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In the current research, heat transfer within a pilot scale shell and tube
heat exchanger is investigated. The heat exchanger consist of a shell and
five copper tubes. Water as the cold stream and Boehmite-water
nanofluid as the hot stream passes through the shell and tube side,
respectively. The effect of nanofluid concentration (0.35, 0.7, and 1.5
%wt.), volume flowrate of the cold stream (0.6, 3, and 6 L/min), and the
inlet temperature of the hot stream (40, 50, 60°C) were investigated on
the overall heat transfer coefficient. Moreover, the computational fluid
dynamics (CFD) modeling of heat transfer within the pilot scale was
performed to study the hydrodynamics of flow inside the heat exchanger.
The experimental results and CFD predictions indicates that as the
concentration of the nanofluid increases, the overall heat transfer
coefficient will increase. This can be attributed to higher thermal
conductivity of nanoparticles and the Brownian motion of the particles
in the base fluid. Moreover, when the volume flowrate of the fluid
increases, Reynolds number will increase, which cause the convection
heat transfer coefficient and consequently the overall heat transfer
coefficient to be enhanced. Also, at higher inlet temperature of the hot
fluid, higher overall heat transfer coefficient was resulted. The
maximum deviation between the overall heat transfer coefficients
evaluated base on the CFD predictions and its value based on
experimental measurements was 16.7%. This proves the ability of CFD
technique in pursuing the experimental data. CFD simulation provide a
meaningful knowledge about the hydrodynamics of each stream in the
heat exchanger, which help us to optimize the performance of heat
exchanger.
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1. Introduction

Heat transfer as one of the most process in all
industries. Optimization of heat transfer in any
systems lead to saving energy and reduction in
size of heat transfer equipment and finally
reduction in cost. Intensification of heat
transfer can be achieved by improving the
geometry of heat exchanger as well as
changing the properties of the working fluid.
Adding of solid particles to the base fluid,
which called nanofluid, is the most method to
improve the thermo-physical properties of the
fluid. Nanofluids can be used to enhance the
efficiency of heat exchangers by improving the
heat transfer process. Overall, nanofluids have
been used in heat exchangers in various
applications, including automotive, industrial,
and cooling systems [1-3]. The higher thermal
conductivity as well as the Brownian motion
of nanoparticles in the base fluid caused the
convection heat transfer to be enhanced [4, 5].
This increase in the heat transfer coefficient,
resulting in improved heat transfer rates.

The size of particles and their fraction mainly
affects the thermal conductivity of the
nanofluid. It has been reported in some studies
that increasing the volume fraction and
reducing the size of nanoparticles can leads to
improve the thermal conductivity [6, 7]. Fine
particles can move faster in the base fluid that
increase the collision rate and consequently
improve the thermal conductivity. The overall
heat transfer is directly correlated to the
fraction of nanoparticles. However, increasing
the volume concentration of nanoparticles can
also lead to challenges such as stability,
corrosion, and erosion [2, 3].

Stability of nanofluid is of great importance
and can mainly affect the thero-physical
properties of the nanofluid. Size and type of
nanoparticle, concentration of nanofluid are
the most factors that affect the stability of

