International Journal of Mechanical Sciences 161-162 (2019) 105056

Contents lists available at ScienceDirect

Mechanicat
Sciences

International Journal of Mechanical Sciences

journal homepage: www.elsevier.com/locate/ijmecsci

Forced convection around horizontal tubes bundles of a heat exchanger 1)
using a two-phase mixture model: Effects of nanofluid and tubes S|
Configuration

Mohammad Tahmasebiboldaji?, Masoud Afrand?, Azeez A. Barzinjy "<, Samir M. Hamad ¢,
Pouyan Talebizadehsardari&*

2 Department of Mechanical Engineering, Najafabad Branch, Islamic Azad University, Najafabad, Iran

b Physics Education Department, Tishk International University TIU, Erbil, Kurdistan Region, Iraq

¢ Physics Department, College of Education, Salahaddin University-Erbil, Kurdistan Region, Iraq

d Computer Department, Cihan University-Erbil, Iraq

¢ Scientific Research Centre, Soran University, Soran, Erbil, Iraq

f Department for Management of Science and Technology Development, Ton Duc Thang University, Ho Chi Minh City, Vietnam
& Faculty of Applied Sciences, Ton Duc Thang University, Ho Chi Minh City, Vietnam

ARTICLE INFO ABSTRACT

Keywords: In this paper, numerical simulation of laminar flow and heat transfer of nanofluid on a group of heat exchanger
Convective heat transfer tubes is described. For better prediction of the behavior of the nanofluid flow on the tube arrays, two-phase
Nanofluid

mixture model was used. To achieve this aim, heat transfer and laminar flow of two-phase nanofluid as cooling
fluid at volume fraction of 0, 2, 4, and 6% solid nanoparticles of silver and Reynolds numbers of 100 to1800
were investigated for different Configurations of tube arrays. The results indicated when the nanofluid collides
with the tube arrays, the growth of heat boundary layer and gradients increase. The increase in the growth of
boundary layer in the area behind the tubes was very remarkable, such that at the Reynolds number of 100, due
to diffusion of the effect of wall temperature in the cooling fluid close to the wall, it had a considerable growth.
Further, from the second row onwards, the slope of pressure drop coefficient diagrams was descending. Among
the different Configuration s of tubes and across all the investigated Reynolds numbers, square Configuration had

Tube Configuration
Two-phase mixture model
Laminar flow

the maximum pressure drop coefficient as well as the highest extent of fluid momentum depreciation.

1. Introduction

In recent decades, to save energy consumption and raw materials and
considering economic and environmental issues, great attempts have
been made to develop efficient heat exchange devices. The global de-
mand for efficient, reliable, and economical heat exchanger devices es-
pecially in process industries, power generation, cooling and air con-
ditioning systems, heat exchangers, vehicles, and plant instruments is
rapidly increasing [1-3]. Heat transfer efficiency in equipment such as
heat exchangers, the heat conductivity of the energy carrying fluid, and
convection heat transfer coefficient play a significant role. Considering
usage of conventional and typical cooling fluids including water, oils,
and ethylene, with the increased global competition across different in-
dustries and the role of energy in production costs, these industries are
progressively moving towards development of advanced and new fluids
with high thermal indices such as nanofluids. Many researchers in heat
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transfer science have dealt with the investigation of the flow behavior
and heat transfer across different geometries and dimensions [4-8]. In
the majority of these studies, the effect of elevated heat transfer with
new cooling fluids has been reported. By employing these fluids in in-
dustrial instruments such as heat exchangers, their thermal efficiency
can be enhanced. In this regard, applied studies have been conducted by
researchers. The studies on investigation of flow on tube arrays include
experimental and numerical studies. Kim [9] dealt with numerical inves-
tigation of flow on tube arrays with different Configurations. He found
that the changes in the step of tubes have a great impact on frictional
drag and local Nusselt number. Iwaki et al. [10] dealt with experimen-
tal investigation of the ratio of different dimensions of tube arrays in
two special Configurations: linear and staged by particular image ve-
locimetry (PIV) method. Their experimental results indicated that the
structure of flow field in the tube arrays is dependent on velocity vector
field, intensity of turbulence, and structure of vortexes. Godson et al.
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[11] experimentally investigated heat transfer characteristics in shell
and tube heat exchanger using water-silver oxide nanofluid. The results
of their research indicated that with the increase in the volume fraction
of solid nanoparticles, the efficiency and convection heat transfer coeffi-
cient increase, with the maximum convection coefficient and efficiency
reported as 12.5 and 6.14%, respectively. Wang et al. [12] examined
laminar and turbulent flow of air on tube arrays in different Configura-
tions. In this research, they studied the flow properties and heat transfer
of air flow at Reynolds numbers of 100 and 300. The results indicated
that heat transfer in the first tube in each row is the lowest in compari-
son with other tubes in that row. Further, hydrodynamic properties and
heat transfer in the first tube are almost the same in the investigated
Configurations. Chidanand et al. [13] dealt with numerical and experi-
mental examination of air flow on tube arrays with an integral splitter
plate. Their research was performed within the Reynolds numbers of
5500-14,500. They found that use of the splitter plate in the trail of
tubes results in increased Nusselt number for the fluid flow. Further,
use of a plate connected to tubes causes increased heat transfer and
thermal-fluid efficiency with decrease in pressure drop in comparison
with typical tube arrays. The maximum increase in thermal-fluid perfor-
mance is 60-82% at Reynolds number of 5500. Wang et al. [14] dealt
with numerical investigation of heat transfer behavior of water fluid in
shell and tube heat exchangers. They found that change in the degree of
slope of tubes has no significant effect on fluid flow properties and heat
transfer for liquid flow across the entire tube Configuration. Iacovides
et al. [15] examined and simulated flow on tube arrays using numerical
method. In their research, the distance between tubes was studied in
linear (rectangular) Configuration of tube arrays. They found that the
pathway of fluid flow between tubes will differ based on the extent of
turbulence. Mangrulkar et al. [16] dealt with numerical investigation
of flow and friction factor of air fluid on tube arrays with a Cam sec-
tion within the Reynolds range of 11,500-42,500. They observed that
thermal-fluid efficiency in tube arrays with a Cam section is greater than
in those with circular cross section. Moreover, friction factor in this type
of cross section diminishes by 85-89% in comparison with circular cross
section.

