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Abstract

This article presents a novel three-dimensional numerical investigation of
turbulent water–air flow and displacement heat transfer in a shell-and-tube
heat exchanger enhanced with paraffin phase-change material (PCM) and
aluminum oxide nanoparticles. Covering Reynolds numbers from 0 to 3
000, the governing equations are solved via the finite-volume method.The
study’s findings indicate that employing phase-change material surrounding
the tube and keeping a steady heat flux can both increase a shell and tube
heat exchanger’s penetration coefficient. The impact of this modification
has been compared to that of a straight, circular tube, providing practical
insights for heat exchanger design. The chosen fluid flow exhibits turbulence
as it moves through the tube and collides with the thermal boundary layer,
increasing the internal transfer coefficient of the fluid flow. The findings
show an insignificant error of 8.71% for the grid independence section.
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1 Introduction

The investigation of methods to enhance heat trans-
fer in heat exchangers for improved efficiency has
been a primary focus across various industries, in-
cluding refrigeration, air conditioning, automotive,
aerospace, petrochemical, pharmaceutical, food, and
thermal power plants. As the converter’s efficiency in-
creases, its size decreases, resulting in energy savings.
It is also essential to consider the pressure drop when
dealing with heat pipes. In other words, changes in
pressure drop should be considered alongside the in-
crease in heat transfer. This is because a reduction in
pressure drop is directly proportional to the decrease
in operational costs. Therefore, it can be said that one
of the important reasons for investigating the meth-
ods of increasing heat transfer is the optimization of
energy consumption, which has made the technology
of increasing heat transfer in heat pipes attractive and
important.

Fluids commonly used in industrial processes, such
as water, engine oil, ethylene glycol, and mineral liq-
uids, are crucial components in various applications
such as power generation, chemical processes, cooling
and heating systems, transportation, microelectronics,
and other micrometer-scale applications. The inade-
quate heat transfer properties of these fluids pose a
significant challenge in enhancing the efficiency of heat
pipes. Recognizing that the thermal conductivity of
solid particles is hundreds of times higher than that
of fluids, an innovative approach was developed to ad-
dress this issue. This involved creating a suspension of
minute solid particles in pure fluids, which proved to
be an effective solution for augmenting the heat trans-
fer properties of conventional energy-carrying fluids. A
slurry-shaped product can be created by adding vari-
ous types of metal, non-metal, and polymer particles to
the base fluid [1]. Chemically stable metals, metal ox-
ides, and carbon-based materials are commonly used
as metal particles [2]. However, suspensions contain-
ing particles in micrometer and even millimeter sizes
can lead to issues such as particle abrasion, blockage
of channel pathways, and erosion of pipe networks,
reduced momentum transfer, and increased pressure
drop [3].

In particular, the particles in the suspension tend
to settle. While the slurry suspension exhibits higher
thermal conductivity than the base fluids, it is still
unsuitable for practical applications as an energy car-
rier fluid [4]. Nanofluids, which utilize nanometer-sized
particles in a pure base fluid, emerged as a result of ad-
vancements in nanotechnology and proved instrumen-
tal in enhancing the heat transfer properties of flu-

ids [5]. In comparison to suspensions containing mi-
crometer and millimeter-sized particles, nanofluids ex-
hibit improved stability, enhanced rheological proper-
ties, and increased thermal conductivity [6–8].

Over the years, numerous researchers have investi-
gated and explored the heat transfer properties of vari-
ous nanofluids. The methods employed to enhance heat
transfer can be categorized into two main categories:
(1) Active methods, and (2) Passive methods utiliz-
ing external energy sources. Active methods involve
techniques such as electrostatic fields to promote mass
mixing of the fluid near the heat exchange surface [9].
Other active methods include acoustic vibration (gen-
erating sound waves in the fluid), injection or suction
(utilizing porous heat transfer surfaces), mechanical
aids (stirring the fluid through mechanical means or
rotating the pipe surface), and surface or fluid vibra-
tion (utilizing high or low frequencies to improve heat
transfer) [10,11]. Passive methods, on the other hand,
do not require external energy sources but can still
enhance heat transfer through various means. These
include roughening the surface, utilizing extended sur-
faces, adding attachments, or introducing solid parti-
cles and gas bubbles into the fluid. Whether active
or passive, all methods of enhancing heat transfer can
be broadly categorized into two main groups: increas-
ing heat transfer in the main flow and increasing heat
transfer in the secondary flow [12,13].