nanofluid. Generally, nonmetal nanoparticles,
due to their lower density, are more stable than
the metal nanoparticles. Nanofluid prepared by
small size nanoparticle and using lower
fraction of nanoparticles are more stable than
larger-sized nanofluid with higher
concentration [8]. Adding of surfactants has
been applied as a conventional way to improve
the stability of nanofluid. But, it has been
reported, at higher temperatures the effect of
surfactant was diminished and the stability of
nanofluid was decreased [9]. Research
indicates  that the incorporation  of
nanoparticles, such as CuO and AI203, into
water coolants can increase heat transfer rates
by up to 38% in counter-flow heat exchangers,
outperforming plain water coolants [10].
Additionally, tri-hybrid nanofluids, which
combine copper, silver, and graphene oxide,
have shown optimized heat transfer
performance when the Reynolds number and
nanoparticle concentration are elevated [11].
The use of carbon nanotubes (CNTSs) in hybrid
nanofluids also contributes to enhanced heat
transfer, with studies revealing that CNTs
improve fluid temperature while affecting
velocity [12]. Furthermore, hybrid nanofluids,
such as those containing ZnO2, CNT, and
TiO2, demonstrate superior heat transfer rates
compared to conventional fluids, highlighting
their effectiveness in various applications [13].
Overall, the integration of nanofluids in
thermal systems presents a promising avenue
for optimizing heat transfer efficiency [14]. In
recent years, the CFD technique has been used
as a tools for modelling of heat transfer in
different scales. CFD modeling can provide a
knowledge about the transport phenomenon in
the fluid flow in any geometries. CFD
simulation of heat transfer using nanofluid has
attracted the attention of researchers. CFD
modelling of the flow and boiling of a
nanofluid in a rectangular duct was performed
by Mohammed et al. [15]. The effect of some
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factor including nanoparticle fraction, inlet
velocity of the fluid, and boiling temperature
on the boiling was investigated. Results show
that increase in nanofluid concentration causes
an increase in the vapor production rate.
Moreover, increase of the boiler temperature
results in greater heat transfer coefficient and
the vapor production rate.

Sharifi et al. performed an experimentally and
numerically study on the heat transfer between
water and Al>Os-water nanofluid in a
horizontal tube [16]. The CFD results were
validated based on experimental
measurements. The effect of Reynolds
number, heat flux, and concentration of
nanofluid on the hydraulic and thermal
performance was investigated. It was observed
that adding the nanoparticles to the base fluid
increases the heat transfer coefficient and
pressure drop. The heat transfer coefficient of
the two-phase boiling was about 73 % greater
than that of for single phase heat transfer. It
was observed that higher heat flux on the tube
wall causes a bit increase of the heat transfer
and a considerable decrease of the pressure
drop. Moreover, as the Reynolds numbers
increases, the heat transfer coefficient and the
pressure drop will increase. In this study, heat
transfer between water and Boehmite-water
nanofluid in a pilot scale shell and tube heat
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exchanger has been investigated. Effect of
nanofluid concentration, inlet temperature of
the hot fluid, volume flow rate of flow have
been studied experimentally and theoretically
using CFD modelling.

2. Experimental section

2.1. Experimental setup

A pilot shell and tube heat exchanger was
designed to study the heat transfer using
Boehmite-water nanofluid. The shell was
constructed using a cylindrical transparent
Plexiglas with an inner diameter of 5 cm. the
tube side was made of five copper tubes with
the inner diameter of 0.5 cm and the thickness
of 0.5 mm. the real photo of the heat exchanger
and the schematic of the designed setup is
shown in Fig. 1.

The Tap water and Boehmite-water nanofluid
were used as the cold and hot fluid in the shell
and tube side, respectively. Inlet and outlet
temperatures of each fluid was measured using
a 12-Chanell K-type thermometer with the
accuracy of 0.1 C. Tap water entered the shell
and went out from the outlet nozzle after the
heat transfer. The hot fluid entered the tube
side with a predefined temperature from a
storage tank equipped by a heater and
recirculated in the tube side using an
experimental pump.
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Figure 1. The constructed heat exchanger and schematic of the experimental setup

2.2. Preparation of nanofluid

Boehmite (AIO(OH)) nanoparticles with the
mean diameter of 25 nm, the density of 3.02-
3.05 g/cm? and the two pyramids - octahedron
crystal structure were used to prepare the
nanofluid. Three different weight fractions of
nanoparticles were considered and dispersed in

distilled water as the based fluid under
agitation using a magnetic stirrer. Fully
homogenization of the nanofluid was
accomplished by an ultrasonic agitator,
UP400S Model. The mechanical stirrer and
ultrasonic probe are shown in Fig. 2.

