturb the uniform distribution of the nanoparticles. In this
method, continuity equations, momentum, and energy are
solved for the base fluid to model the heat transfer of the
nanofluids, but the viscosity and conductive heat transfer
coefficient of the nanofluids replace the physical properties of
the base fluid. One of the advantages of the single-phase
method is that it is much simpler and more computationally
efficient than the two-phase method. The two-phase method
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solves three continuity, momentum and energy equations for
the base fluid and one continuity equation for the nanoparticles
and gives a much more accurate answer. Here Eastman et al.
(2001) first used the single-phase method for modeling
nanofluid heat transfer. In another study, Xuan and Roetzel
(2000) found that the enhancement of heat transfer in
nanofluids is influenced by two factors: high conductivity
coefficient and thermal dispersion of nanoparticles. Khanafer et
al. (2003) studied the performance of nanofluid in heat transfer
compared to the base fluid in vacuum. In this research, the
conductivity coefficient is a combination of conductivity
coefficients, displacement and scattering effects. Buongiorno
(2006) discussed seven motion mechanisms for nanofluids in his
study and revealed two mechanisms as the dominant
mechanisms for improving heat transfer through their
investigations and dimensional analysis:

Brownian motion (random motion of nanoparticles caused by
the continuous collision of nanoparticles with each other and
with the base fluid molecules) and the effects of thermophoresis
(motion of particles due to temperature gradient). The addition
of these two mechanisms to the classical energy equation and
the volume fraction equation is called the Bongiorno model. The
Bongiorno model has become the basis for modeling nanofluid
heat transfer by many researchers. Behzadmehr et al. (2007)
modeled the heat transfer of copper-iron nanofluid for
turbulent flow in a constant flow tube using a two-phase
method. They obtained a 51% increase in heat transfer for a
volume fraction of 1%. Maiga et al. (2004) used the single-phase
approach to study the thermal and hydrodynamic
characteristics of nanofluids moving in a tube under laminar and
turbulent flow conditions. The results showed an increase in
heat transfer when nanoparticles were injected into the base
fluid. The researchers also found that alumina in ethylene glycol
had better heat transfer than aluminum oxide in water. A study
carried out by Roy et al. (2004) was comparable to the
aforementioned research and vyielded results that were
analogous to those reported by Maiga et al. (2004).
Sheikholeslami and Rokni (2017) employed two single-phase
and two-phase methods to model nanofluids and investigated
the movement of particles' effects on heat transfer. Their
findings indicated that the Peclet number increases markedly
with increasing nanoparticle size, and the influence of Brownian
motion is particularly pronounced when the Peclet number is
less than 10. Furthermore, they proposed an optimal
nanoparticle size at which the enhancement in heat transfer is
not accompanied by an equivalent increase in pressure drop.
Kim et al. (2007) investigated the thermal transfer and stability
of a double nanofluid comprising silver and copper
nanoparticles. The findings indicated that the silver nanofluid
exhibited a more pronounced enhancement in heat transfer
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compared to the copper nanofluid. In examining the physical
properties of nanofluids, Mansour et al. (2007) employed the
modified Hamilton-Cruiser and Maxwell model for thermal and
hydraulic coefficients in completely formed turbulent and
laminar flow in a tube with continuous heat flux. Prakash and
Giannelis (2007) conducted a study on copper nanofluid in
ethylene glycol and reported that cylindrical nanoparticles
exhibited superior heat transfer properties compared to their
spherical counterparts. Heyhat and Kowsary (2010) conducted a
numerical investigation into the effects of nanoparticle
migration in a pipe with slow flow and constant heat flux, with a
particular focus on the influence of Brownian motion and
thermophoresis. In this research, the Bongiorno model was
employed to model nanofluids and the migration effects of
nanofluids. The findings indicate that the impact of nanoparticle
migration on heat transfer is significant, with a notable
enhancement in heat transfer observed compared to the single-
phase method. The potential applications of microchannels
include the cooling of electronic devices. Based on the
properties of nanofluids, their use in liquid-based cooling
systems has been proposed by researchers. Moreover,
numerous researchers have recently employed the porous
media approach and associated relationships to model the flow
of nanofluids in microchannels. The modeling of the motion of
nanofluids in microchannels is therefore of great importance in
order to gain a deeper understanding of the concepts of
nanofluid motion in porous media. This is evidenced by several
researchers (Kim et al. 2001; Kim & Kuznetsov, 2003; Abbassi &
Aghanajafi, 2006; Tsai & Chein, 2007; Ghazvini et al. 2009;
Ghazvini & Shokouhmand, 2009).

