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In this novel study, various heat exchangers are compared to identify the
most efficient one for heat transfer. This investigation involves shell and
tube, double pipe, and plate heat exchangers, of which each is filled with
different nanofluids. Following several hours of operation, output
temperatures are recorded. The effects of nanofluids, containing
aluminium oxide, magnesium oxide, and silicon oxide, at concentrations
of 0.2%, 0.4%, and 0.6% are simulated. These simulated results are then
compared with laboratory findings. Among the tested nanofluids, the
most significant enhancement in the heat transfer coefficient is
demonstrated by magnesium oxide, achieving a 40% improvement.
Additionally, graphs illustrating the increase in the heat transfer
coefficient and Nusselt number for Reynolds numbers of 900, 600, 300,
and 1800 are obtained and compared. Finally, tables summarizing the
tests performed on different heat exchangers using various nanofluids
are presented. Using laboratory-obtained temperatures, several
parameters are calculated, including the logarithmic mean temperature
difference, heat loss from hot water, heat gain by cold water, overall
heat transfer coefficient, and total heat transfer. Based on these
analyses, the shell and tube heat exchanger was purposed as the most
efficient heat exchanger with the overall heat transfer coefficient of 5.06
W/m’K.
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1. Introduction

Heat  exchangers  constitute  essential
components in various industrial processes,
significantly enhancing energy efficiency and
thermal management [1]. Among the diverse
types of heat exchangers, shell and tube,
double pipe, and plate heat exchangers are
extensively employed due to their proficiency
in transferring heat between fluids [2-4].
Recent advancements in nanotechnology have
introduced the nanofluids—suspensions of
nanoparticles within conventional heat transfer
fluids—as a promising medium to enhance the
thermal performance of these systems [5].
Nanofluids  exhibit  superior  thermal
conductivity and convective heat transfer
coefficients relative to traditional fluids,
thereby markedly improving the overall
efficiency of heat exchangers [6]. The
incorporation of nanoparticles not only
augments thermal properties but also
modulates the characteristics of thde flow,
culminating in the enhanced heat transfer
performance.  Nonetheless, the actual
performance benefits of nanofluids are
contingent upon various factors, including the
type of heat exchangers, concentration and
type of nanoparticles, as well as operating
conditions [7]. Hamilton et al. [8] initially
proposed the utilization of micro-sized solid
particles to amplify the thermal conductivity of
the base fluid, but particle aggregation and
sedimentation issues curtailed their practical
application.  Conversely, by dispersing
nanoparticles such as silver, aluminium oxide,
copper, titanium oxide, iron oxide, and copper
within the base fluid, the resultant nanofluid
achieves superior heat transfer characteristics.
Extensive investigations have been conducted
to enhance the efficiency of heat exchangers
through diverse working fluids and heat
transfer techniques. For instance, Wang and
Mujumdar [9] documented significant
enhancements in the heat transfer performance

of conventional heat exchangers employing
nanofluids, noting up to a 30% increase in the
heat transfer coefficient. Das et al. [10]
explored the potential of alumina and copper
oxide nanofluids in heat exchangers, revealing
substantial enhancements in heat transfer
coefficients, with alumina nanofluid achieving
a 25% improvement. Furthermore, Xuan and
Li [11] emphasized the criticality of
optimizing the concentration of nanoparticles
to achieve the maximum efficiency,
highlighting a 20% enhancement in thermal
conductivity with the optimal concentration of
nanoparticles. Kaka¢ and Pramuanjaroenkij
[12] conducted the simulation and
experimental analyses of nanofluids across

various heat exchanger configurations,
providing invaluable insights into their
practical  applications and  limitations,

reporting a 15-25% improvement in the heat
transfer performance. Recent studies have
propelled the field forward. Marzouk et al. [13]
provided a comprehensive review of heat
transfer enhancement methodologies in shell
and tube heat exchangers, underscoring the
efficacy of passive methods, such as air
injection and swirl vanes, in augmenting heat
transfer rates by 18-22%. Chai and Tassou [14]
discussed advancements in high-temperature
and high-pressure heat exchangers for
supercritical CO2 power generation, stressing
the importance of material selection and design
optimization, and reporting a 10-15%
enhancement  in  thermal  efficiency.
Additionally, Zou et al. [15] reviewed
applications of machine learning methods for
heat exchanger modeling, demonstrating the
potential of data-driven approaches to augment
performance  predictions and  design
optimizations by up to 20%. Despite these
advancements, a comprehensive comparison
of different types of heat exchangers utilizing
various nanofluids remains an underexplored
domain.