81



Bazazzadeh and Parvareh/ Iranian Journal of Chemical Engineering, Vol. 21, No. 4, 78-93, (2024)

Figure 2. The mechanical stirrer ( right) and ultrasonic probe (left) used for homogenization of nanofluid

2.3. Experiments

Experiments was performed for a constant
volume flow rate of the hot fluid. Three
volume flow rate of the cold fluid (0.6, 3, and
6 L/min) as well as three weight percent of the
nanofluid (0.35, 0.7, and 1.5 %wt.) were
considered. In all experiments, the hot fluid
warmed and reached its predefined inlet
temperature using the coil installed inside the
storage vessel of the hot fluid. Reaching the
desired temperature of the hot fluid during the
warm up process of the storage vessel, the hot
and cold fluid flowed in the tube and shell
sides, and the heat transfer was occurred
between them. This trend was applied for all
considered flow rates for the cold fluid and all
concentration of the nanofluid. The inlet and
outlet temperature of the cold and hot fluid
were recorded by the installed thermocouples.
Any experiments was repeated three times.

3. Theory of calculation

In order to study the effect considered factores,
the overall heat transfer coefficient was
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evaluated in each experiments. As the shell
was made of Plexiglas with a low thermal
conductivity, and the inlet temperature of the
cold fluid in the shell side was at the
environment temperature, the heat loss to the
ambient was neglected. Therefore, the heat lost
by the hot fluid (Qh) was assumed to be equal
to the heat gained by the cold fluid (Qc) as
follow:

Qn = (mcp)h(Thl - Thz) = Q. (1)
= (rth)C(TCZ —Tey)

Where, subscripts h and c are related to hot and
cold fluid, respectively.

The overall heat transfer coefficient can be
evaluated using the overall heat transfer
equation as:

Q= Q.= Q,=U.A.F.LMTD (2)

__ ¢ @)
U= 2 1mmD
Where, Q is the heat transfer, A is the heat

transfer area, which equal to the external
lateral surface of all tubes, and LMTD is
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logarithmic mean temperature difference that
can be calculated as follow:

(Th1 B TCZ) B (Thz —Ic

1 (Th1_T62)
(Thz_TC1)

In this equation, Tj,,and T}, , are inlet and outlet

temperatures of the hot fluid, while T and T,

are for the cold fluid.

F is the correction factor for the LMTD

assessment, than can be considered equal to

one for the fully counter current flow.

D @
LMTD =

3.1. Physical properties

Physical properties of the nanofluid was
evaluated applying the characteristics of the
base fluid and nanoparticles. These properties
includes density, viscosity, specific heat, and
conduction heat transfer coefficient of the
nanofluid, which can be evaluated using the
following equations.

Density of the nanofluid (Pak, and (5)
Cho, 1998) [17]:

Pnr = (1= P)pps + Ppp
Viscosity of the nanofluid (Xuan and Roetzel,

2000) [18]:

ng = Hpr(1 + 2.5¢) (6)
The specific heat capacity of the nanofluid
(Xuan and Roetzel, 2000) [18]:

(7)
(pCp)nf = (1 - ¢)(pcp)bf
+o(PCy)p

Thermal conductivity of the nanofluid (Yu,
and Choi, 2003)[19]:

knf (8)

ey 2k + 2(ky — kyp) g

U ky + 2k — (kp — kpp)

L9Ys

Where, subscripts p, bf, and nf are for the
particles, base fluid, and nano fluid,
respectively. ¢ shows the volume fraction of
the solid particles in the nano fluid.
Parameters p,u,C, and k refer to density,
viscosity, specific heat and thermal
conductivity of the nanofluid, respectively.

4. CFD modeling

The experimental heat exchanger was modeled
to study the effect of flow hydrodynamics on
heat transfer rate. Geometrical characteristics
of the modeled heat exchanger is shown in
Table 1.

Table 1.
Geometrical characteristics of the modeled
heat exchanger
Characteristics value
Heat Exchanger 420 mm
length

Number of tube passes 1
Number of shell 1

passes

Number of tubes 5

Inner diameter of tube 5 mm
Outer diameter of tube 6 mm
Tube pitch 12 mm
Arrangement of tubes  triangular
Inner diameter of shell 50 mm

Geometry of heat exchanger was generated
using solid works software and meshed
applying tetrahedral unstructured meshes.
Boundary layer meshing was applied on the
inner and outer wall of all tubes as well as the
inner wall of the shell to enhance the mesh
density and accurately predict the gradients in
these sensitive regions. Schematics of the
generated mesh is presented in Fig. 3.
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0.025

