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Abstract

A numerical analysis has been performed on a parallel flow shell and tube heat exchanger with
different hybrid nanofluids in the present study. The heat exchanger consists of baffles which may
increase the heat transfer characteristics. Hybrid nanofluids are used as a cooling medium. The author
studied the effect of dissolved nanoparticles on Prandtl number and thermal transfer characteristics. The
results show a convincing enhancement in the heat transfer characteristics by introducing hybrid
nanoparticles into the primary fluid (water). The total concentration of nanoparticles was 2 vol%.
Different combinations of nanoparticles as a coolant studied were ALO:+tMWCNT, AlOs+Beo,
ALOs+AIN, and Al.03+TiO: (in equal volume ratios). The heat transfer rate was enhanced maximum by
16.5 % for ALLOs+tMWCNT/ water hybrid nanofluid. Moreover, Prandtl number was observed reduced
using nanoparticles with a maximum reduction of 10.5 % for Al.Os+TiO>/ water hybrid nanofluid.
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Nomenclature:

C, = Specific heat [J/(kg.K)]

h = Heat transfer coefficient [W/(m2K)]
H = Total enthalpy [J]

K = Thermal conductivity [W/(m.K)]
m = Mass flow rate [kg/s]

Pr = Prandtl number

Q = Heat capacity [W]

q = Heat flux [W/m’]

Sm, Se = Particles source terms in the base fluid equations for momentum and energy
T = Temperature [K]

V = Velocity [m/s]

Abbreviations:

Al203; = Aluminum oxide

AIN = Aluminum nitride

BeO = Beryllium oxide

GO = Graphene oxide

MWCNT = Multi-walled carbon nano tube
STHX = Shell and tube heat exchanger
TiO. = Titanium dioxide

Greek symbols

p = Dynamic viscosity [pa.s]
p = Density [kg/m’]

® = Volume concentration
7= Stress tensor [N/m?]
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Subscript
1 = Particle 1
2 = Particle 2

Avg = Average

bf = Base fluid
C=cold

h =Hot

hnf = Hybrid nanofluid
i=Inlet

O = Outlet

p = particle

Introduction

In the last few decades, shell and tube exchangers (STHX) have been frequently used in engineering
disciplines, such as chemical engineering, electricity generation, petrochemical, refrigeration, heating
systems, food processing, etc. These heat exchangers are reasonably easy to produce and have a multi-
purpose application capability compared to other heat exchangers. Now, heat exchangers are commonly
used in industrial applications as an integral feature of all thermal systems. These exchangers are typically
prepared from hollow tubes with high design versatility and can be reformed without trouble by altering
tube diameter, length, and configuration. Shell and tube exchangers can be built for high pressure based
on the setting and high-pressure variations among fluids.

Studies on the nanofluid have been augmented very speedily over the past decade. In the
advancement of nanofluid science, researchers have also recently tried to use hybrid nanofluid, which is
planned by suspending dissimilar nanoparticles either in a mixture form or in a composite structure. In
1995, Choi and Eastman [1] was the first to use the concept of nanotechnology. He found significant
augmentation in the nanofluid thermal conductivity as compared to base fluids. Nowadays, studies and
work on nanotechnology have drawn considerable researchers’ attention. Nanofluid is one of the core
components of nanotechnology. Maxwell [2] demonstrated that a solid-liquid mixture could increase
thermal conductivity by raising the volume fraction of solid particles. Large particles cause other
problems in the base fluid, such as sedimentation. Thus, a new fluid category has been innovated as
nanofluid to enhance the suspension thermal conductivity and stability. The influence of nanoparticles on
the fluid thermophysical properties and their impact on heat transfer and pressure has made attention to
the study of hybrid nanofluids.

The most basic hybrid nanofluid exclusivity concerns the composition in the base fluid of the 2
different dispersed nanoparticles. Therefore, if particle materials are chosen correctly, they will boost
each other's positive characteristics and offset the other substance drawbacks. Aluminum (that is,
ceramic) has many valuable properties, including chemical inertness and outstanding durability.
An experimental study to synthesize the Al.Os-Cu/water hybrid nanofluid was conducted by Suresh ef al.
[3]. Salem [4] and Fares et al. [5] utilized MWCNT/ water and Graphene/ water nanofluids, respectively,
to perform an experimental investigation on STHX to enhance thermal characteristics. Hojjat [6]
developed an ANN model to optimize the influence of nanofluid as a coolant on shell and tube heat
exchangers. Bahiraei er al. [7] performed a numerical investigation to study the hydrothermal
characteristics of shell and tube heat exchangers using nanofluid and baffles.