In this research, for the first time, laminar and two-phase flow of
water-silver nanofluid is investigated numerically on tube arrays with
a circular cross section with different Configurations. Use of nanofluids
and simulation of flow and heat transfer in a two-phase form, investiga-
tion of different Configurations of tube arrays, concurrent comparison
of parameters including Nusselt number, friction factor, pressure drop,
dynamic pressure drop coefficient and the forces exerted on the tube ar-
rays for different Reynolds ranges and volume fraction of solid nanopar-
ticles make this research distinct from other studies. The results of this
investigation can be practically used in cooling systems of tube bundles
which are an important part of nuclear power plants, shell & tube heat
exchangers and Spacecraft.

2. Problem statement (description of dimensional physics)

In this research, simulation of Nusselt number and laminar heat
transfer of nanofluid on tube arrays of heat exchanger is described.
Fig. 1-a depicts a schematic drawing of the problem of interest. It is
seen that the geometry consists of three parts including the inlet region,
the inner region, and the outlet region. The inlet region is considered to
guarantee a fully developed flow, while the outlet region is considered
to avoid any backflow into the test section. In this research, the stud-
ied geometry and Configuration of tube arrays have been described by
Equilateral Triangle (ET), Equal Spacing (ES), and Rotated Square (RS)
Configurations, according to Fig. 1-b.

Fig. 1-b demonstrates the Configuration associated with the tube ar-
rays studied in this research. The dimensions of the studied geometry
include input length L, middle length Ly, and output length L, and
d (tube diameter). The dimensions of the studied geometry is reported
in Table 1. In this research, the heat transfer and laminar flow behavior
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Table 1
Dimensions of the studied geometry.
Tube diameter (d) 2 cm
Input length (L) 20 cm
Output length (Ly) 15 cm
ET Sy =10 cm
Configuration Sp =10 cm
S, = 8.66 cm
ES Sy =10 cm
Configuration Sp=10 cm
g Sy =10 cm
RS Sy =10 cm
Configuration Sp =7.07 cm
g S, =5cm

Table 2
The thermophysical properties of the base fluid and solid
nanoparticles [17,18].

Material Pr p (kg/m3) C, (J/kgK) k (W/mK)
Pure water 6.2 997.1 4179 0.613
Silver oxide - 10,500 235 429

of the two-phase nanofluid as the cooling fluid is examined at volume
fraction of 0,2,4, and 6% solid silver nanoparticles along with Reynolds
numbers of 100, 400, 1000, and 1800. The extent of heat flux exerted to
the wall of tubes is ¢” = 6000 W/m?. The temperature of the input fluid
is 293K, and diameter of the solid nanoparticles is considered 10 nm.
The properties of the silver nanoparticles and water base fluid are con-
sidered according to Table 2.