Nanofluids are of significant value in numerous domains, with
particular preference for use in the field of heat transfer across
a range of scenarios. In this context, it is employed in the
treatment of damaged tumors with temperatures above 43°C,
with living tissues serving as an illustrative example of a fluid and
porous environment. It is therefore imperative to gain a deeper
understanding of the concepts of heat transfer and the
movement of nanofluids in porous media.

In the field of research, publications by (Salloum et al. 2008;
Salloum et al. 2009) have been made available. Kuznetsov and
Nield (2010b) investigated the initial conditions of double
penetration of nanofluid transfer and free heat transfer in the
flow between two plates, utilizing the Bongiorno equations. The
Darcy equation was employed to model the flow of nanofluids,
with consideration given to the temperature equilibrium
condition. The dimensionless equations were further analyzed
to extract a set of dimensionless parameters, which were found
to be identical to the dimensionless coefficients presented by
Buongiorno (2006). However, in these coefficients, the



parameters associated with the porous medium were
discernible. In a pioneering contribution, Kuznetsov and Nield
(2011)  articulated the three-temperature  equation
methodology for thermal instability in the context of the base
fluid, nanoparticles and the solid phase of the porous medium.
Research has been conducted into the temperature instability
and free heat transfer of nanofluids in porous media. In this
context, Kuznetsov and Nield (2010a) Kuznetsov and Nield
(2010c) have published several research articles on this
challenging topic. They undertook an investigation into the
factors that contribute to the stability of nanofluids in porous
media. In their seminal work, Nield and Kuznetsov (2009) first
addressed the topic of heat transfer of nanofluids in porous
media. The authors emphasized two key reasons for this
investigation: firstly, to ascertain the stability of nanofluids in
porous media and in contact with solids, and secondly, to ensure
the accuracy of the governing equations.

1. Nanoparticles are defined as extremely small particles that
remain suspended in nanofluids alongside the base fluid in
porous media.

2. Nanoparticles dispersed in the base fluid together with
surfactants demonstrate sufficient resistance to
aggregation and precipitation in porous media.
Furthermore, the low volume fraction of the nanofluid
mitigates concerns about the deposition of nanoparticles.

In recent years, numerous researchers have employed the use
of El in order to model the phenomenon of heat transfer.
However, in comparison to the utilization of two-phase methods
(including Brownian terms and thermophoresis) from the single-
phase model to the current reports, the employment of two-
phase methods in the context of nanofluids in porous media
(Tham & Nazar, 2012; Rosca et al. 2012; Mahdi et al. 2015;
Sheikholeslami & Ganji, 2016) and two-phase (Sun & Pop, 2011;
Rashad et al. 2013; Kasaeian, 2017; Xu et al. 2019) is more
prevalent.  The paper presented by Nield and Kuznetsov
(2014) offers a logical and more realistic approach to the physics
of the problem, particularly in the context of forced
displacement heat transfer of nanofluids in porous media.

An enhanced flow that is slow and incompressible
No chemical reaction

Absence of external force

Dilute solution (¢ <<1)

ke wN e

No radiation heat transfer

A porous medium is a network or solid matrix with
interconnected holes; under normal conditions the matrix is
assumed to be solid or rigid or undergo very small deformations.

The connection and interconnectedness of the holes allows the
fluid to flow.

Porous Media Analysis Methods

The microscopic method is employed in order to gain insight into
the distribution of holes according to shape and size, as well as
the flow quantities, in porous media such as sandstone,
limestone, sand, wood, bread, human skin, and so forth. In
porous media such as sandstone, limestone, sand, wood, bread,
human skin, and so forth, the distribution of holes according to
shape and size isirregular, and the flow quantities are analogous
to velocity, pressure, and so on. At the scale of the cavity, the
irregularity is evident, and the investigation of the behavior of
the flow and temperature fields at this scale is inherently
complex.

The macroscopic method is as follows: In this method, the
desired quantities of the flow field and temperature field are
measured over an area containing a large number of holes.
These quantities are then averaged over the volume, resulting
in regular variations with time and space. These variations
require theoretical analysis.

1. Statistical method: This methodology entails the
aggregation of macroscopically identical holes and the
subsequent averaging of resultant data. The principal
challenge associated with this approach is that the
statistical data pertaining to hole groups is typically
derived from a single model, which is only feasible if
statistical homogeneity is assumed.