Takabi and Salehi [8] numerically explore natural convection for Al.Os/water nanofluid and Al>Os-
Cu/ water hybrid nanoparticles. Ponangi et al. [9] used graphene-based hybrid nanofluid in a compact
heat exchanger to observe fluid effectiveness and pressure drop. Aghabozorg ef al. [10] employed Fe,O;-
CNT magnetic nanoparticles in a shell and tube heat exchanger under three specific temperatures. Sarkar
et al. [11] presented research regarding the hybrid nanofluid synthesis, pressure drop, heat transfer,
challenges, and applications. Somasekhar et al. [12] revealed particle concentration impact on Peclet
number and the thermal transfer characteristics. Pahamli et al. [13] portrayed the contemporary addition
of nanoparticles, and the increasing angle of inclination exposes that the thermal conductivity improves.
Bhattad ef al. [14] outlined the preparation, characterization, and properties of nanofluids. Singh and
Sarkar [15] carried out exergy, energy, and economic assessments of 580 MW shell and tube heat
exchangers of nuclear power plants using various water-based hybrid nanofluids. Aparana et al. [16]
prepared hybrid nanofluids to achieve a better rate of heat transfer relative to nanofluids dispersed with
either of the dispersed fluids. Huminic and Huminic [17] discuss the thermo-physical properties
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(viscosity, density, thermal conductivity, and similar heats) and the heat transfer and fluid flow
characteristics of fluid with hybrid nanoparticles. Xian et al. [18] aimed at determining a new hybrid
nanofluid in the automotive cooling system. Bhattad and Sarkar [19] and Bhattad [20] shown the benefit
of using Graphene hybrid nanofluid. Taherialekouhi ez al. [21] examined the thermal conductivity of the
hydro-graphene oxide (GO) nanostructure/aluminum oxide (Al:Os) hybrid nanoparticles with a
temperature range of 25 - 50 ° C and a volume fraction of 0.1, 0.25, 0.5, 0.75 and 1 %. Palanisamy and
Kumar [22] reported the pressure difference and heat transfer of the helically coiled tube heat exchanger
using MWCNT (Multi-wall carbon nanotube)/water nanofluids. Yang et al. [23] shown that various
parameters like nanoparticle size, aspect ratio, base-fluid, volume fraction, temperature affect the
nanofluid thermal conductivity. Moradi et al. [24] reviewed an empirical analysis of the results of
nanoparticle concentration and temperature on thermal conductivity of TiO-MWCNTs / EG-water hybrid
nanofluid. Sahu and Sarkar [25] have shown that particle shape significantly impacts the hybrid
nanofluids efficiency in the natural circulation loop. Sharma et al. [26] produced hybrid nano-cutting
fluid by mixing aluminum-based cutting fluid with multi-walled carbon nanotube (MWCNT)
nanoparticles at various volumetric concentrations. Shahsavar ef al. [27] assessed the hydrothermal and
irreversible action of the water-Ag nanofluid in a modern heat sink with the spiral microchannels. Kumar
and Sarkar [28] aimed at the hydrothermal activity of hybrid nanofluid by adjusting their ratio. Bhardwaj
and Babu [29] used twisted tape to enhance the performance of STHX using nanofluid. Hagadishwar and
Babu [30] used mixture of brine solution and nanoparticle in STHX for automotive radiator application.

The above survey indicates that no numerical studies have been performed on STHX using hybrid
nanofluids as coolant and baffles. Also, a few research is available on the influence of hybrid nanofluid as
a coolant in the shell and tube heat exchanger. Hence, an attempt has been made to numerically analyze
the thermal performance of shell and tube heat exchanger with hybrid nanofluid as coolant.
The various water-based hybrid nanofluids (Al:O;+MWCNT/water, Al.Ost+Beo/water, Al.Os+AIN/water,
and ALOs+TiO2/water) were analyzed as coolant. Alumina nanoparticle is considered as the main particle
because of easy availability and cheaper rate. A homogeneous model has been used for the numerical
analysis purpose considering hybrid nanofluid in the homogeneous phase. The influence of nanoparticle
volume concentration on the Prandtl number and heat transfer characteristics has been studied. The
volume concentration chosen for the study purpose was 2 volume %. Temperature contour and
temperature distribution along the heat exchanger have been presented.

Mathematical modeling and simulation

A shell and tube heat exchanger has been considered for the performance evaluation of hybrid
nanofluids in the present analysis. The author used 4 different water-based hybrid nanofluids
(ALOs+MWCNT, ALOs+BeO, ALOs+AIN, and AlLOs+TiO: with a 50/50 ratio) at total volume
concentrations (2 %) for investigation along with base fluid (water). Table 1 displays the thermo-physical
properties of various nanoparticles and the base fluid taken from the literature available. The
configuration for STHX is shown in Figure 1. The steam flows in the shell of the heat exchanger, and the
coolant flows in the tube side.
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Figure 1 Shell and tube heat exchanger.