The utilization of extended surfaces represents a
passive method for enhancing heat transfer in the sec-
ondary flow. Previous research conducted in this field
primarily focused on studying the impact of these vor-
tex generators on Newtonian fluids [14]. Given the
extensive array of non-Newtonian fluids and their sig-
nificance in heat exchangers utilized within the food,
pharmaceutical, and petrochemical industries, coupled
with the limited research in this area, it is impera-
tive to explore the behavior of these fluids within ex-
changers [15, 16]. Additionally, owing to the low heat
transfer coefficient of non-Newtonian fluids, employ-
ing techniques to enhance heat transfer, such as the
addition method, can benefit this fluid type. Nanos-
tructures represent the convergence of the tiniest man-
made tools and the largest molecules found in living
organisms [17, 18]. A nanostructured material refers
to a crystalline solid at the nanometer scale. Dur-
ing the Middle Ages, glassmakers were unaware of why
adding gold to glass altered its color. During this pe-
riod, nanometer-sized gold particles were utilized in the
production of glass for medieval churches, resulting in
the creation of highly appealing colored glass. In fact,
it is not so difficult to find examples for using metal
nanoparticles [19,20].

A substance that releases or absorbs enough energy
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during a phase transition to provide usable heat or cool-
ing is known as a phase-change material (PCM). Usu-
ally, one of the first two fundamental states of matter
– solid or liquid – will give way to the other. In non-
classical states of matter, like the conformity of crys-
tals, where the material changes from conforming to
one crystalline structure to another, which may be a
higher or lower energy state, there may also be a phase
transition [21–24].

Our article investigates the flow and turbulence of
water and air within a shell and tube heat exchanger
in three dimensions. This study primarily concerns
applying phase change materials (PCM) in displace-
ment heat transfer. The paper offers a novel analysis
of the changes in pressure gradient and displacement
heat transfer in turbulent flow within a shell and tube
heat exchanger. In addition, aluminum oxide nanopar-
ticles and paraffin PCM with Reynolds numbers from
0 to 3000 are used for the first time.

2 Define the Problem

The study delved into three-dimensional flow, turbu-
lence, and forced convection heat transfer in a shell
and tube heat exchanger. This research examined the
impact of geometrical parameters of a 600 mm long and
100 mm thick heat exchanger with two inlets and two
outlets. Specifically, the first and second inlets intro-
duced air and water, with water flowing at a velocity of
0.1 m/s and air at 1 m/s. The water and air tempera-
tures were recorded at 353.15 K and 278.15K, respec-
tively, and were subsequently analysed using software.
This simulation involves coupling the governing equa-
tions of continuity, momentum, and energy with the
desired geometry being meshed according to the afore-
mentioned conditions.

Fig. 1. Shell and tube heat exchanger

The fundamental equations governing the prob-
lem were discretized using the finite volume implicit
method in second-order form, resulting in a set of al-
gebraic equations. The iterative simple algorithm was

then employed to obtain multiple solutions until the de-
sired convergence was achieved. The simple algorithm
was utilized to simultaneously solve for velocity and
pressure in steady, turbulence two-dimensional flow.
Specific boundary conditions were considered when cal-
culating the horizontal interaction of forced heat trans-
fer and flux in the common phases of the surface and
nanofluid, as well as the magnetic field passing through
it. The coefficients of forced heat transfer and constant
flux on the surface were established by inputting graph-
ical problems and writing text commands in Comsol
software. Additionally, the properties of nanofluids at
various volume percentages were computed using the
mathematical formulas provided in subsection 2.1.

2.1 Equations governing fluid flow

The equation of continuity in an incompressible fluid is
the term [23]:

∇ · u = 0 (1)

The momentum equation for fluid displacement flow,
based on the assumptions made in the problem, is as
follows [23]:

ρ0

(
∂u

∂τ
+ u ·∇u

)
= −∇p+∇S + αρ0(T − T0)k

(2)

where ρ is the density, p is the pressure, u is the velocity
vector, T is the fluid temperature, S is the stress ten-
sor, k is the unit vector for Gravity, and α the thermal
expansion coefficient is included in the Equation (2) in
the general state [23]:

S = ηG (3)

Equation (3) is the deformation rate tensor of a Newto-
nian fluid with constant viscosity. The energy equation
for an incompressible fluid adheres to Fourier’s modi-
fied law, and can be expressed as [23]:

ρ0

(
∂T

∂τ
+ u ·∇T

)
= k∇2T + ηφ (4)

η is the viscosity loss.
In this study, water was used as the base fluid to

which Al2O3 nanoparticles were added. The character-
istics of base and nanofluids are shown in Table 1.