29



Farmani et al. / Iranian Journal of Chemical Engineering, Vol. 22, No. 1, 28-41, (2025)

This study aims to bridge this gap by
systematically evaluating the performance of
shell and tube, double tube, and plate heat
exchangers with different nanofluids, thereby
providing an in-depth understanding of their
heat transfer characteristics and identifying the
most efficient configuration for practical
applications. In this work, the simulation of the
effect of the nanofluids of aluminum oxide,
magnesium oxide, and silicon oxide with the
concentrations of 0.2, 0.4, and 0.6 on shell and
tube, double tube, and plate heat exchangers
has been conducted and compared with
laboratory results. The innovation of this
article lies in comparing different nanofluids to
identify the most effective one for heat transfer
and evaluating various heat exchangers to
determine the one with the highest U-value.

2. Main content

The primary objective of this experiment was
to identify the most efficient heat exchanger
for heat transfer. Initially, various nanofluids
were introduced into all three heat exchangers,
and the overall heat transfer coefficient for
each exchanger was determined. The variables
included the inlet temperatures, inlet flow
rates, and concentrations of the nanofluid. At
each step of the experiment, the test device was
filled with the designated nanofluid.
Subsequently, the heating elements and
temperature indicator were activated, allowing
the fluid to circulate within the system until the
thermal and hydrodynamic  parameters
stabilized, a process that could take up to 150
minutes. Once stability was achieved, the inlet
and outlet temperatures of the main line and
hot water line were recorded using the
temperature indicator, and the flow rate was
measured using flowmeters. The heat transfer
rate and heat transfer coefficients for the tested
fluid were then calculated. Using the recorded
data, the graphs of heat transfer coefficients
and pressure drops were plotted for pure water
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and nanofluids at varying concentrations. The
obtained results were subsequently analyzed
and discussed. To ensure the reproducibility of
the experiments, each test was conducted at
least twice. Validation was performed using
laboratory instruments. The tests encompassed
three different heat exchangers. To execute the
test with any specific heat exchanger, the
corresponding valves had to be opened in
accordance with the instructions provided, and
the relevant sensors connected.

2.1. Device description

The hot water unit comprises a tank and an
electric heater with a power output of 2.5 kW,
which heats the water to the desired
temperature [16]. A thermostat regulates the
temperature of the incoming hot water. The
inlet hot water temperature can be adjusted via
the display screen, as illustrated in the figure.
To prevent sedimentation in the pipes, the tank
should be filled with distilled water [17].

Figure 1. Temperature adjustment screen.

- A pump circulates hot water through the
system.

- The cold water required for the test is
supplied from the tap.

2.1.1. The shell and tube heat exchanger

It consists of a shell and 30 tubes made of 316
stainless steel. The inner diameter of the tubes
is 4 mm, the outer diameter is 6 mm, and the
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length is 72 cm. The inner diameter of the shell
is 74 mm, and the outer diameter is 80 mm.

2.1.2. Double-pipe heat exchanger

It consists of an outer copper tube as the shell
and another copper tube as the inner tube. The
inner diameter of the inner tube is 11.1 mm,
and its outer diameter is 12.7 mm. The inner
diameter of the shell is 20.4 mm, and its outer
diameter is 22 mm.

2.1.3. Plate heat exchanger

- It is made of steel, and the area of its panels
is 0.35 square meters.

- There are 16 valves that can be used to create
parallel flow and counter flow modes in the
heat exchanger.

- There are 7 temperature sensors to measure
the inlet and outlet temperatures of the hot and
cold fluids, as well as the tank temperature.

- There are 2 rotameters with corresponding
valves to adjust the flow of hot and cold water.

Figure 2. The heat exchanger testing module
device consists of three types of heat exchangers:
shell and tube, plate, and double pipe, used in the
present work. 1- Shell, 2- Pipe, 3- Pipe flow
adjustment valve, 4- Shell flow adjustment valve,
5- Plate heat exchanger, 6- Double pipe heat
exchanger.