0.100 (m)
s |
0.075 ¢

Figure 3. Different view of the generated mesh for heat exchanger

Conservation equations for incompressible
fluid were applied to predict the
hydrodynamics and heat transfer in the
modeled heat exchanger. Considering the
characteristics of the fluids and their flow
rates, the evaluated Reynolds numbers
indicated the turbulent flow, and the standard

k—& model was utilized to model the
turbulence in the solution domain

This turbulence model can explained by two
equations, the first one for the turbulent kinetic
energy (k), and another for the turbulent
dissipation rate (&) as follow:

L ( +yt)ak'+ U,
at fax,- _ax,- i H o/ 0x;]| He 0x;
68+U de 0 ( +yt)68'+c £

ot fax,- ox;| K o/ 0%;]| o1 He

Where, oy, o, Cs,, C5, are constants of the
standard k —& model [20].

Given that the temperature difference between
the inlet and outlet was small for both streams,
the constant physical and thermophysical
properties was assumed for the two considered
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axi ax] € ( )
au;| dUu; c g2 (10)

ax]' axi 6x] 92 k

fluids. These properties were evaluated based
on the mentioned equations using the
individual properties of the base fluid and nano
particles, and implemented in the CFD
simulation.
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The SIMPLE algorithm was utilized for the
solution of the velocity and pressure field. The
second order-upwind schemes were applied
for discretization of both momentum and
energy equations. The convergence criteria of
10e* was considered for the conservation
equations.

For the inlet conditions of the shell and tube,
for the inlet velocity was set as the boundary
condition according to the volumetric flow rate
of the each fluid. The boundary condition at
the outlet of the shell and tube, was set as the
atmospheric pressure outlet and outflow,
respectively. The no-slip wall condition were
considered for the shell and tube walls. The
tube wall was defined as the interface with heat
transfer, and no momentum transfer. The shell
wall was considered as thermally insulated
wall.

5. Results and discussion
5.1 Experimental results
To study the effect of nanoparticles on heat
transfer, nanolfuid with 0.35, 0.70, and 1.50

T=40 C
1200
X
1000 "
G 800 n
S m
= Opure water
X
S 600 m0.35 % wt
D 0.7 % wt
400 % 1.5 % wt
[ |
200 .
L 2
0 ¢
0 2 4 6 8
Q (L/MIN)

weight percent of Boehmite (AIO(OH))
nanoparticles were prepared and the heat
transfer process inside the shell and tube heat
exchanger was performed. Nano fluid as the
hot fluid and water as the cold fluid passed
through the tube and shell sides, respectively.
The volume flow rate of the hot fluid was set
at 2 L/min, while the volume flow rate of the
cold fluid ranged from 0.6 to 6 L/min.
furthermore, the cold fluid enters the shell side
at the fixed temperature of 16.6 °C, and three
different inlet temperature of 40, 50, and 60 °C
was considered for the nanofluid as the hot
fluid. The overall heat transfer coefficient was
evaluated based on the experimental
measurements. In Fig. 4, the influence of
nanofluid concentration on the overall heat
transfer coefficient is discussed for different
volume flow rates of the cold stream and
various inlet temperatures of the hot fluid.

T=50C
1600
1400 | ¢ Ppure water X
m0.35 % wt
1200
%) 0.7 % wt x
o 1000 | x1.5% wt
= [
é 800 y —
= 600
400 -
200 +
02 hd
0 2 4 6 8
Q (L/MIN)
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T=60 C
1800
1600 | pure water X
0,
1400 |™0-35 % wt
0.7 % wt
51200 1150wt :
S 1000
S 800 |
> 600
400 ]
200 .
0 L 2
0 2 4 6 8
Q (L/MIN)

Figure 4. Overall heat transfer coefficient versus the volume flow rate of the cold fluid at different
concentrations of nanofluid

The results show that U will increase as the
volume flow rate of the cold fluid increases for
all concentrations of nanofluid as the hot fluid.
Furthermore, at any volume flow rate of the
cold and hot fluid, increasing the fraction of
nano particles in the nanofluid enhances the U
value. The U value of the heat exchanger using
1.5 % wt of Boehmite is twenty time higher
that its value using pure water as hot fluid. This
ratio will decrease as the volume flow rate of
the cold fluid increases, and its ratio is less than
10 for the flow rate of 6 L/min for the cold
fluid. This indicates the efficiency of nanofluid
at lower flow rates. Three inlet temperature for
the nanofluid was considered and the results
show the positive effect of the temperature on
the nanofluid performance in heat transfer. At
any concentration of nanofluid, as the inlet
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temperature increases, the overall heat transfer
coefficient will increase, which can attributed
to the higher Brownian effect of nano particles
in the nanofluid at higher temperatures.

