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Abstract

Excessive heating of electronic equipments may cause both decreasing thermal performance of system and
undesirable consequences such as increased thermal stresses and mechanical defects in the system. In the
literature, there are many studies including applications of thermal analysis and technologies in order to make
cooling more effective. In this study, flow and heat transfer were investigated numerically in the case of three
dimensional, incompressible, fully developed and laminar flow for semi spheres placed as multiple serials in a
channel. The continuity, Navier-Stokes and energy equations were solved numerically by using Ansys Fluent-17.0
software program. Air was taken as working fluid. Inlet temperature of the air and sphere surface temperatures
were 300 K and 350 K, respectively. The effects of location of semi spheres as multiple serials, placement angle
and positions of sphres according to each other on the pressure drop and heat transfer enhancement for case of
different Re numbers (Re=100, 200, 400 ve 800) were researched. The obtained results showed that the positions
of spheres had a great importance in the case of placement as multiple serials of semi spheres.

Keywords: Semi sphere, converging and diverging channels, heat transfer, laminar flow.

1.INTRODUCTION

Heat transfer has a great important role in the design of !

various heat exchangers, nuclear reactors, solar collectors,
heaters, coolers, internal-combustion engines, combusti-
on chambers, electric machines etc. It is required that the

heat transfer is taken the highest values in order to design

of compact devices. Nowadays, various type heat exchan-

ger designs have been improved. Heat transfer coefficient :
belonging to surface geometry of these heat exchangers and !

flow properties with pressure loss coefficient should be de-
termined. One of the heat transfer increment methods is

continuous renewed of boundary layer. For this aim, shifted

plate serials have been investigated in literature and it has
been shown that the heat transfer coefficients can be inc-
reased.

One of the developed methods for enhancement of heat
transfer surface area and the most important for improving
of heat transfer coefficient by forming flow mixture section

is communicating converging diverging channels. By me-

ans of these channels, enhancement in heat transfer can be
carried out by increasing surface area in unit volume and :

especially by composing mixture section. Pressure drop also
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increases with increasing heat transfer at flow on these sur-
faces. Therefore, main goal for using of these surfaces is that
when it is provided maximum enhancement in heat trans-
fer, increment in pressure drop is obtained by minimizing of
flow rate. The fundamental purpose should be become to
determine optimum values which increase the system per-
formance.

In this study, variations of Nusselt number, pressure loss
coefficient, outlet temperature of fluid and amount of heat
transfer according to three different multiple semi-sphere
serials were numerically investigated at the communicating
converging diverging channels composed of semi-sphere
with 32 numbers and 4 arrays located in the channel as mul-
tiple serials. Continuity, Navier-Stokes and energy equations
were solved together to calculate heat transfer at channels.
These basic conservation equations describing the problem
were solved with computer program of Ansys FLUENT-17.0
finite element method based. FLUENT provides to sol-
ve sets of nonlinear partial differential equations by using
numerical methods. There are five main criterias to cont-
rol validity of the obtained results with numerical methods.
These are ensuring solution convergence, determination of
the independence of the solution from iteration, providing
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of conservation equations, determination that the solution
is independent of cell structure and finally comparing results
with experimental or accepted studies in literature

2. LITERATURE SURVEY

Converging-diverging channels as periodic has become sub-
ject of interest for many researchers. Sparrow and Prata [1]
investigated flow and heat transfer with Reynolds number
between 100 and 1000 at converging-diverging conic chan-
nels with unconnected as periodic both experimental and
numerical. It was shown in study that pressure loss was little
more according to flat tube and Nusselt number as depen-
ding on Prandtl number. It was seen that Nusselt number
was less than flat tube for Pr<1, it was little more according
to flat tube for Pr>1 in study. Patankar [2] studied flow and
heat transfer under fully developed flow conditions in rec-
tangular cross-section channels that were periodically va-
riable cross section in flow direction. It was found that the
uniform wall temperature was similar due to the fact that
the velocity and temperature profiles changed periodical-
ly in the modules. It was determined that the temperatu-
re area in a given wall heat flux periodically repeated itself.
With the concept of periodically fully developed flow and

such heat transfer mechanisms. Here, he determined that
the Nusselt number in the periodically fully developed flow
was very high relative to the smooth channel flow and was
a function of the Reynolds number. Kelkar and Patankar [3]
investigated flow and heat transfer in channels with fins by
studying constant fluid properties and considering flow as
two-dimensional. In this study, two parallel plates were used

and the flow was simulated by placing fins on the surfaces of

the parallel plates. The calculations were examined by chan-
ging the variables such as Reynolds number, Prandtl number
and fin conductivity in different geometric parameters. An
increase in heat transfer was observed when the fins were
placed on the plate surfaces as the fluid contacted more sur-
faces and moved with mixing. Also, it indicated that the inc-
rease in pressure drop helped to increase the heat transfer.