Triangle (ET), Equal Spacing (ES), and Rotated Square (RS) Config-
urations, according

The aim of this research is investigation of heat transfer and flow
of two-phase nanofluid across different tube array Configurations and
comparing flow parameters with each other. In this study, the fluid flow
is considered laminar, two-phase, and Newtonian, and radiation effects
are neglected. All simulations of heat transfer and fluid flow are per-
formed through two-phase mixture method.

3. The governing equations and assumptions
3.1. Equations of two-phase and laminar flow of nanofluid
The equations governing two-phase and laminar flow of the

nanofluid include continuity equations, momentum equations, and en-
ergy equation [19].
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Fig. 1. (a) schema of the studied geometry and (b) the Con-
figurations of tube arrays in this research.
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In the above equations, V,, is the mean velocity (bulk) of the mix-
ture, Vg, , is the driving velocity of the secondary phase z, and indices T,
P, ¢, u, and p are temperature, pressure, volumetric fraction, dynamic
viscosity, and density, respectively. In Egs. (1)-(8), the subscripts of
2, dr, and m represent the secondary phase 2, driving force, and mix-
ture (solid-liquid phases), respectively. The equations used for calcula-
tion of thermophysical properties of the agent nanofluid are defined as
follows:

The equation for calculation of thermal conductivity of the nanofluid
[20,21].

. — 0369\
= 1+ 647907 (ﬁ) (—"

0.7476
) Pr09955Rel.2321
k¢

_ prkyT _ b _ e _ (€
= fd Pr=r p=AxI107C, T=T,

B =247(K), A =2.414 % 1073 (Pa.s), C = 140(K)
The equation for calculation of dynamic viscosity [22,23]

Bepr = (123¢% +7.3¢ + 1)y (10)

Determination of the specific heat capacity [24]

(pCp) = A= D)(pCp )¢ + b (pCy) 1
Density of nanofluid [25-28],
Pm = (I — @)p; + @py, 12)
Dimensionless parameters are defined as follows [29,30]:
T-T p q,d
x=2y=2y-Log-T_cu=-L p- L _ar-20C
d d u, AT u, Pusti2 ks
9
Pr = Lf (13)
@, ;

Another parameter in investigating the performance of microchannel
is friction factor, which is calculated by the following equation [31],

- (14)

Average Nusselt number is a dimensionless number and represents
the heat transferred to through convection to the heat transferred
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Fig. 2. Details of mesh construction.

through conduction, which is obtained by the following equation
[32-34],

hd Ny = L / Nuy(xydx (15)
ky s Ly o

Nu, =

X

Pressure drop in the input and output mouse is calculated by the
following equation:
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Performance evaluation criterion (PEC) known as thermal-fluid effi-
ciency is defined as follows [35],

Nugpe
Nugpe,p=0

PEC = W 17
i
( Cr =0 >
The values of Reynolds number are calculated as follows [19],
dv,
_ Pe fr4%m (18)
Heff

The extent of pressure drop is calculated by the following equation,

P-P
Cp=1—0m (19)
§><p><u2

3.2. Solution assumptions

In this investigation, the nanofluid flow is assumed as forced and
permanent. The nanofluid properties are assumed as constant (homoge-
neous) and independent of temperature, and Newtonian. The nanofluid
behavior is modeled as two-phase and the numerical solution field is
solved through two-phase mixture method. A constant and uniform heat
flux is applied to each tube and symmetry boundary condition is used for
other walls. In this research, radiation effects are neglected. The bound-
ary condition of velocity on tubes is lack of slip. In this research, the
nanofluid flow is assumed laminar, Newtonian, compressible, and two-
phase. Second-order discretization [36] and SIMPLEC algorithm [37,38]
are used for solving the equations governing the flow. The numerical
solutions are carried out using the finite volume CFD code Fluent. The
maximum residual resulting from numerical solution in the solution pro-
cesses of this simulation is 107°.