5.2. CFD Results

5.2.1. Grid independency check

To study the effect of mesh size on the solution
accuracy, different mesh numbers were tested
and the average temperature in a cross section
was used as a criteria, and its value for the
mesh numbers from 1 to 2.5 million meshes is
shown in Fig. 5. It was observed that although
the calculation time increased sharply for the
mesh number more than 2005423, the solution
accuracy did not change. Therefore, the
number of 2005423 was chosen as the
optimum mesh size.
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Figure 5. Dependence of the solution to the number of meshes

5.2.2. Hydrodynamic study

To study the hydrodynamic of the flow, flow
field in the shell and tube sides was predicted
using the CFD calculation. The stream line of
the flow inside the shell as well as velocity
contours in the central vertical plane are

Ji,

()

5.2.3. Heat transfer study

Sequence  of heat transfer consists of
convection heat transfer from the nanofluid
(hot fluid) to the internal surface of the tubes,
conduction heat transfer in the tube wall, and
finally convection heat transfer from the outer
surface of the tubes to the cold fluid in the shell
Contour of temperature in the centeral vertical
plane and a vertical cross section in the middle

presented in Fig. 6. The circulation of the flow
in the shell side, especially near the entrance
nozzle can be observed. Also, the contour of
the flow in the tube side, shows higher velocity
of the flow in this side.

(b)

Figure 6. (a) streamlines of the flow, and (b) contour of velocity in the shell side

of the heat exchanger are presented in Fig. 7.
As explained, nanofluid enters the tube with a
temperature of 50 °C , and water enters the
shell with a temperature of 16.6 °C . as the
nanofluid pass through the tubes, its
temperature decreases. the temperature of
water increases passing through the shell side
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and finally reach a temperature of 23 °C at the
outlet of the shell.

(a)

5.2.4. Model validation

CFD simulation was performed for all of the
experimental conditions. Different
concentration and inlet temperatures of the
nanofluid as well as various volume flow rates
of the pure water as the cold fluid were
considered in the simulation. The overall heat
transfer coefficient was evaluated based on the
predicted outlet temperatures of the hot and
cold fluid. Fig. 8, shows the comparison
between the overall heat transfers coefficients
calculated based on the experimental
measurements and CFD predictions.

Similar trends as the Experimental overall
Heat transfer coefficient can be seen in its
evaluated values using the CFD results. for all
considered inlet temperatures of the nanofluid
as the hot fluid in the heat exchanger, as the
volume flowrate of the cold fluid increases, the
overall heat transfer coefficient will enhance.
When the flow rate of the cold stream increase,
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(b)
Figure 7. Contour of temperature in the (a) vertical axial plane and (b) a vertical cross section in the
middle of the heat exchanger

the Reynolds number in the shell side goes up,
which results in enhancement of the
convection heat transfer coefficient in the shell
side, and finally enhancement of the overall
heat transfer coefficient. Generally, at all
flowrates of the cold fluid, increasing the
weight percent of the nanoparticles in the
nanofluid, results in growing up the overall
heat transfer coefficient. The higher the
concentration of the nanofluid, the stronger
Brownian motion of nanoparticles. Brownian
motion causes the convection heat transfer
coefficient in the tube side to be enhanced,
which consequently results in enhancement of
the overall heat transfer coefficient. For all
performed comparisons, the overall heat
transfer coefficient based on the CFD
predictions are lower than their corresponding
value obtained wusing the experimental
measurements.
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T=40C
1200 m Exp (0.35% wt) 1115
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G 800 695 692
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e
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=
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1800 T=60 C 1675
1600 = Exp (0.35% wt)
m CFD (0.35% wt) 1395
1400 = Exp (0.7% wt) 1220 1210
1200 1098 1075 1085
o 1005
g 1000 865
= 785 780
I 750 690 142
D
600 275 480 445
400 356
200 I
0
0.6 L/min 3 L/min 6 L/min