Wang and Bank [4] numerically examined flow and heat
transfer in periodic sinusoidal channels. Their studies
showed that heat transfer was increased in such channels
but the increase in pressure loss was less than the increa-
se in Nusselt number. Chunhua et al. [5] and Pankaj et al.
[6] experimentally examined periodically interrelated axial
vortex generators. They made comparison in their work for
the appropriate fin types in the vortex generators. Zhu et al.
[7], Chunhua et al. [8] calculated the effects of vortex ge-
nerators on heat transfer by using a three-dimensional nu-
merical method. They came to the conclusion that by using
the vortex generators, the Nusselt number can be increased
significantly. For the renewal of the boundary layer, general
equations were extracted and analyzed by using analytical
and numerical results for heat and mass transfer coefficients
in shifted plate arrays channel and plate and it was shown

that heat transfer coefficients can be increased (Sohankar

[9], Patankar [10], Yilmaz [11]). Yilmaz and Ayhan [12] who

i were the first scientists theoretically and experimentally exa-
mined the heat transfer in the converging-diverging chan-
i nels connected to each other. Here, it was stated that heat
{ transfer can be increased significantly according to normal
channels due to a good mixing as perpendicular to the flow
i in the channels and it was concluded that heat transfer can
i be increased further at the high Reynolds numbers.

i It was indicated that heat transfer in communicating ele-
! ments was be very high relative to unconnected elements
by Fuji et al. [13] and the results of similar studies related
i to these were given. As a result of the experiments carried
¢ out, it was shown that this design was an effective method
for increasing heat transfer. Kotcioglu and Boliikbast [14]
i performed experiments by placing three different fins on a
i vertical channel with a rectangular section. The fins belon-
ging to the test elements were shaped of converging and di-
i verging fins according to flat surface, cylindrical and air flow
i direction by doing angle. It was deduced that the heat trans-
fer coefficient improved in periodically placed fins as groups
i in especially converging and diverging fins due to periodic

i regeneration of the boundary layer.
solution method, Patankar developed the first theorem of

i 3.MATERIALS AND METHODS

i 3.1Basic Equations

i Viscous, heat transfer involving, incompressible, three-di-
i mensional and non-steady flow equations; conservation of
¢ mass Equation (1), Newton’s second law conservation of
momentum (Navier-Stokes) Equation (2) and conservation

of energy, the first law of thermodynamics Equation (4) [10,
11,12 and 15].

Continuity equation

dp  O(Ou,)
=0
ot ox, M
Navier-Stokes equation
Npu)  OOum) __0p 107
ot Ox, Ox; Re Ox, )

Here, 7,is the viscous tensile tensor and is like Equation (3).

z'il.:,u
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This expression indicates the conservation of the three
i components of momentum. The expression on the left side
i shows the momentum change in the unit volume and the
right side shows the viscous and pressure forces acting on
i fluid. In addition to these equations, the energy conservati-
i on equation is also used since the heat transfer in the flow is
also examined in equation (4).
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The expressions on the right side of the equation show the
change in fluid temperature due to conduction, pressure
work and viscous heat, respectively, and ¢ represents the
viscous loss function as seen from Eq. (5).

Ou,
=i o, (5)

Friction coefficient (pressure loss coefficient) between paral-
lel plates can be analytically calculated by Equation (6) [15].

96
f=ze )

3.2 Problem Geometry and Boundary Conditions

Three different models consisting of a rectangular channel
and 32 semi-cylinders in various cases were used in order
to numerically solve the flow and temperature fields of the
semi-spheres in a converging-diverging channel as shown
in Fig. 1. Here, the flow is toward the inside of the chan-
nel. Figure 2 shows the geometric boundary conditions.
The bottom, top, and side parts are solid surfaces defined
as walls when the left side of the channel is given as velocity
input. The cross-sectional area on the right side of the duct
is defined as the pressure outlet. There is no need to define
the pressure at the exit because the velocity is defined in the
input according to Patankar [10]. At the inlet of the jet, ve-
locity, turbulence kinetic energy, turbulence kinetic energy
loss rate and temperature are uniformly defined.

Model C

i " Lo

Figure 1: Models used in numerical calculations

3.3 Convergence Criteria

Convergence in a numerical study is very important in re-
aching the correct solution. In CFD, the distance between
convergence mesh elements is either faster or diffuculty in

European Mechanical Science, September 2018; 2(3): 76-82

doi: https://doi.org/10.26701/ems.377446

convergent, depending on the dimensions of the control
volume or the sizes of the element. Sometimes, it can lead
to unwanted false results in analysis. When talking about
convergence, you need to talk about residuals. Because, it is
possible to see from the graph that the equations of the flow
is converge or not. Convergence is the iterative analysis until
the difference between the value of a variable at a point and
the previous value and however the previous value of the
variable is equal to a predetermined convergence criterion.