2. Spatial method: In this method, macroscopic variables are
defined as an appropriate mean value over a standard
volume. This method is frequently employed in
homogeneous porous media where the standard volume is
periodically repeated. The fundamental principle of this
method is the integration of variables into the standard
volume.

The Darcy-Brinkman-Forchheimer equation is utilized to solve
the flow in the developed mode:

Bnf 2 Bnf e 2dp_
TV u—Tu—pan\/—Eu E—O (1)

v
porosity rate (& = Vif) , where V; ¢ is the nanofluid volume and
tot

Vior isthe total volume. Eq. 1 Fis the Forchimer coefficient and
K is the permeability coefficient of the porous medium. unf and
pnf viscosity and density of the nanofluid, respectively. The
Bongiorno model for energy and volume fraction equations is
used as follows. When the base fluid, nanoparticles and solid
body are in temperature and thermal equilibrium, the
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temperature distributions will be the same and an energy
equation will be solved for them.

ar
(PO 5, + (PO VT = kn V2T + £(pc), (DBV<p +

Dr

20T, vT) 2)
1 a D
L+ Su Vo = DgV2p + T \72T (3)

Eq 2-4 here p represents the density, ¢ represents the specific
heat capacity, u represents the speed, and ¢ represents the
solution ratio. In this study, the Darcy-Brinkman-Forchheimer
equation developed to study nanofluid flow in porous media is
used. The central difference method was used to discretize the
equation developed by Darcy-Brinkman-Forchheimer. The
discrete form of the Darcy-Brinkman-Forchheimer equation in
its extended form is as follows:

w(+D)-2u(N+G-D) u'() A 2_1 ar*
Ay? Da ( (])) Da dx* (4)

Here Da represents the Darcy factor and dP represents the
pressure value. The Forchimer term in the Darcy-Brinkman-
Forchimer equation is the nonlinear term of the above equation
and the Newton method is used to solve this equation. In
Newton's method, the derivative of the equation is calculated
with respect to the velocity of the nodes at the initial velocity
and the product of this matrix, which is a tridiagonal matrix, in
the velocity matrix is equal to The velocity at the initial velocity
of the Darcy-Brinkman-Furchimer equation, i.e. the velocity at
the next step, is obtained from the product of the inverse matrix
in the matrix of values and the steps continue until the final
velocity is calculated (Epperson, 2021). Brownian motion and
thermophoresis are located on the right hand side of equation
(2-2).

In the work of Nield et al. (2003), the viscosity loss was
expressed by the Brinkman number defined as pU2 / kATK,
where k, AT and K are the order of the thermal conductivity
coefficient, temperature difference and permeability of the
porous medium. By comparing the order of magnitude, the
other terms, including the viscosity loss, can be neglected, i.e.,
the temperature difference of the porous medium increases as
the wall and nanofluid increase, while the viscosity loss This
assumption is acceptable for heat transfer problems where heat
flux or wall temperature is the dominant source of energy
transfer. A uniform mesh is used for the computational domain
and the construction of the mesh is done by an algebraic
method. Figure 17 shows the grid of size 300x300 is considered
for the computational domain and the equations are solved on
this grid. The numerical solution flowchart is as follows:
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The boundary conditions (for constant wall flux) are as
follows(Eq 5-13):

* __ a_T*__ *_ * __
y =0 e 1, ¢ =0, u"=0 %)
yr =2 Z—;:=1, 0 =0,u"=0 (6)
x*=0 T =0, ¢*=1 )

For the outflow boundary condition, we consider the
longitudinal slope to be zero, which is a very small value due to
the length of the channel:

x*=20 oM —p,2 g (8)

ax* ox*

The basic conditions are as follows:

@ = 0)=0, ¢t = 0)=1 )

For the boundary condition of constant temperature, a
dimensionless temperature equal to one is placed on the walls.