Cold Fluid Volume Flowrate

Figure 8. Comparison between the overall heat transfers coefficients calculated based on the
experimental measurements and CFD predictions
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To validate the CFD prediction, the percent of
error between the overall heat transfer
coefficient based on CFD prediction and
experimental results was evaluated. The error
value for different inlet temperatures of the hot
fluid, at various flowrates of the cold fluid as
well as different concentrations of the
nanofluid have been presented in Table 2. As
stated in Figure 8, the value of the CFD
predicted overall heat transfer coefficient are
lower than regarded values based on
experimental measurements. The calculated

Table 3.

error show that the difference between the
CFD prediction and experimental results
grows as the concentration of nanofluid and
volume flowrate of the cold stream increases.
This can be due to the lower accuracy of the
relations that used for evaluation of the
physical properties of the nanofluid at higher
mass fractions of nanoparticles. Also, the
difference between CFD and experimental
results at higher flow rates of the cold fluid
may be attributed to the turbulence model that
employed in the CFD simulation.

Evaluated errors (%) of the overall heat transfer coefficient between the CFD
predictions and experimental measurements

Q (L/min) (0.35% wit) (0.70% wit) (1.5% wt)
T=40C 0.6 L/min 5.85 6.10 9.35

3 L/min 7.19 8.95 12.85

6 L/min 7.93 10.62 16.14
T=50C 0.6 L/min 3.53 5.75 6.62

3 L/min 4.49 7.12 10.55

6 L/min 6.11 8.61 13.18
T=60C 0.6 L/min 5.07 7.29 8.00

3 L/min 5.48 9.83 10.00

6 L/min 6.51 10.33 16.72

6. Conclusion increase in the volume flow rate of the cold

The overall heat transfer coefficient was
evaluated to study the effect of nanofluid on
heat transfer enhancement for the heat
exchange between water and Boehmite-water
nanofluid in a pilot scale shell and tube heat
exchanger. The effect of the nanofluid
concentration, volume flow rate and hot fluid
inlet  temperature  were investigated
experimentally and theoretically. At the
considered range of concentrations (0.35 -1.5
wt%), higher fractions of solid particle in the
base fluid resulted in higher values of the
overall heat transfer coefficient. Moreover, an
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fluid as well as an increase in the inlet

temperature of the hot fluid caused
enhancement of the overall heat transfer
coefficient.

CFD modelling of heat transfer at all
experimental conditions was performed and an
acceptable agreement between the CFD
predictions and the experimental
measurements was observed. Predicting the
flow pattern inside the heat exchanger using
CFD technique can be used to improve the heat
transfer condition and gain a Dbetter
performance.
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It is worth mentioning, although the nanofluid
has a positive effect on heat transfer rate, it has
the unwanted effect of increasing the pressure
drop in the heat exchanger. For accurate
considerations, it is better to study these two
opposite effect simultaneously.

Nomenclatures

Q  Rate of heat transfer (W)

U  Overall heat transfer coefficient in coil
(W/m?2.°C)

A Heat transfer area

(m?)

Tn, Inlet temperature of the hot stream (°C)
Tn, Outlet temperature of the hot

stream (°C)
T;, Inlet temperature of the cold
stream (°C)

T., Outlet temperature of the cold

stream (°C)

LMTD Logarithmic mean temperature (°C)
F Correction factor for the LMTD
assessment

m Mass flow Rate
(kg/s)
Cp  Specific heat (J/kg. oc)
k Thermal conductivity (W/m.°C)
Component of velocity iniand j U;, U;
directions

Greek letters

u  Viscosity of fluid

Yo, Fluid density

@ Volume concentration of nanofluids
k  Turbulent kinetic energy

e Turbulent dissipation rate

Subscripts
bf base fluid
nf  nanofluid
f  fluid

p particle
¢ cold fluid
h  hot fluid
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