2.2. Governing equations
The main step in the analysis of the heat
exchanger is determining the overall heat

transfer coefficient. If the heat exchanger
surfaces are assumed to be clean, we have:
I

11 1 1 In(??) 1 (1)

UA UA, UA, (hA), 2nkL ' (hA),
In this equation, h and c represent the hot and
cold fluids respectively. If the outer and inner
diameters of the pipe are close to each other, or
if the conductivity coefficient of the pipe
thickness is large, the term related to
conductivity can be omitted.

2.2.1. Heat exchanger analysis using the
logarithmic mean temperature difference
method:

To design or predict the performance of a heat
exchanger, the relationship between the total
heat transfer rate and factors such as the inlet
and outlet temperatures of the fluids, the
overall heat transfer coefficient, and the total
heat transfer surface area must be determined.
The amount of heat lost by the hot fluid and the
amount of heat absorbed by the cold fluid,
assuming constant specific heats, are:

q=m.c,, (Th,i _Th,o) )

q=mCp.(Too—Tei)
The temperatures used in these relationships
are the average fluid temperatures at the inlet
and outlet of the heat exchanger. On the other
hand, the amount of the local heat transfer in
each section of the heat exchanger depends on
the local temperature difference between the
cold and hot fluids. Therefore, the overall heat
transfer can be expressed as follows:

q=UA AT o 3)

in which the logarithmic mean temperature
difference is expressed as follows:

AT, - AT, (4)

|n(A7T2)
AT,

ATy =
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AT, and AT, for parallel flow and counter flow
are obtained as follows:

AT, =T, -To: AT,=T, -T, )

For opposite flow:
AT, =T, -To AT, =T, -T. ©)

Although the operating conditions are more
complicated in heat exchangers with multiple
passes and transverse flow, we can apply a
correction factor for these exchangers and
express the logarithmic mean temperature
difference as follows:

ATIm = FATIm,CF (7)

In this equation, F is the correction factor
that is read from the charts in the sources and
AT ce Is the logarithmic mean temperature
difference assuming the counter flow heat

exchangers.

Table 1.
Tested Heat Exchanger Specifications
Heat Exchanger amount Unit
specifications
Number of tubes 30 Number
Outer diameter of the pipe 6 mm
Pipe thickness 1 mm
Inner diameter of the pipe 4 mm
Length of the pipe 72 mm
Pipe pitch 17 mm
Pipe arrangement Triangular -
316
Pipe Material Stainless
Steel
Number of tube passes 1 Number
Inner diameter of the shell 74 mm

2.3. Nanofluid Fabrication

In this research, water-based nanofluids containing
aluminium oxide, magnesium oxide, and silicon
oxide are used. Distilled water serves as the base
fluid, while nanoparticles are used as the additive.
The nanoparticles were purchased from Teknan,
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the representative of Spain. The properties of the
used aluminium oxide nanoparticles are provided
in Table 2. To prepare the nanofluid, we first weigh
the required amount of the base fluid and then add
the appropriate quantity of nanoparticles.

Table 2.
Properties of aluminum oxide nanoparticles.

Properties Quantity/type Unit
Chemical formula Al2O3 -y

Color White

Particle shape Spherical

Purity 99.97%

Average particle diameter 10-20 Nm
Nanoparticle density 3890 kg/m?3
Specific Heat 880 J/kg. K
Thermal conductivity 31.2 w/m. K
pore volume between 0.391 cclg
particles

Crystal phase particles gamma

Making nanofluids is different from preparing
other solutions, as nanofluids must be
produced under special conditions to ensure
that the nanoparticles remain stable in the base
fluid and do not settle. In this research, we use
the two-step manufacturing method, which is
more suitable for producing nanofluids with
oxide nanoparticles. For this purpose, after
adding the required number of nanoparticles to
the base fluid to achieve a specific
concentration, the mixture of the base fluid and
nanoparticles is stirred using a mechanical
stirrer and then exposed to ultrasonic waves for
150 minutes.