For porous media in thermal instability, the boundary conditions
of constant temperature and constant boundary flux are
considered. The constant flux boundary condition and the flux
contribution of each phase (fluid, nanoparticle and solid body)
are introduced and discussed in the following chapters as part
of the innovations and achievements in this thesis. The
boundary conditions for the thermal instability case with
constant wall temperature are as follows:

y'=0 and 2 T,/ =1T, =1 T, =1¢"=0 ,u"= 0
(10)

x*=0 Tf*=1,Tp*=1,TS*=1,(p*:] (11)
w_op OTF 8T, 9T dpf
=20 ax* =0, ax* =0, ax* =0, ax* =0 (12)

The basic conditions are as follows:
Tf*(t* = 0)=Tp*ﬂ* =0)=T,"t" = 0)=0
p @t =0)=1 (13)

It should be noted that the energy balance relation is included
in each iteration of the numerical solution and hence the
temperature gradient relation equal to zero can also be applied
for constant flux.
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Figure 17.
Solution algorithm

Results and Discussion

In all analytical methods and most numerical methods, a
constant porosity ratio and a homogeneous porous material are
used to model fluid flow in a channel containing porous
material. In other words, the porosity ratio is assumed to be
constant in the equations. However, in experimental work it is
difficult to create a homogeneous porous medium and it is
difficult to keep the local porosity constant. Therefore, the fluid
flow and heat transfer in the constructed (experimental) model
are different from the equations and solved models. It is difficult
to compare numerical models with experimental studies
according to the situations briefly mentioned. Therefore, the

validation was done with the help of classical equations with
exact solutions.

The flow developed by Darcy Brinkman Forchheimer: Checking
the accuracy of the numerical program written to solve the flow
equation developed by Darcy Brinkman Forchheimer is as
follows: Comparison with the analytical solution of the flow
equation developed by Darcy Brinkman: The Darcy-Brinkman-
Forchheimer equation in the limit state, i.e. at 0, is identical to
the Darcy-Brinkman equation and its analytical solution, the
second order ordinary differential equation.

Comparison with the analytical solution of the developed Darcy
Brinkman Forchheimer flow equation: The channel up to the
wall of the porous medium is considered.
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Figure 18.
Comparison of the numerical solution with Kuznetsov's
analytical solution (Nield et al. 2003)

Figure 18 shows a very good agreement between the numerical
and analytical results. The hot source temperature and the
surrounding fluid temperature differences results in a change in
the fluid density, which is a consequence of the influence of
temperature-related buoyancy forces. Consequently, in
accordance with the temperature differential, the fluid
commences to flow over the solid surface. In such instances,
naturally occurring heat transfer that takes place without any
external stimulus is known as free or natural convective heat
transfer. Given the importance of heat transfer, it is essential to
take into account all factors and options in order to maximize
the rate of heat transfer. The phenomenon of natural heat
transfer is dependent on the random movements of molecules
and the mass movement of the fluid. Consequently, it is
advantageous to utilize compounds that exhibit a high thermal
conductivity ratio in comparison to the fluid. In this context, the
employment of fine particles with high thermal conductivity is a
viable option. Subsequent studies have demonstrated that the
reduction in particle size and dimensions has a significant impact
on the heat transfer rate (Takabi & Shokouhmand, 2015; Babar
& Ali, 2019; Said, 2022)s. In a semi-annular chamber with
inclined pores, Motlagh et al. (2019) studied the free transport
of a two-phase nanofluid. They applied the Darcy and Bongiorno
models utilized Fe304 water as a magnetic nanofluid. They came
to the conclusion that as the volume proportion of nanoparticles
grows, so does the Nusselt number. Table 1 and Table 2 provides
an overview of the features and findings of research articles on
free convection heat transfer.
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Conclusion

In this article, studies published between 1998 and 2024 on
nanofluid heat transfer in porous media are reviewed. For this
purpose, a general numerical evaluation of the published papers
has been made. The results obtained from the Bongiorno model
are also compared with the single-phase modeling of nanofluids
and the results show that the migration of nanoparticles plays
an important role in enhancing the heat transfer compared to
the single-phase model. According to the findings, adding
nanoparticles to the base fluid enhances temperature transfer.
Nevertheless, the viscosity effect reduces thermal conductivity
and obstructs heat transfer as nanoparticle volume
concentration rises. Heat transfer increases with an increase in
Darcy number and porosity coefficient and decreases with an
increase in nanoscale conductivity when compared to a porous
matrix. In this context, nanofluid heat transfer in porous media
can be summarized as follows.

1. The relationship between porous matrix and nanoscale
conductivity: As nanoscale conductivity increases, heat
transfer within the porous matrix generally decreases. This
is related to the fact that nanoscale structures, which
conduct heat more efficiently due to better conductivity,
reduce heat transfer by increasing thermal resistance.