3.4 Working Area and Applied Mesh Structure

The working area consists of a rectangular channel. The sur-
faces of the semi-spheres are heated to 350 K. A fluid (air)
with an average temperature of 300 K enters the inlet of the
duct and leaves the work area from the outlet of the duct.
The Reynolds numbers for inlet velocities are Re = 100, 200,
400 and 800, respectively.

Numerical solution of work-spaces having high-quality
mesh has a great importance in getting the right results.
Therefore, when CFD users who compose in meshes incre-
ase the number of elements used and they carry out analysis
with this new mesh number, they have study opportunities
with the most exact and enough mesh element. This is the
independence of the analysis from mesh element number. In
this study, the analyzes were carried out with mesh structu-
res involving four different numbers of elements, and it was
indicated that how the results changed depending on them.
The results were shown by using 238524 (sparse mesh),
403547 (normal mesh), 752026 (dense mesh) and 925405
(very dense mesh), respectively.

x, y components of the velocity were dimensionless with the
channel inlet velocity when it was provided to become di-

Model B

Figure 2: Boundary conditions used in numerical calculations

mensionless of the turbulence kinetic energy by dividing the
square of the channel inlet velocity. Both velocity compo-
nents and turbulence kinetic energy were completely inde-
pendent of the number of elements and only varied a little in
sparse form (Figure 3).
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Figure 3: Variation of x, y velocity component and turbulence kinetic energy according to different mesh numbers respectively, Re = 100

However, this change was high between the sparse mesh
structure and very little among normal, dense and very den-
se mesh structures. Especially, it was seen that the analy-
sis with very dense mesh structure was not different from
the results obtained using the dense mesh structure. Since
the difference between the normal and the dense mesh was
small, it was decided that all analyzes should be carried out
with a dense mesh of about 752026 elements (Figure 4).

Velocily

Figure 4: Mesh structure applied to model

4. FINDINGS AND EVALUATION

The results of the f-friction factor variation of the presen-
ted numerical study with the Re number for parallel plate
are shown in Figure 5 by comparing analytical (Eq. 6) and
numerical results obtained from Erdinc [15]. It is seen that
the results are very compatible with each other and there-
fore it is considered that the numerical study is correct and
acceptable.

- Anatybicsl
e Erfin [15]
Presented study

a2
100 200 300 400 500 E00 Toa 800 : - : ; :
Re é i, - £ = - - T ™
. . . L i Figure 6: Presentation of velocity vectors for Models A, B and C,
Figure 5: Comparing the results obtained for f-friction factor : Re=100
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In Figure 6, the motion of the fluid between the semi-sphe-
res in the channel at Re = 100 for Model A, B, and C is visua-
lized using velocity vectors. In addition, semi-spheres at the
second and third array are indicated by zooming in order to
better show the flow between the semi-spheres by starting
from the top array for also the three models. For model A,
the flow around the semi-spheres is very small as the flow
passes through the channels between the spheres. On the
other hand, for model B, due to the fact that the semi-sphe-
res are positioned horizontally at an angle of 20°, the fluid
is easily directed between the spheres and provided to mix
with the fluid coming from the bottom of the sphere (Fig. 6).
In Model C, due to the position of the semi-spheres in the
channel although the fluid is contact with the spheres, the
motion of the fluid both between the spheres and mixing
with each other is more difficult than in Model B. In additi-
on, as can be seen from the velocity distribution vectors for
all three models in Fig. 6 the lowest velocity values along the
channel are reached between the spheres because the sphe-
res obstruct the flow.

Figure 7 shows the variation of the pressure loss coefficient
(f-friction factor) with the number of Re for three different
converging-diverging channels (Models A, B, and C) formed
by differently arranging a total of 32 semi-spheres in the case
of 8 serials with 4 rows. The loss coefficients obtained for
models B and C are very close to each other but more loss

coefficients are obtained in Model C where the passage of

fluid between spheres is more difficult. In addition, the fric-
tion factor in the laminar flow is a function of the Re num-
ber and the friction factor decreases with the increase in the
number of Re.