4. Mesh study

In this research, for numerical simulation of the solution domain,
finite volume method and rectangular structured mesh have been used.
In Table 3, the number of structured meshes has changed from 15,000 to
52,500 (Fig. 2). In order to make the results independent of the number
of chosen meshes, changes in the parameters of average Nusselt number,

AP=P,-P,, (16) friction factor at ES state for the first row of tubes have been done at
1.8 — Fig. 3. Validation of this study with the study by Zdravistch
——@——  Numerical-Zdravistch et. al [39], Nishimura [40], and Wang et al. [12].
1.6 A @ Numerical-Nishimoura et. al.
——-9v———  Experimental-Nishimoura et. al
1.4 1 — Vv Numerical-Wang et. al.
O — —@— -~ Current study-2D
1.2 Current study-3D

1.0

ICd

0.8

0.6

0.4

0 20 40 60 80 100 120 140

160 180



M. Tahmasebiboldaji, M. Afrand and A.A. Barzinjy et al.

Table 3
Study of the mesh number.
(300 x 50) (400 x 57) (500 x 60) (600 x 66) (700 x 75)
N, 49.73 50.11 51.7 52.45 536
Difference  7.22% 6.511% 3.544% 2.145% -
Crave 0.143 0.121 0.113 0.099 0.091
Difference  57.14% 33 24.17% 8.8% -

Reynolds number of 400 and volume fraction of 4% of nanoparticles.
The results of investigation of mesh have been compared with the larger
number of meshes (52,500). Considering the changes in Nusselt number
and friction factor and the obtained error value, the most suitable and
optimal state of mesh number is 600 x 66, as changes in Nusselt number
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and average friction factor have an error below 10%. All simulations
of this study are performed for tube array Configuration with 39,600
meshes.

5. Results and discussion
5.1. Validation

Fig. 3 demonstrates validation of this numerical study with the
study by Zedravich [39], Nishimora [12], and Wang et al. [40]. This
investigation has been performed at Reynolds number of 54 and for
S7 = Sp = 2. The investigation is performed for estimation of local fric-
tion factor behavior on the tube array. The findings reveal that the
mean percentage difference between our results and those obtained
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Fig. 4. Dimensionless temperature contours across different Configurations of tube arrays at volume fraction of 6% solid nanoparticles at Re = 100 and Re = 400.
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Fig. 5. The contours of streamlines across different tube array Configura-
tions at volume fraction of 6% solid nanoparticles and Reynolds number of
1800.

by Zedravich [39], Nishimora [12], and Wang et al. [40] for two-
dimensional geometry is respectively 14.45%, 7.54%, and 9.01%, while
these values for the case of three-dimensional geometry are respec-
tively 11.88%, 5.23%, and 7.77%. Considering the suitable correspon-
dence of these numerical results with the studies conducted in this re-
gard in two-dimensional and three-dimensional geometries, it is found
that the boundary conditions and estimations considered for solving
the problem enjoy a good accuracy. Selection of the numerical solution
field in two-dimensional state is more suitable than three-dimensional
state.

The tube surface wall shear distribution is presented using a local
friction coefficient, Cy, on each tube:
T“’ 20)

L y2
Emeax

Cr=

where 7, is the wall shear stress on the tube surface at an angle 6 from
the front of the tube and V,,,, is the mean velocity at the low cross-
sectional area. The relationship between V,,,, and the inlet velocity, U,

025
- —@——  ES Configuration
v ET Configuration
0.20 O RS Configuration
0.15
o
R
@)
0.10
0.05
0.00 T T \ T
100 400 1000 1800
Re

(a-6) of the first row (Rowl)
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is [41,12]:
V. S* lS*
max _ T 27T
U = max S; s 7 210

2
1 ox * 2
[(EST) (SL) ] -1
In this work, only the nominal pitch ratios of 1.25 and 2.0.
5.2. Effects of Reynolds numbers

Fig. 4 compares dimensionless temperature contours across different
Configurations of circular tube arrays at the volume fraction of 6% of
solid nanoparticles. This investigation has been performed at Reynolds
numbers of 100 and 400. In each Configuration of ET, ES, and RS in
the tube arrays, it is observed that the temperature of the cooling fluid
after entering the region in which the tube array is placed is affected by
thermal gradients. Based on these contours, it is seen that the extent of
thermal gradients undergoes fewer changes at Reynolds number of 400,
in comparison with 100. In collision of the fluid with the tube arrays,
it is observed that growth of heat boundary layer begins. This increase
is more considerable at the backside of tubes, such that at Reynolds
number of 100, due to diffusion of the effect of wall temperature in the
cooling fluid close to the wall, it has a remarkable growth.