2. Effect of Darcy number and porosity coefficient: When the
Darcy number and porosity coefficient increase, heat
transfer generally increases. The Darcy number is a
measure of fluid motion in a porous medium through
which a fluid passes, and when this magnitude increases,
there is usually more flow and more efficient heat transfer.
The porosity coefficient is a measure of the pore structure
of a porous medium. Increasing the porosity coefficient
usually results in more surface area and therefore more
heat transfer.

3. The solid and porous medium height can be changed
causes the flow regime in the room to change and has the
effect of increasing or decreasing heat transfer.

4. Heat transfer is increased when the Rayleigh number rises.

These results explain the effects of factors such as nanoscale
conductivity, Darcy number and porosity coefficient on heat
transfer and show that heat transfer in general is determined by
the interaction of these factors in a complex way. The main
disadvantage of utilizing nanofluids in porous media is the
increased pressure drop, which can be attributed to a number
of factors. The movement of nanofluids through a porous
medium can result in a greater pressure drop. In narrow
passages between porous structures, nanofluids may encounter
greater resistance, necessitating a higher pressure differential
for flow. This can result in increased energy losses within the



system, which may subsequently lead to elevated processing

costs. Secondly, concerns may be raised regarding the durability

of nanofluids, especially when it comes to long-term uses. The

tendency of nanosized particles to agglomerate or form

precipitates can have a detrimental impact on the homogeneity

and performance of the fluid. Such stability issues may restrict

the utilization of nanofluids or necessitate the implementation

of appropriate stabilization techniques. These shortcomings

may restrict the utilization of nanofluids in porous media or

impact their applicability. Nevertheless, the implementation of

appropriately designed systems and effective stabilization

techniques can facilitate the resolution of these issues.

(2007)

pipe with constant flux

Table 1.
Experimental results of the investigation of nanofluid displacement heat transfer
Flow
Base Nano Size of Volume Regime
Author . . Nanoparticles Ratioin Geometry and Outcomes
Fluid Particle
(nm) Percentagel reynols
number
Pak and Cho Al;03 and 13 31 . Turbulence $=0,1 Nusselt increases as Re
Water . Pipe .
(1998) TiO2 27 31 105-104 increases
Wen and Water Pipe Laminar $=0,1 heat transfer coefficient
. A0 56-25 1,6-0,6 N
Ding (2004) 2 2500-500 increased by 41%.
Heris et al. Water 20 Pipe Laminar Heat transfer coefficient
Al -2
(2006) 205Cu0 g 5 3 2010-650  increased with increasing ¢
Lai et al. Water Al203 20 10 Pipe Laminar The Nusselt number increased by
(2006) 270 8% for every 1% o¢.
Jung et al. Water Al203 10 1805 Micro Laminar The Nusselt number increased by
(2006) T channel 300-5 32% for ¢ 1.8%.
Water Turbulence
Rea et al. 46 3,6-0,9 . . .
(2008) 2r02 60 0,9-0.2 Pipe 63000- Slightly increased heat transfer
9000
Zhou (2004)  Acetone  Cu 100-80 4 Pipe . Increase in heat transfer
coefficient with increase in Cu
. Water Pipe The Nusselt number ratio of the
Li et al. Turbulence . . .
(2005) Cu 26 2-0,5 Laminar nanofluid to the base fluid varies
between 1.6-1.39.
Faulkner et Water Increasing the heat transfer
CNT 100 4,4-1,1 - Laminar coefficient by increasing the
al. (2004) . .
concentration of nanofluids.
Z;ggsjt al. QOil MWCNT 100 1-0,1 Pipe Laminar 35% increase in heat transfer
Table 2.
Overview of some other studies
Author Theoretical review Modeling method Outcomes
Xuan and Heat transfer coefficient in copper Single phase Increasing the heat transfer coefficient
Roetzel (2000) with oil and water glep by reducing the particle size.
Buongiorno Displacement of nanofluids Two-phase model with non- Brownian effects and thermophoresis
(2006) P uniform phase for the particle are the dominant effects.
Behzadmehr et Forced convection heat transfer in Increasing the. c.hsplac'em'ent hea.t
. Dual phase transfer coefficient with increasing ¢
al. (2007) turbulent regime
and Re
. Forced heat transfer in a tube
Maiga et al. . . . . .
(2004) containing aluminum and ethylene  Single phase 60% increase in heat transfer
glycol in water
Thermal and hydraulic behavior in - . .
Mansour et al. . . . Heat transfer coefficient increase in
laminar and turbulent flow in a Single phase

both regimes
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