2.4. Nanofluids Governing Equations

In this research, water and nanofluid have been
investigated as input fluids. Additionally, the
effects of gravity and viscosity have not been
considered. Our fluid flow is laminar and
stable. Therefore, the governing equations for
continuity, momentum, and energy are as
follows:
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Continuity equation:

Hydraulic diameter formula:
4A

om, where, A is the cross-section and P is the
Momentum equation: wetted circumference.
pj The Nusselt number for distilled water in
—J(pu, ;) —‘g+g( ( oX, )) ©) channels, when the temperature difference
Energy equation: between the fluid ar.ld the wall is large and the
P or Reynolds number is greater than 10,000, is
o (pu;C,-TK g) =0 (10) calculated using the following relationship:
J J
Reynolds Iejquatlon: N = 0.023Re® Pro.sa(i)o.m (15)
W
R, = Pu 1) u
H Prandtl number formula:
. o pr = Sok (16)
After calculating the velocity using the Tk
Reynolds equation and determining the _ _
average temperature, the film effectiveness has Nanofluid density formula:
been computed using the following formula: =1-9)p; +op, (17)
Heat Transf:r Coefficient Equation: Nanofiuid viscosity formula:
nf = ﬁ (12) My =@Q+2.5x@)x u, (18)
Nusselt number formula: Nanofluid specific heat capacity formula:
h.*D 1- c,): +o(pc 19
NUnf _ i * (13) (Cp)nf :( ¢)(p p)f (D(p p)p ( )
knf pnf
Table 3.
Properties of nanofluids
Properties
No. Metal specific heat capacity Thermal conductivity
(J/kg. K) (W/(m.K))
1 Silicon oxide 710 1.45
2 Magnesium oxide 985 56
3 Gold 423 :
4 Aluminium 880 31.2
5 Stainless steal 240 422

2.5. Project description
The geometry of the problem is modelled
using the ANSYS FLUENT 2022 R1 software

within the Workbench environment. A shell

and tube heat exchanger is used for the
numerical study. This heat exchanger is 1015
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mm long, 100 mm high, and contains 30
triangular tubes with a centre-to-centre
diameter of 9 mm. The baffle size is 72 mm,

o

- o7

150,00

//

and a thickness of 5.3 mm is considered, as
shown in Figure 3.

L

300,00 )

>

250

Figure 3. Design of the shell and tube heat exchanger used in the present work.

2.6. Independence from the mesh

In simulation projects, the number of meshes
plays a critical role in the accuracy of the
results. To ensure the accuracy of the
simulation, it was run seven times with
different mesh counts. The optimal mesh for
the shell and tube heat exchanger was found to
be 5,573,419. Using fewer meshes than
5,573,419 resulted in higher errors in the
numerical simulation. The simulation was
conducted with mesh sizes up to 20,616,384,

20%

and it was observed that from 5,573,419 to
20,616,384, the results did not change
significantly, making it more economical.
Therefore, to save time and optimize the use of
available simulation resources, a mesh size of
5,573,419 was chosen for simulating the shell
and tube heat exchanger. The general diagram
of mesh convergence can be seen in the figure
below.

18%
16%
14%
12%
10%
8%
6%
4%
2%
0%

Error

0 10000000 20000000 30000000 40000000

Total Number Of Element (mesh)
Figure 4. Mesh Convergence general diagram
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Ansys

2042 Rt
RENSYS i

R
IRANSYS.r

Figure 5. Nodes in Each Element

2.7. Mesh specifications

The details of the mesh are as follows: the
element order is quadratic, element size is 4e-
003 m, export format is standard, and number
of nodes and elements are 10,548,219 and
5,573,419 respectively.

2.8. Simulation and solution

The simulation was performed using the
ANSYS FLUENT software. The coupled
algorithm was used to couple the speed. This
method requires fewer iterations to achieve the
desired convergence, making it highly suitable
for stable solutions. In transient simulations,

the coupled method provides accurate and
comprehensive results, particularly for large
time steps.

The PRESTO method was employed to
discretize the pressure equation, while the
first-order upwind scheme was used for
discretizing momentum and energy equations.
Among the discretization methods available in
ANSYS Fluent, the PRESTO method is
commonly utilized for flows with strong
rotation, significant pressure gradients (e.g.,
fans or turbines), or geometries with abrupt
bends, as observed in this simulation.
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Shell Outlet

Tube

Shell Input Outlet

0 selected | all hd

Figure 6. Hot and cold water flow design of the heat exchanger.