In Fig. 5, the contours of streamlines across different Configurations
of tube arrays including ES, ET, and RS have been compared at volume
fraction of 6% solid nanoparticles at Reynolds number of 1800. In in-
vestigation of the hydrodynamic behavior of the fluid flow over circular
tube arrays, it is seen that velocity gradients increase dramatically. The
extent of increase in the growth of velocity boundary layer with passage
of fluid over the tube arrays is maximum due to formation of a weak re-
gion and instability of the velocity profile. Across the examined Config-
urations, in ES due to the maximum longitudinal distance between the
tube arrays, after passing over the tube arrays, the fluid flow faces vor-
tex formation, and gradually the extent of growth of vortexes behind the
terminal tube arrays reaches its maximum. This behavior is caused by
diminished inertia force of the fluid in comparison with viscosity forces.
Furthermore, among the different studied Configurations, in RS due to
the minimum longitudinal distance between the tube arrays, this state
has the minimum weak region.

In Fig. 6, the diagrams of average friction factor have been plotted
at volume fraction of 6% solid nanoparticles at Reynolds numbers of

0.30
o —@&——  ES Configuration
025 4 v ET Configuration
’ o RS Configuration
0.20
“—E 0.15
S .
0.10
0.05
Row,
0.00 T T \ T
100 400 1000 1800

Re
(b-6) of the second row (Row2)

Fig. 6. Average friction factor diagrams at the volume fraction of 6% solid nanoparticles at different Reynolds numbers and Configurations of tube arrays on tube

arrays.
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Fig. 7. Changes in average Nusselt number across different rows of the tube arrays for the cooling fluid of pure water.

100-1800 for tube arrays (a-6) of the first row (Row;) and (b-6) of the
second row (Row,). Considering the diagrams in Fig. 6, the extent of
changes in the average friction factor is dependent on the fluid veloc-
ity. With the increase in Reynolds number in the first and second rows
of the tube arrays, friction factor declines. Indeed, the friction factor is
a criterion representing changes in the velocity elements on the tube
wall, which is a result of changes in the fluid momentum. At Reynolds
100, due to dominance of the effects of viscosity forces on the tube ar-
rays, friction factor is maximum. At Reynolds 1800, however, due to
increased fluid velocity and developed inertia forces against viscosity
forces, the friction factor declines significantly. In investigation of fric-
tion factor diagrams, it can be stated that the Configuration of tubes
which has the minimum longitudinal step has the maximum friction
factor. On the other hand, the Configurations with the maximum lon-
gitudinal step have the lowest friction factor. Among the studied Con-
figurations, friction factor is larger in the tubes of the second row in
comparison with the first row, which is most of you to diminished fluid
velocity in the second row, when compared with the first row.

Figs. 7 and 8 represent the average Nusselt number at volumetric
fractions of 0 and 6% solid nanoparticles in rows a-6 of tube arrays at
Reynolds numbers of 100-1800. This investigation has been performed
for every Configuration, ES, RS, and ET. In investigation of average Nus-
selt number on tube arrays with different Configurations and volumetric
fractions of solid nanoparticles, based on the mentioned diagrams, it is
observed that elevation of Reynolds number causes increased convec-
tion heat transfer coefficient, which in turn brings about elevation of
Nusselt number. Changes in the geometrical position of placement of
tube arrays are also important in increasing average Nusselt number,
such that in the Configurations of tubes, with decrease in the longitudi-
nal distance between them, as velocity gradients grow significantly in
these regions, it can develop a better mixing in the cooling fluid. Fur-
ther, given the plotted diagrams, with increase in the volume fraction of
solid nanoparticles, average Nusselt number increases. Presence of solid
nanoparticles in the cooling fluid causes improved Brownian motion
and give them movement of particles in the cooling bed, it can displace
a volume of the fluid, causing removal of heat flux in warm regions,
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Fig. 8. Changes in average Nusselt number across different rows of tube arrays for the volume fraction of 6% solid nanoparticles at different Reynolds number.

thereby increasing heat transfer, as with other micron mechanisms of
heat transfer. With increase in solid nanoparticles, due to reduction in
the thickness of heat boundary layer and increased collision of parti-
cles with warm surfaces and improved heat conductivity mechanism in
the cooling fluid, the extent of heat transfer coefficient increases signif-
icantly.

