A *la i Adae
B Surman Journal for Science and Technology Volé N: ;ﬁnu—my '2024

sjst.scst.edu.ly ISSN: Online (2790-5721) - Print (2790-5713) Pages: 087 ~ 099

3D Fluid Flow and Heat Transfer Simulation of Turbulent Flow over Bank
of Tubes

Motasim Shalgoum, Akram Abdullah Alharari 2,
Talal Albireeshni, Alhosain Abdelhameed.

Mechanical Engineering Department, Faculty of Engineering, University of Zawia, Libya.
2a.elhrari@zu.edu.ly

uaalall

el iiie slay¥) DG (3835 BSlaa g apanad a8 anliY) e ja elal o Jalse sae il slSla caad) 13 a5,
Al clgha Al 0 5 e il e & (ANSYS Fluent 19.0) gl ahainl calil) (e i ja (358 0 jlaae
alaa g 3 ) jal) JEs) Jalas Ao a2 g a1, 75 a5 can] s sl (2D 5 1.75D5 1.5D 51.25D) ass 433 gac
e ol 5l sVl IS5 0 ganl) s 288N 5 shadll ) il Chaaa g | fina s alitia g 353 G oadasd) SISEAY)
e OS5 alatiall (e Juadl Sinaall w55l (g ) jadl 1oYW () GlliS piliall Canay | Siasall s alaiiall a5l i) A ja gl
(bl AMKEAY) el A5 S 33k ) Gles

Abstract

This study presents a simulation of the effect of different parameters on the performance
of a bank of tubes. A CFD simulation of a 3D steady state turbulent flow over a bank of tubes
was designed and analyzed using ANSY Sfluent 19.0. The effect of cross-wise and stream-wise
pitches of 1.25D, 1.5D, 1.75D and 2D as well as diameters of 1cm, 1.5cm, 1.75cm and 2cm on
the heat transfer coefficient and skin friction coefficient of the tube were studied and analyzed
for bothinline and staggered configurations. Results have shown that the cross-wise and stream-
wise pitches and tube diameters have a noticeable effect on the performance of the tube bank
for both in line and staggered configuration. Results have also shown that the staggered
configuration had a better thermal performance than inline configuration.
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Introduction
Heat exchangers are a common device used in various engineering applications to control the

thermal load of a system. Most heat exchangers exchange heat between two systems via the use
of fluids. Therefore, understanding the characteristics of the flow of fluids is crucial in order to
enhance the thermal performance of heat exchangers. One of the most used heat exchangers in
engineering applications is the "shell and tube” heat exchangers that rely on tube banks. A tube
banks consist of cylindrical parallel tubes that are heated via the fluid flowing normal to it, this
simulates a cross flow heat exchanger used in engineering applications and these tubes can be
either staggered or in line with the flow direction [1]. Understanding the characteristics of flow
tube banks is necessary in improving and optimizing the performance of heat exchangers. For
any engineer, improving the performance of a system with optimum parameters is the primary
point of focus of many studies. However, improving the performance of a system requires a
solid understanding of the characteristics of the system as well as the parameters influencing
these characteristics. To reach this level of understanding, a large amount of time and resources
need to be invested in carrying out various experiments and researches. Therefore, engineers
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developed multiple methods to decrease the amount of time and resources required. One of the
most used methods is the use of numerical simulations that rely on well-established
mathematical models and procedures such as computational fluid dynamics (CFD) [2]-[4].
Computational fluid dynamics simulation software help predict the behavior patterns and
characteristics of fluid flow and heat transfer of fluid systems, such as tube banks [5]-[7]. This
helps provide a general idea to the characteristics of a system as well as decreasing the required
number of models and experiments that help in turn decrease the amount of time and resources
invested.

For this study, a commercial CFD software ANSYS Fluent is used to analyze the thermal
performance as well as the characteristics of the flow of a tube bank. This study will provide
an insight to the characteristics of flow and heat transfer of a tube bank in an inline and
staggered configuration as well as the effect of the Cross-wise pitch (st) and Stream-wise pitch
(sL) on these characteristics.

Physical model
The schematic of the model used is shown in figures 1and 2 which represents a cross section of

a shell and tube thermal heat exchanger. The front section and 3D model of the inline and
staggered configuration were illustrated respectively.