Figure 7 shows Temperature Contour and
Water Flow through the Shell as a sample of
simulation results.

Velocit
Streamline 2

7.581e-01

- 5.686e-01

3.790e-01

1.895e-01

0.000e+00
[m s”-1]

Velocit
Streamline 2

7.581e-01

5.686e-01

3.790e-01

1.895e-01

[m s™-1]

Figure 7. Temperature contour and water flow through the shell.
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2.9. Obtained graphs 0.2, 0.4, and 0.6 were obtained in the
The heat transfer coefficient and Nusselt laboratory. The results were extracted by
number for water and nanofluid at average varying the Reynolds number and volume
temperatures with volume concentrations of concentration, as shown in Figures 5, 6, and 7.
SiO,-Water
18 1200 mmmm ater
16 A
- 1000 "= 90=0.2
14
= I p=0.
Z 12 L goo 004
3 10 E 0=0.6
= - 600
+Z.. 8 —waterl
3 6 - 400
3 —=0.2-1
< 4
- 200 —— (=0 .4-
5 ¢0=0.4-1
0 L0 ¢=0.6-1

300 600 900 1800
Reynolds Number, Re

Figure 8. Changes in the Nusselt number (bar graph) and film effectiveness (line graph) for silicon oxide
nanofluid at different Reynolds numbers

Al,O;-Water
18 1400 wmmm water
16 L 1200w =02
S 14
- 1000 === p=0.4
Z 12 ?
£ 10 - 800 =0.6
>
E 8 L 600 — waterl
8 6
> - 400 9=0.2-1
< 4
L 200 —9=0.4-1
2
0 L o ¢=0.6-1

300 600 900 1800
Reynolds Number, Re

Figure 9. Changes in the Nusselt number (bar graph) and film effectiveness (line graph) for aluminum
oxide nanofluid at different Reynolds numbers.
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MgO-Water
18 1600 . \\Vater
16 1 - 1400
B p=0.2

5 14 1200
< 1 ——0.4
5 1000

10 ¢=0.6
S 800
z 8 600 ——waterl
2 6 o1
z 400 ¢=0.2-

2 200 ¢=0.4-1

0 0 ¢=0.6-1

300

600 900

1800
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Figure 10. Changes in the Nusselt number (bar graph) and film effectiveness (line graph) for magnesium
oxide nanofluid at different Reynolds numbers.

Table 4.

Results of the experimental test using different heat exchangers and various nanofluids
Heat Exchanger specifications Case 1 Case 2 Case 3 Case 4
Hot water temperature at the entrance 60 60 60 60
Hot water temperature at the exit 50.3 53.5 50 52.5
Cold water temperature at the entrance 30 30 30 30
Cold water temperature at the exit 41.1 38.7 40.8 39.5
Logarithmic mean temperature difference 19.59 22.38 19.59 21.50
Massic heat capacity of hot water at medium temperature 4185 4185 4185 4185
Massic heat capacity of cold water at medium temperature 4178 4178 4178 4178
The amount of warmth lost from warm water -4059.45 -2720.25  -4185 -3138.75
The amount of warmth obtained from cool water 3895.56 2580.7 4015.8 3016.5
film coefficient 246.63 302.86 1.26 1.26
U-value (U) 5.06 1.33 24.69 27.09

99.13 29.76

Heat flux (Q)

Case 1: Counter flow test of shell and tube exchanger for water (6kg/min hot water flow, 5.04 kg/min cold water

flow)

Case2: Counter flow test of shell and tube exchanger for silicon oxide nanofluid with volume concentration of 0.6.
(6 kg/min hot water flow rate - 4.26 kg/min cold water flow rate)

Case3: Counter flow test of plate heat exchanger for water (6kg/min hot water flow, 5.34 kg/min cold water flow)
Case 4: Counter flow test of plate heat exchanger for aluminum oxide nanofluid with volume concentration of 0.6.
(6 kg/min hot water flow rate, 4.56 kg/min cold water flow rate)