Among the different Configurations of tube arrays, it can be stated
that across all Reynolds numbers especially 400-1800, RS type can
cause a remarkable increase in average Nusselt number. This means
that the diagrams of average Nusselt number of this type of Configu-
ration have the maximum level when compared with other Configura-
tions. In ES and ET, Nusselt number has the lowest level. In investigation
of changes in the average Nusselt number on rows a-6, it can be stated
that the first row has the maximum average Nusselt number and grad-
ually until the fifth through, the extent of heat transfer over each tube
array diminishes. This is mainly due to a significant growth in veloc-
ity and heat boundary layer due to separation of flow on the surface

of tubes after the first row. From the fifth row onwards, especially at
the sixth row, average Nusselt number increases again to an acceptable
extent, which is due to full mixing of the cooling fluid due to place-
ment of rows ahead in the fluid path. At Reynolds 100 and in ES in the
sixth row, the minimum heat transfer occurs, while the maximum heat
transfer is associated with the second row of tubes. At Reynolds 400-
1800, for all volumetric fractions of solid nanoparticles, the behavior
of changes in the average Nusselt number on the tube arrays seems to
be almost the same. In Fig. 8, due to existence of the maximum volume
fraction of solid nanoparticles, maximum levels are observed in these
diagrams.

5.3. Effects of fractions of solid nanoparticles
Fig. 9 reveals angular changes in local Nusselt number on the first

row (Row;) at Reynolds number of 400. In this figure, changes in
Nusselt number have been plotted for angles 0-180° Considering the
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Fig. 9. The diagrams of local Nusselt number at Reynolds 400, on the tube arrays of the first row (Row,).

diagrams of local Nusselt number which have been plotted for differ-
ent Configurations of tube arrays and different volumetric fractions of
solid nanoparticles, it is seen that in collision of the fluid with the cir-
cular surface of tube arrays, the extent of heat transfer undergoes some
changes due to angular coordinates. Across all diagrams of Fig. 9, it is
seen that when fluid collides with the circular surface on tubes, Nusselt
number reaches its maximum, which is due to the maximum difference
of the temperature of surface and fluid. Once the fluid passes over 0-
120° regions, the extent of heat transfer diminishes due to changes in
the velocity elements on the circular surface. At 120°, due to separa-
tion of the fluid flow off the circular surface and instability of veloc-
ity profile, some special changes are observed in the behavior of local
Nusselt number. The fluid movement after 120° until 180° brings about
increased heat transfer due to formation of weak region and mixing of
the fluid vortex resulting from pressure drop at the backside of the tube
arrays.

In Fig. 10, changes in the local friction factor have been plotted in
angular path of fluid motion on the second row at Reynolds 100 at vol-
ume fraction of 0-6% solid nanoparticles. Considering the diagrams of
local friction factor on the circular path of tubes in the second row, it
can be stated that with the movement of fluid over this path, the veloc-
ity elements have continuously different changes. At Reynolds 100, it is
observed that with the movement of fluid over the second row of tubes,
local friction factor begins to increase. This extent of growth reaches
its maximum at 60°, after which until 120°, it diminishes continuously.
At 120°, due to separation of the fluid off the surface, changes in the
local friction factor decreased significantly on the surface of the second
row of tubes. Local friction factor after 120° until 180° has a primary
ascending trend and then descending trend. Among the investigated di-
agrams, elevation of the volume fraction of solid nanoparticles is fol-
lowed by elevated friction factor. This is mainly due to increased vis-
cosity and density of the fluid, such that a fluid with higher density and
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Fig. 10. The diagrams of local friction factor on the second row of tubes at Reynolds 100 and different solid volume fractions.

viscosity has a greater contact with the surface of tubes, bringing about
increased friction factor. Among the Configurations, it is seen that in
RS Configuration, the extent of local friction factor reaches its maxi-
mum. On the other hand, in ET and ES, local friction factor has a lower
value respectively, and their trend is almost the same. Note that in RS,
the maximum value of local friction factor occurs at an angle between
40 and 60°. However, this occurs at around 60° for the two other Con-
figurations. Across all the investigated Configurations at Reynolds 100,
fluid separation off the surface occurs at 120°, which has been reported
for laminar flow in many studies. Considering the diagrams in Fig. 11,
the extent of local friction factor on the second row has been shown
at Reynolds 1000. With the increase in the fluid velocity, the extent
of fluid separation angle off the surface and maximum friction factor
happen at an angle different from that of Reynolds 100. It is observed
that at Reynolds 1000, for ES, the extent of maximum friction factor
occurs at around 60°, while occurring at 80° for ES and ET. Comparing