Ferrofluid density (ρm) is obtained from the Equa-
tion (5) [23]:

ρm = (1− φ)ρf + φρp (5)

The coefficient of thermal expansion of ferrofluid is
equal to [23]:

βm = (1− φ)βf + φβp (6)
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Table 1. Properties of base fluid and nanoparticle

Properties Base fluid (Water) PCM

Cp (J/kg.k) 4179 612
ρ (kg/m3) 997.1 4215
K (W/m.k) 0.605 6.2
µ (kg/ms) 0.000891 -
β (k−1) 0.00021 13.3× 10−6

The Specific heat of ferrofluid (Cpm) is [23]:

Cpm =
1

ρm

[
(1− φ)ρfCpf + φppCpp

]
(7)

The coefficient of ferrofluid thermal conductivity (km)
is obtained from the Equation (8) [23]:

km = kf

[
2 + kpf + 2φ(kpf − 1)

2 + kpf − φ(kpf − 1)

]
(8)

where kpf is obtained from the following relationship
[23]:

kpf =
kp
Kf

(9)

In the above relationships, φ represents the volume per-
centage of nanoparticles, index ‘m’ is associated with
the properties of the nanofluid, index ‘f’ denotes the
properties of the base fluid, and index ‘p’ indicates the
properties of the nanoparticles.

Reynolds number is defined as follows:

Re =
ρvd

µ
(10)

2.2 Networking

To solve the problems numerically, it is essential to
mesh the fluid and solid environment. To achieve this,
the geometry is divided into smaller elements. The type
and number of elements impact the accuracy, computa-
tional time, and convergence of the numerical solution.
Therefore, it is crucial to employ the necessary preci-
sion in the meshing process. In this study, we utilize
Comsol software for meshing the current problem. Cu-
bic elements are more suitable for fluid analysis prob-
lems. An example of the meshing performed is depicted
in Figure 2. The number and size of the elements will
be discussed in the grid independence section. This is
achieved through a trial and error process by repeat-
edly solving the problem with different grid sizes. Sub-
sequently, the numerical solution was conducted using
four grids of varying sizes.

Before conducting a thorough investigation, the re-
liability and accuracy of the system were confirmed
and compared with Shah equation [23] and Parizi’s

work [21] for steady flow under constant flux boundary
conditions, using water as the working fluid. The re-
sults in Figure 3 demonstrate good agreement with the
predictions of Shah equation [23] and Parizi’s work [21]
at two Reynolds numbers of 930 and 1354.

Fig. 2. A view of the mesh heat exchanger

Fig. 3. Comparing the PCM results for the present
study (blue filled circles) and Shah et al. [23] (hol-
low green circles).

Table 2. Computing nodes and meshing results

Number of cells Number of nodes PCM
2000 2145 2420/38
2820 3100 2420/41
6521 7260 2420/44
10900 110092 2420/48
11825 13297 2420/52
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2.3 Explanations about the finite vol-
ume method

Well suited for the numerical simulation of various
types of conservation laws, the finite volume method
is a discretization method. In several engineering
fields, such as fluid mechanics, heat and mass trans-
fer, or petroleum engineering, the finite volume method
has been extensively used. Like the finite element
method, the finite volume method possesses important
features. It may be used on arbitrary geometries, us-
ing structured or unstructured meshes, leading to ro-
bust schemes, as stated by Oden [22]. The numerical
fluxes exhibit an additional feature, known as the lo-
cal conservatively, where they are conserved from one
discretization cell to its neighbor. In problems where
the flux holds significant importance, such as in fluid
mechanics, the finite volume method becomes highly
appealing due to this particular feature.

3 Results

A heat exchanger is a specialized device that facilitates
efficient heat transfer between two distinct regions, typ-
ically characterized by varying temperatures. It oper-
ates on the fundamental principles of thermal conduc-
tivity and phase changes of fluids. By employing well-
engineered design techniques, a heat exchanger maxi-
mizes heat transfer efficiency, ensuring optimal perfor-
mance in transferring heat from a hot area to a cold
area. Figure 4 examines and compares the effect of
changes in the heat exchanger speed on the forced heat
transfer coefficient under constant heat flux.

First, the test has been conducted with two dif-
ferent Reynolds numbers, 877 and 945, using different
materials. Figure 5 illustrates the displacement heat
transfer coefficient in the exchanger tube. The results
indicate that the use of ferrofluid enhances the displace-
ment heat transfer. Additionally, it can be inferred
from the graph that in shorter axial distances from the
inlet, the increase in heat transfer is relatively more
significant compared to larger distances where there is
boundary layer disturbance. The transfer of particles,
gradients in viscosity, and Brownian motion are fac-
tors contributing to the increased heat transfer in the
fluid. The transfer of particles and turbulence in the
thermal boundary layer is one of the most important
factors in enhancing heat transfer. As a result, there is
an increase in heat transfer.

The increase in the displacement heat transfer co-
efficient for turbulence flow under constant flux bound-
ary conditions has been compared using water as the
working fluid. The results are presented in Figure 6 for
PCM and plain heat exchangers. The effect of the ma-

terial has led to an increase in the displacement heat
transfer coefficient, indicating the potential to enhance
heat transfer using air and water materials, which fur-
ther increases. The slowly moving fluid flow, as it trav-
els through the pipe and interacts with the pipe wall,
disrupts the thermal boundary layer, leading to an in-
crease in the heat transfer coefficient for the displace-
ment of the fluid flow.