Results of experimental test using different
heat exchangers and various nanofluids are
given in table 4. It can be concluded from this
table that the addition of nanofluids results in
an increase in the outlet temperature of the hot
water and a decrease in the outlet temperature
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of the cold water. Consequently, the
logarithmic mean temperature difference
increases, which in turn raises the overall heat
transfer rate. Various nanofluids with different
concentrations were introduced into the
system, and the heat transfer rates for each
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were determined based on the recorded
temperature data. Among the tested
nanofluids, magnesium oxide exhibited the
highest heat transfer rate, making it more
effective compared to aluminium oxide and
silicon oxide. Furthermore, the overall heat
transfer coefficients for different heat
exchangers were calculated, with the shell and
tube heat exchanger demonstrating the highest
value, thereby identifying it as the most
suitable for testing.

Generally, it can be concluded that as the
Reynolds number increases, both the heat
transfer coefficient and the Nusselt number
increase, aligning closley the results of M.
Kiaei [18] and M. Gupta [19]. They both found
that Al,O3 had the greatest effect, as they used
different nanofluids with varying thermal
conductivities. However, in our study,
magnesium oxide exhibited the greatest effect,
leading to an increase in heat flux (h).
Calculations using the governing w governing
Equation (3) show that MgO had a heat rate of
123.86 J at a volume concentration of 0.2
Al>O3, had the second-most significant effect
on heat flux, with a value of 102.96 J, while
silicon oxide has the least, at 100.42 J.
Additionally, the overall heat transfer
coefficient for different heat exchangers has
been determined, with the shell and tube heat
exchanger showing the highest U-value (5.06
W/m?K), calculated using the governing
equation (1). This makes it the most suitable
for testing. This aspect had not been studied in
the past and is compared in this article.

3. Future perspectives

To enhance the performance of the tested heat
exchangers, the use of mixed nanofluids and
different nanofluids with higher flow rates is
recommended for future studies. Additionally,
exploring different types of heat exchangers and
structural modifications could further improve heat
transfer. For example, incorporating a vortex rod

inside the tube can alter the flow structure, creating
eddies and swirls that ultimately increase heat
transfer. Finally, simulations using software such
as Aspen EDR, SolidWorks, and HTRI are
suggested to provide comprehensive analyses.

4. Conclusion

This study investigated and compared the
performance of different types of heat
exchangers, including shell and tube, double
pipe, and plate heat exchangers, utilizing
various nanofluids such as aluminium oxide,
magnesium oxide, and silicon oxide. The
results demonstrated that both the heat transfer
coefficient and Nusselt number increased with
the rise in Reynolds number. Among the tested
nanofluids, magnesium oxide showed the most
significant improvement in the heat transfer
performance, while silicon oxide exhibited the
least effect.

Additionally, the overall heat transfer
coefficients for different heat exchangers were
determined, with the shell and tube heat
exchanger exhibiting the highest value of 5.06
W/m2K. This makes the shell and tube heat
exchanger the most suitable candidate for
further testing and practical applications.

List of symbols

C, Specific heat capacity [J/(kgK)]

(C,)n Nanofluid Specific heat capacity [J/(kgK)]
(C,); Base fluid Specific heat capacity [J/(kgK)]
(C,), Nanoparticle Specific heat capacity [J/(kgK)]
Pipe diameter [m]

Hydraulic diameter [m]

Euler's Number [-]

film effectiveness W/(m?K)
Thermal conductivity ~ W/(mK)
length of the pipe [m]
Fluid mass flow ratio [-]
Nusselt number [-]
Pressure[N/m?]

Prandtl number

Heat transfer [J]

Re Reynolds number [-]

U o — > o
©OYTVzzgr X IDU
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T Temperature [°C]

T, Average fluid temperature [°C]

T Reference temperature [°C]

T, Wall temperature [°C]

tt Inlet fluid temperature [K]

U Overall heat transfer coefficient
[W/(m?K)]

Greek letters
ATLMTD
(K]

y7> Base fluid viscosity [kg/ms]

Logarithmic mean temperature difference

Mg Nanofluid viscosity [kg/ms]
Yo, Fluid density [kg/m®]
P Nanofluid density [kg/m?3]

Py Nanoparticle density [kg/m?3]
P  Base fluid density [kg/m?3]
(15 Volume fraction [-]
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