diagrams in Figs. 10, 11 and Table 4. it is observed that with eleva-
tion of Reynolds number, friction factor diminishes significant and the
levels of diagrams of local friction factor also diminish considerably. In
Fig. 11, Table 4. across all volumetric fractions of solid nanoparticles
and all Configurations of the tube arrays, the extent of fluid separation
occurs at 130° which is due to increased momentum (elevated inertial
force versus viscosity force) of the fluid at Reynolds 1000 in compari-
son with 100. Following separation of the fluid, the behavior of the lo-
cal friction factor on the second rule of tubes has two maximum points,
occurring at 140° and 160°, respectively (Table 4.). This is due to de-
velopment of a weak region and strong velocity gradients at Reynolds
100 in comparison with 100. These changes are very evident for RS
Configuration.

Fig. 12 represents changes in the static pressure along MN line across
different Configurations of tube arrays and volume fraction of 0-6%
solid nanoparticles. This investigation has been described to explain
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Fig. 11. The diagrams of local friction factor on the second row of tubes at Reynolds 1000 and different solid volume fractions.

Table 4

The variations of Cyy,.in different Reynolds number and different solid volume fractions.

Reynolds number Configurations volume fraction of nanoparticles ~ Re = 1000 Re =100
ES ET RS ES ET RS
$=00 5103 5420 6910 23.063 23.744 27.714
€ aep=00=C avep=00
% Crppe = - C/A,,wi:m 0 0 0 0 0 0
$=0.02 5115 5432 6923 23099 23781 27754
Crave % Cpy,, = e 023% 0.18% 0.18% 015%  015%  0.14%
$=0.04 5116 5433 6925 23109 23791  27.766
% C; = Lereon e 025% 023% 021% 019%  019%  0.18%
£ Aveg=00
$=0.06 5118 5435 6928 23159 23.843  27.821
% C,,,, = Limeon i 029% 027% 026% 041%  041%  038%

Cf tveg=00
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Fig. 12. Changes in static pressure across different Configurations of tube arrays at volumetric fractions of 0-6% of solid nanoparticles at Reynolds 1800.

changes in the static pressure in regions between tubes and for Reynolds
1800. Based on diagrams of Fig. 12, with progression of the fluid be-
tween the tube arrays as well as presence of tubes in the motion path of
the fluid, the fluid momentum level is depreciated. This behavior shows
itself as elevated static pressure. By adding solid nanoparticles in the
cooling fluid bed, due to increased viscosity and density of the fluid, the
extent of momentum depreciation also increases, such that in investiga-
tion of the extent of static pressure drop, the maximum pressure drop
across all Configurations is observed at volume fraction 6%, while the
minimum pressure drop is seen for pure water fluid. Considering the di-
agrams of static pressure drop, these diagrams are periodic, i.e. presence
of maximum and minimum points in these diagrams is due to changes
in the pressure drop in response to fluid motion and the regions before
and after the tubes. The minimum regions of the diagram are related to
fluid pressure drop in the region ahead of tube arrays, and the maximum
regions of the diagram are associated with fluid pressure drop behind
the tube arrays. As the fluid velocity reaches zero in response to colli-
sion with tube arrays, pressure drop increases significantly. Among the
Configurations of tube arrays, it is seen that the maximum static pres-

sure drop in the fluid path is associated with RS Configuration, which is
due to placement of tubes within a distance lower than each other. With
increase in the distance of tubes from each other, momentum changes
of the fluid decrease significantly, thereby diminishing static pressure
drop. Following movement of the fluid and passing over the set of tube
arrays, the extent of pressure drop diminishes significantly, which is due
to passage of fluid over the region of tube sets, whereby due to absence
of barrier, static pressure drop diminishes. Across all the diagrams, it
is observed that until the length of X =10, all tube Configurations have
the same pressure drop equal to zero.

In the diagrams of Fig. 13, changes in pressure drop coefficient on
different rows of tube arrays for different Configurations of tube ar-
rays at volumetric fractions of 0-6% solid nanoparticles at Reynolds
100 are observed. Indeed, this factor represents interaction between
pressure forces and inertial forces (velocity). Across all the pressure
drop coefficient diagrams, it is seen that with the movement of fluid
over the tube arrays, the extent of pressure drop diminishes, such
that this extent of reduction is evident from the second row onwards.
Among the tube arrays placed in the fluid path, the tubes in the
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Fig. 13. The diagrams of pressure drop coefficient on the tube arrays across different Configurations of tube arrays at Reynolds 100.

second row have the maximum extent of pressure drop coefficient,
while the tubes in the sixth row have the lowest extent of pressure
drop.