Figure 7 illustrates the fluctuations in pressure
within the converter tube. The findings indicate that
including ferrofluid leads to an augmentation in the
fluid pressure parameter. In various scenarios, the top
section of the converter consistently reaches the highest
temperature due to buoyancy effects compared to other
regions. Through studying the impact of fin thickness,
it has been observed that increasing the thickness of the
fins reduces the time it takes for the PCM (paraffin) to
melt. This improvement enhances energy storage ca-
pabilities (Figure 8).

Fig. 4. Comparison of changes in heat exchanger
velocity, displacement heat transfer coefficient in
constant PCM heat flux: Re=1230 (upper line) ,
Re=980 (middle line), Re=877 (bottom line) .

Fig. 5. Evaluation of numerical data of h increase
with increasing Reynolds number in PCM shell
and tube heat exchanger (Reynolds Water 945 [red
squares]) and (Reynolds air 877 [blue diamonds]).



110 Hydrogen, Fuel Cell & Energy Storage 2(2026) 105–112

Fig. 6. Comparison of simple h increase with heat
exchanger (Simple [blue diamonds]) and ( Heat Ex-
changer [red squares]).

Fig. 7. PCM heat exchanger pressure changes

Fig. 8. PCM heat exchanger temperature changes

The comparison is made between the straight, cir-
cular tube and the shell and tube heat exchanger with
increased transmittance coefficient while keeping the
heat flux constant and using a PCM surrounding the
tube. The selected fluid flow, having turbulence due to
its motion and collision inside the tube, has disrupted
the thermal boundary layer, leading to an increase in
the internal transfer coefficient of the fluid flow (Fig-
ures 9 and 10).

Fig. 9. Three-dimensional temperature heat trans-
fer displacement heat exchanger under constant flux
PCM

Fig. 10. Three-dimensional temperature changes
of heat transfer displacement heat exchanger un-
der constant flux PCM

Figure 11 depicts the changes in displacement heat
transfer coefficients concerning Reynolds numbers for
two nanofluids. To maximize thermal efficiency, two
different nanofluids are compared in this graph. Silicon
is not the best choice for increasing the heat transfer
rate; instead, aluminum oxide nanoparticles are.

4 Conclusions

Focusing on investigating displacement heat trans-
fer using (PCM), this article examines the three-
dimensional flow and turbulence of water and air within
a shell and tube heat exchanger. By utilizing the finite
volume method, the fundamental equations governing
the issue have been successfully resolved.
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Fig. 11. Changes in heat transfer coefficient for two
used nanofluids(aluminum oxide and SIC-Aw [25])

The study investigates the impact of increasing the
penetration coefficient in a shell and tube heat ex-
changer while keeping the heat flux constant and incor-
porating a PCM around the tube. The results obtained
shed light on this phenomenon:

• By increasing the penetration coefficient of the
shell and tube heat exchanger and keeping the
heat flux constant while placing PCM around the
tube, a comparison was made between this setup
and a straight, circular tube where fluid flow is se-
lected by moving through the tube and colliding
with the thermal boundary layer. It was observed
that increasing the penetration coefficient led to
disturbance in the thermal boundary layer, caus-
ing an increase in the internal transfer coefficient
of the fluid flow. However, this resulted in an
insignificant error of 8.71%.

• In all situations, the upper half of the converter
has experienced the highest temperature due to
buoyancy compared to other areas. By examining
the effect of the fins’ thickness, it was found that
increasing the fins’ thickness reduces the melting
time of the PCM (paraffin), which improves En-
ergy storage.

• In line with the topic of this article, future re-
search can be directed toward obtaining tempera-
ture changes both around and within the heat ex-
changer. This can be achieved by modifying the
length and pipe diameter of the heat exchanger,
as well as altering the flow rate of the nanofluid

entering the exchanger. Such modifications can
lead to the discovery of new results.

Nomenclature

Cpm Specific heat of ferrofluid (J/kg K)
d Diameter of pipe (mm)
f properties of the base fluid
k Unit vector for gravity (g)
Km Coefficient of ferrofluid thermal

conductivity (W/mK)
m Properties of the nanofluid
p Pressure (Pa)
Re Reynolds Number (Dimensionless)
S Stress tensor (N/m2)
T Temperature (K)
u Velocity in x direction (m/s)
v Velocity in y direction (m/s)
η Viscosity loss (Pa s)
βm Coefficient of thermal expansion (K−1)
φ Volume percentage of nanoparticles (nm)
ρ Density (kg/m3)
µ Dynamic viscosity (Pa s)
α Thermal expansion coefficient (C−1)
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