5D 8D

25

Figure 1 inline tube configuration schematic
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Figure 2 Staggered tube configuration schematic

Where W is the length of the tubes and width of the schematic. The Schematic dimensions
include 1cm, 1.5cm, 1.75cm and 2cm tube diameters, 10cm tube length and the values of St

and Si that will be used for this study are 1.25D, 1.5D, 1.75D and 2D. The fluid used is air with
the following material properties:

Table 1 Air material properties

Density Thermal Specific heat Viscosity (1)
(p)(kg/m3)  conductivity (k) capacitance (cp) (kg/m.s)
(W/m2 k) (i'kg.k)
Air 1.225 0.0242 1006.43 1.7894e-5

The most important terms in modeling a flow over bank of tubes are the tubes diameters and
the cross-wise and stream-wise pitch i.e. D, Stand Sc. both inline and staggered configurations

are characterized by their cross-wise and stream-wise pitch to diameter ratio i.e.
Sr

a=— (1)
b=2 (2

Where a is the cross-wise pitch to diameter ratio and b is the stream-wise pitch to diameter

ratio.

Assumptions
The main assumptions made when solving the problem are as follows, all walls are stationary,
impermeable and no-slip conditions is valid, gravity is neglected, the flow is assumed to be
turbulent and in steady state, the fluid is assumed Newtonian and incompressible with constant
and homogenous material properties, and the heat transfer by radiation and viscous dissipation
are neglected.
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Mathematical model
The governing equations of mass, momentum, energy, turbulent Kinetic energy (k) and

turbulent dissipation(e) are written in their general form using Cartesian coordinates based on
the previously mentioned assumptions as follows [8], [9]:

e Mass (continuity) equation:

ou Jdv , ow
£+5+E—0 (3)

e Momentum equations:

ou ou ou P 9%u  9%u  9%u o)?  atuw)  aluw)
Y LT B TP L L oL Lo @
dax dy 0z dax ax ay 0z dax oy 0z

%v 9%y 9%v aw)  a@?2  alow)
p(u3x+v6y+waz)__By+‘u(ax2+ay2+6zz)_ ax + ay + 0z (5)
aw Waw) __or ’w | 3w 6z_w) ) n alwv) n alw)? (6)

ay 0z ox

0z H x2 d0y? az2

e Energy equation:

oT oT oT 92T . 9%T , 9°T
u—tv—tw—=al S+ 5+ 7
x + ay + 0z (6x2 + dy? + 622) ( )

e Turbulent kinetic energy (k):

2 0 ({22 4 p
2 (ko) = | (1 + 23] + Py - e (8)

o/ 9xj

e Turbulent dissipation (g):
a N _ d He de £ _ £
2 (peu) = o= | (4 + ) 22|+ G £ P - CpE 9)

O¢

Boundary Conditions
The boundary conditions used in this problem include a velocity inlet and pressure outlet

for the cooling fluid and symmetrical walls at the top, bottom, front and back of the body. Figure
(3) shows the boundary conditions for an inline tube distribution and figure (4) shows the

boundary conditions for a staggered tube distribution.
T=373K
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Figure 3 Inline and Staggered configuration boundary conditions
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The flow of areal fluid in atube bank body resembles that of a flow over a single cylinder with
significant differences. The Reynolds number of a flow over tube bank is identified using the
maximum bulk velocity Umax unlike anormal flow that is identified using the mean velocity U,

as shown in figure (4) [10].
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s ) |
Flow —= Gpu 72! LT — Sy Flow —= U, = Sr
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(a) IN-LINE (b) STAGGERED

Figure 4 Schematic of a flow over a bank of tubes model for both inline (a) and staggered (b)
configuration.

The Reynolds number is defined by equation (10):-

(10)Re = 2

max xD

Where p is the fluids density and p is the fluid viscosity. The maximum bulk velocity can be

defined by the mean bulk velocity using equation (11) [11]-[13]:-

(11)Upmax === % Unean

Where Umean is the mean bulk velocity. Equation (11) is used for all in-line banks, and
staggered banks with a < 2b2 - 0.5, for some compact staggered banks, where a > 2b? - 0.5, the

minimum cross section occurs across the diagonal and therefore equation (12) becomes:-

g —Yab'ta=2. U,eon (12)

max a
The inlet velocities of the cooling fluid are based on Reynolds numbers in the range of 100-
10000. The temperature of the tube walls are set to 373k and the cooling fluid enters the system
at 300k.