3.0

Model A
Model B
25+ Model C

Re
Figure 7: Variation of pressure loss coefficient with Reynolds
number

Figure 8 shows the variation of the outlet temperature of the
fluid from the channel with the Re number for Models A, B
and C. Although the lowest pressure loss coeflicient is obtai-
ned for Model A, the fluid temperature at the outlet is lower.
Because the fluid is less circulated among the spheres than
the other models. In Model B, the fluid contacts with more
sphere surface because fluid passing is increased between
the channels according to Models A and C. Thus the heat
transfer surface area increases and at the same time it is re-
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ached to the higher fluid outlet temperature value for this
model since existing fluid moves by mixing with the fluid
coming from under the sphere.
329.0
3286 e Model A

Model B
328.0 Model C

275
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Re
Figure 8: Variation of fluid outlet temperature with Reynolds number

Figure 9 shows variation of the mean Nusselt number (Nu)
with the Re number for spheres. The temperature variati-
on of the fluid results in a variation at the Nusselt number.
However, as can be seen in Fig. 9 the Nu number is also
increased because increasing of the fluid velocity (increase
of Re) increases the heat transfer by convection. The highest
Nu number value is also reached in Model B where the pas-
sing and mixing of the fluid are better.

100 200 200 200 500 @00 700 800
Re
Figure 9: Variation of Nusselt number with Reynolds number

Figure 10 shows variation of heat transfer value to the fluid
at the outlet of the channel according to Re number. When
the increase in the Re increases the amount of heat transfer
to the fluid, the highest heat transfer value is achieved for
Model B.

Figures 11, 12 and 13 show the temperature and velocity
contours in a converging-diverging channel consisting of 32
semi-spheres in a total with 8 semi-spheres in each row and
with 4 rows for Models A, B and C at Re = 100, respectively.
For all three models, because the spheres with the 8 serials
make diffucult the fluid passing between the channels as can
be seen from the temperature contours, according to other
parts of the channel in especially in the second array after
the spheres, they cause to obtain a hotter fluid region (Fi-
gures 11a, 12a and 13a). Thus, velocity values between the
channels considerably reduce due to the difficult fluid pas-
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sing according to other parts of the channel (Figs. 11b, 12b
ve 13b). However, because the motion of the fluid between
the spheres is more efficient than that of the Models A and
C for Model B, the mixing of the fluid is improved and as a
result of this, heat transfer also increases. For this reason,
the temperature contour variation in Model B is higher than
in the other two models especially at higher Re values. In
addition, higher velocity values can be achieved due to im-
provement of fluid motion between the spheres.

450

100 200 200 400 500 600 700 200

Figure 11: Temperature and velocity contours for Model A

Figure 12: Temperature and velocity contours for Model B

Figure 13: Temperature and velocity contours for Model C

5.RESULTS

In this study, the variation of the pressure loss coefficient,
outlet temperature of the fluid from the channel, Nusselt
number and the amount of heat transfer according to three
different multi semi-sphere arrays were numerically inves-
tigated in the converging-diverging channels composed of
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32 semi-spheres with 4 rows placed as serials. Continuity,

Navier-Stokes and energy equations for the calculation of

the heat transfer in the channels were solved with the Ansys
FLUENT-17.0 computer program based on the finite volu-
me method.

For Model A, B and C, when the variation of the outlet tem-
perature of the fluid with the Re number is analyzed, it is re-
ached to the higher fluid outlet temperature value in Model
B compared with the other models due to the fact that the
motion of fluid between the channels is improved. However,
the number of Nu also increases due to the increased heat

transfer by convection because the fluid velocity (increase of

Re) is increased. Also, the highest Nu number value is rea-
ched in Model B where the motion of fluid and the mixing
between channels are better.

As can be seen from the velocity and temperature contours,
as the result of the fluid movement between the channels
composed of the hot spheres, it is attained a hotter fluid re-
gion especially towards the end of the channel. However, the
flow velocity between the spheres decreases due to the flow
obstruction. In addition, the heat transfer from the spheres
is increasingly transferred to the flow in the channel by the

continuous renewal of the boundary layer which is one of

the reasons of the increasing the heat transfer of the conver-
ging-diverging channels. This case is achieved by directing
the fluid between the converging and diverging channels
formed by semi-spheres. The best example is especially in
Model B, where the highest heat transfer is obtained accor-
ding to other models.

Therefore, the best sphere placement position, sphere spa-
cing and numbers should be chosen to ensure the best fluid
circulation between the channels with low pressure loss in
order to achieve the highest heat transfer rates.

NOMENCLATURE

: specific heat, [Jkg*! K]

: friction factor

: thermal conductivity, [Wm-1 K-1]
: density [kgm?]

: viscous tensile tensor [Nm?]

<

: viscous loss function [m?s?]

: dynamic viscosity [kgs'm™]
u : Nusselt number (=hd/k), [-]
Pr : Prandtl number (=k/pcp), [-]
Re : Reynolds number (=V_d/v), [-]
T  :temperature [K]

ZE s o n T TR

t : time [s]

u : velocity, [ms™]
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