Across almost all investigated cases, the extent of pressure drop co-
efficient in the tubes of the first and third rows in RS Configuration is
almost the same. As collision of the fluid with the tube arrays of the
first row is followed by the maximum momentum, thus inertial force
has a more dominant effect in comparison with pressure forces. In the
second row, as the momentum of the fluid has diminished when pass-
ing over the first row tubes, the pressure forces are more dominant. The
pressure drop coefficient at the rows 3, 4, and 5 gradually diminishes
with the movement of fluid between the tube arrays, such that from
the second group onwards, the extent of inertial forces finds dominant
effects in comparison with pressure forces. From the second row on-
wards, the slope of pressure drop coefficient diagrams is descending.
Among the different Configurations of tubes and across all Reynolds
numbers investigated, RS Configuration has the maximum pressure drop
coefficient. In this type of Configuration, the extent of fluid momentum
depreciation is maximum. The extent of changes in dimensionless tem-
perature along MN line has been plotted in diagrams in Fig. 14. This
investigation has been done for Reynolds 1000 across different volu-

metric fractions and Configurations of tubes. With the increase in the
volume fraction of solid nanoparticles, the value of dimensionless tem-
perature diminishes significantly, signifying dominance of the effects
of cold fluid temperature in inner tube regions. This also means that
the extent of cooling has a dominant effect against diffusion of the ef-
fects of heat flux of surfaces. This behavior has been plotted across all
Configurations. In the input region of the path of tube arrays and before
placement of position of tubes, as there is no warm surface in the motion
path of the fluid, changes in the parameter of dimensionless tempera-
ture are zero. With entrance of the fluid to the region of tubes, effects
of thermal gradients at layers above warm wall of tubes diffuse, thereby
affecting the behavior of dimensionless temperature. The reduction in
dimensionless temperature means diminished effects of the thickness of
heat boundary layer. Across the investigated volumetric fractions, the
behavior of dimensionless temperature at volumetric fractions of zero
and 2% is almost the same. However, at 6%, in comparison with 4%,
it decreases significantly. The figure of diagrams of dimensionless tem-
perature is periodic. This is due to the motion path of the fluid between
the tubes. Affectability of the shape of diagrams by placement of posi-
tion of tubes in ES Configuration is lowest, when compared with other
Configurations.
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Fig. 14. Changes in dimensionless temperature along MN line at Reynolds 1000.

6. Conclusion

In this research, numerical simulation of laminar flow and heat trans-
fer of nanofluid on tube arrays of heat exchanger with ES, ET, and RS
Configurations was described. The heat transfer behavior and laminar
flow of two-phase nanofluid as cooling fluid were examined at volumet-
ric fractions of 0, 2, 4, and 6% of solid silver nanoparticles at Reynolds
100, 400, 1000, and 1800. The results of this research indicate that
increased volume fraction of solid nanoparticles brings about elevated
heat transfer, pressure drop, and friction factor. Among the investigated
cases, it is observed that growth of heat boundary layer, temperature
changes and the effect of diffusion of warm fluid in RS Configuration
is lowest when compared with ET and ES cases, which is due to the
type of geometrical Configuration and distance between the tube arrays.
Across the examined Configurations, in ES due to the maximum longi-
tudinal distance between the tube arrays, the flow of the fluid faces
vortex formation after passing over the tube arrays and gradually the
extent of growth of vortexes behind the terminal tube arrays reaches
its maximum. Once the fluid passes over 0-120°, the extent of heat
transfer diminishes due to changes in the velocity elements on circu-
lar surfaces. At 120°, due to separation of the fluid flow off the circu-
lar surfaces and the instability of the velocity profile, special changes

can be seen in the behavior of local Nusselt number. The fluid motion
after 120° due to formation of weak region and vortex mixing of the
fluid resulting from pressure drop, at the backside of the tube arrays,
brings about increased heat transfer up to 180° Among the investigated
diagrams, the level of Nusselt number diagram in RS state has the max-
imum level, while the minimum belongs to ES. In RS, with increase in
the fluid velocity (Reynolds number), Nusselt number diagrams tend to
bowl, meaning that elevated velocity of the fluid causes development of
strong vortexes behind tube arrays, bringing about better mixing of the
fluid.
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