Results
Mesh Dependency Study
A mesh dependency study conducted in this study compares the average heat transfer

coefficient obtained from different meshes and choosing the mesh with a favorable percentage
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of error. Figure (5) shows the mesh dependency study performed and figure (6) shows the final
mesh used.
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Figure 5 Mesh dependency study

0.000 0100 0.200 {m)

Figure 6 Example of final mesh used

As it can be seen from the previous figure, the problem was found to be mesh dependent
and the mesh with 92703 nodes was chosen since it reached a desirable percentage of error
(0.022%).

Model validation

In order to validate the chosen model and the results gained from it, a model validation test is
performed. For this test, the results gained from the simulation are compared to results from
experimental correlation. While there are many correlations that could be used, the correlation
proposed by Zukauskas [12] will be used for this study. Zukauskas's correlation for an inline
configuration is expressed in equation (12):-

0.25
Nu = 0.27 x Re 3 x Pro36 x () (12)

Prg
Since the material properties were assumed constant, therefore Pr and Prs are equal, rendering
equation (13) as follows:-
(13)Nu = 0.27 x Re®® x pr036
However, this equation is used for tube banks with 16 or more columns therefore a correction
factor is introduced, the correlation factor used in this study is 0.86 [12]. Figure (7) show results
of the model validation conducted.
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Figure 7 Comparing simulation results with experimental results

As it can be seen in the previous figure, the results gained from the simulation behaved similarly
to the experimental results; however, as Reynolds number increased, these values stated to
deviate from the experimental results but where still within an acceptable margin of error.

Inline Configuration

Heat Transfer

Effect of cross-wise pitch

Cross-wise pitches of 1.25D, 1.5D, 1.75D and 2D will be used with a stream-wise pitch of
1.25D and tube diameter of 1cm will be used. Figure (8) illustrates the average heat transfer

coefficient for all nine tubes at various cross-wise pitches.

60
——1.25D
50 ---15D
----- 1.75D L
40 -

30 /

0 2000 4000 606% 8000 10000 12000

Figure 8 Average heat transfer coefficient at various Re and cross-wise pitches for s,.=1.25D and
D=1cm (inline)

From the previous figure, increasing the cross-wise pitch led to asmall decrease in heat transfer
coefficient; however, as the Reynolds number increased, increasing the cross-wise pitch has
had no significant impact on the heat transfer coefficient. This is probably due to each row
being too far from each other to create further vortices that could increase the heat transfer
coefficient and the fluid will flow in between the rows unimpeded. The previous figure also
shows that an increase in Reynolds number leads to an increase in heat transfer coefficient,
which is a well-established effect of increasing Reynolds number.
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Effect of stream wise-pitch
As with the cross-wise pitch, stream-wise pitches of 1.25D, 1.5D, 1.75D and 2D and a diameter

of 1cm will be used. As for the cross-wise pitch, a cross-wise pitch of 1.5D will be used. Figure
(9) illustrates the average heat transfer coefficient for all nine tubes at various stream-wise
pitches. As it can be seen from the figure, an increase in the stream-wise pitch led to an increase
in the heat transfer coefficient. This is probably due to the increase in the distance between the
tubes in the same row, which allows for stronger currents to develop between them. However,
the effect of increasing the stream-wise pitch decreases with this increase until, eventually, it
will have no more effect. Based on these results, 1.75D can be considered the optimum choice
since increasing it beyond that point has no real merit in terms of heat transfer enhancement.
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Figure 9 Average heat transfer coefficient at various Re and stream-wise pitches for s=1.5D and
D=1cm (inline)
Skin Friction Coefficient

Effect of cross-wise pitch
The effect of cross-wise pitch on the skin friction coefficient is shown in figure (10). As it can

be seen from the figure, an increase in cross-wise pitch leads to an increase in the skin friction
coefficient. However, as the distance between tubes increases, the effect of increasing it
decreases.
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Figure 10 Average skin friction coefficient at various Reynolds numbers and cross-wise pitches
for s.=1.25D and D=1cm (inline)
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Effect of stream-wise pitch
Inorder to study the effect of the stream-wise pitch, a cross-wise pitch of 1.5D and diameter of

1cm is used. Figure (11) illustrates the effect of increasing the stream-wise pitch on the skin
friction coefficient.
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Figure 11 Average skin friction coefficient at various Reynolds numbers and stream-wise pitches
for s;=1.5D and D=1cm (inline)

From the previous figure, an increase in the stream-wise pitch has had a very small effect on
the skin friction coefficient.

Staggered Configuration
Heat Transfer
Effect of cross-wise pitch
The effect of the cross-wise pitch on the average heat transfer coefficient for a staggered

configuration at a stream-wise pitch of 1.25D is illustrated in figure (12).
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Figure 12 Average heat transfer coefficient at various Re and cross-wise pitches for s,.=1.25D
and D=1cm (staggered)

As it can be seen from the previous figure, the increase in the cross-wise pitch has led to a
decrease in the average heat transfer coefficient. This is due to the development of stronger
vortices for compact staggered configurations as opposed to widely spaces configurations.

Effect of stream-wise pitch
The effect of the stream-wise pitch on the average heat transfer coefficient for a staggered

configuration at a cross-wise pitch of 1.25D is illustrated in figure (13). As it can be seen from
the figure, an increase in the stream-wise pitch is followed by a strong increase in the heat
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transfer coefficient. This is due to the increase in the space between each column of tubes,
which allow for the development of stronger currents.
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Figure 13 Average heat transfer coefficient at various Re and stream-wise pitches for s=1.25D
and D=1cm (staggered)

Skin Friction Coefficient
Effect of cross-wise pitch
The effect of the cross-wise pitch on the average skin friction coefficient for a staggered

configuration at a stream-wise pitch of 1.25D is illustrated in figure (14). Asit can be seen from
the figure, increasing the cross-wise pitch decreases the skin friction coefficient.
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Figure 14 Average skin friction coefficient at various Reynolds numbers and cross-wise pitches
for s.=1.25D and D=1cm (staggered)

Effect of stream-wise pitch
The effect of the stream-wise pitch on the average skin friction coefficient for a staggered

configuration at a cross-wise pitch of 1.25D is illustrated in figure (15).
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Figure 15 Average skin friction coefficient at various Reynolds numbers and stream-wise pitches
for st=1.25D and D=1cm (staggered)

From the previous figure, increasing the stream-wise pitch increases the skin friction coefficient
especially at higher Reynolds numbers.
Inline and staggered comparison

To compare the inline and staggered configurations to each other in order to determine
the optimum configuration. For this comparison, a stream-wise and cross-wise pitch of 1.25D
and a diameter of 1cm will be used.
Heat transfer

Results have shown that the staggered configuration had a better thermal performance
when compared to an inline configuration with an average increase of 114.39%. Figure (16)
illustrates this comparison between an inline and staggered configuration.
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Figure 16 Average heat transfer coefficient for both staggered and inline configurations at
St=SL=1.25D and D=1cm

Skin friction coefficient
Results have shown that the staggered configuration has shown a large increase in the
skin friction coefficient when compared to the inline configuration. The staggered configuration
has shown an average 618.18% increase when compared to an inline configuration. Figure (17)
illustrates the comparison between an inline and staggered configuration.

Vol. 6 No. 1, Jan — May 2024 | OPEN ACCESS - Creative Commons CC [@oNp
97



A *la i Adae
B Surman Journal for Science and Technology Volé N: ;ﬁnu—my '2024

sjst.scst.edu.ly ISSN: Online (2790-5721) - Print (2790-5713) Pages: 087 ~ 099

8
Staggered e

7

6 //

= = =Inline
5 ’/
b4

3

2

1 ,// .
L— R R PR e

0 ===

0 2000 4000 6000 8000 10000 12000
Re

Figure 17 Average skin friction coefficient for both staggered and inline configurations at
St=SL=1.25D and D=1cm

These results show that while a staggered configuration has improved the thermal performance
of the tube bank it also greatly increased the skin friction coefficient and consequently the
required pressure.

Conclusion

A three-dimensional steady state model was developed to analyze and study the heat
transfer and fluid flow characteristics of flow over bank of tubes. The effects of the cross-wise
and stream-wise pitch on the heat transfer and flow characteristics were studied for both inline
and staggered configurations. Based on the gained results, it can be concluded that the Reynolds
number of the flow has a strong effect on the performance of tube banks. The cross-wise and
steam-wise pitches has a strong effect on the performance of the tube bank especially in the
staggered configuration. The staggered configuration has shown a better thermal performance
than the inline configuration, however at a cost of a greatly increased pressure drop, as evident
by the high friction factor.
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