Table 1 Thermo-physical properties of base fluid and nanoparticles.

Material Density, p Sp.heat,c, Thermal conductivity, k  Dynamic viscosity, p

(kg/m>) J/kg k) (w/m.K) (Ns/m?)

Water 995 4183 0.606 0.00076
ALO; 3900 880 40 -
BeO 3025 1046 285 -
AIN 3260 732 180 -
MNCNT 2600 740 3000 -
TiO: 4260 697 11.7 -

For simulation, the following assumptions have been made;

1) Heat transfer happens only in the heat exchanger between steam and coolant; there is no heat contact
with the surroundings.

2) Assuming nanoparticle to be spherical.

3) Assuming that hybrid nanofluid is of homogeneous phase.

4) Heat transfer surface has been assumed to be free from fouling.

5) The ambient temperature has been taken as the intake temperature of the heat exchanger, i.e.,
27 °C.

Modelling of shell and tube heat exchanger

The shell and tube heat exchanger consists of shell, tubes, and baffles. Baffles are generally used to
increase the turbulence that in turn increases the heat transfer characteristics. A homogeneous model was
used for the analysis purpose. The geometry has been designed and analyzed in the ANSYS. The meshing
element used was hexahedral. The cumulative number of nodes decided after performing the grid test for
the shell and tube heat exchanger is 48638. The boundary conditions defined are Inlet temperature as 300
K, Outlet pressure as 0 Pa gauge, and a no-slip boundary condition. Governing equations used were
mainly continuity equation, momentum equation, and energy equation mentioned as below [30];

V(p¥)=0 (1)

v(p1717) = —vp+v(;NV)+Sm @
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V(pl_/H):—Vq—TVV+Se 3

The heat removed from the hot water, Q;, and the heat absorbed by the hybrid nanofluid, Q. are
calculated by Eq. (4) using the measured temperature and mass-flow rate;

Qh = mhcph (T;u - T;to) and Qc = mnfcpnf (T;o B ]—;1)
“
The average heat transfer rate is defined as follows;
Qavg = (Qh + Qc) / 2
(6))
Specifications of shell and tube heat exchanger

A single-pass shell and tube heat exchanger has been selected for analysis purpose. The
specifications of the shell and tube are provided in Table 2.

Table 2 Specifications of shell and tube heat exchanger.

Specifications of shell Specifications of tube
Material Stainless steel Material Stainless steel
Inner diameter 210 mm Inner diameter 18 mm
Outer diameter 220 mm Outer diameter 20 mm
Baffles 4 Tubes 7

Hybrid nanofluid Thermophysical properties
Hybrid nanofluid density was obtained by [11];

Prns = Pp1Pp1 + Pp2Ppz + (1 = D)ppy (6)

where O is the total volume concentration of 2 specific types of nanoparticles (p; and p,) distributed in
hybrid nanofluid and measured as;

Q = q)pl + ¢p2 (7)
Hybrid nanofluid heat capacity can be ascertained as follows [11];

C _ Q)plpplcpp1+®pzppchp2+(1_¢)pbfcpbf
phnf —

8
Phnf ®

The most crucial property is thermal conductivity, which is responsible for enhanced heat transfer.
Takabi and Salehi [8] suggested a new model for the thermal conductivity of hybrid nanofluids in this
analysis.
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Op1kp1+Pp2kp2 |
T Op1kp1+0p2kp2
kbf ? ! Zkbf_(®p1kp1+¢p2kp2)+q)kbf

The nanofluid viscosity was calculated by a relationship suggested by Esfe et al. [31];
Hang = Mpr(1 4 32,7950 — 721402 4+ 71460003 — 0.1941 * 1029*) (10)

Results and discussion

The operating conditions like the steam side and coolant inlet temperature, and appropriate flow rate
of fluid has been provided. The current study evaluates the heat transfer rate, temperature distribution,
and Prandtl number using hybrid nanofluid as a coolant. A variation of 7.4 % was found for the heat
transfer rate with the experimental result, which is justifiable. The temperature distribution of the shell
and tube heat exchanger has been shown in Figure 2.

Figure 2 Temperature distribution along shell and tube heat exchanger.

Figure 3 Temperature contour of shell and tube heat exchanger.
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Figure 4 Thermal analysis of shell and tube heat exchanger.

Temperature contour and thermal analysis on the shell side and tube side of the shell and tube heat
exchanger have been shown in Figures 3 and 4, respectively. The hot fluid on the side of the shell loses
heat to the cold fluid as it flows through the length of the shell. Cold liquid on the tube side receives heat
from the hot fluid as it flows through the length of the tube. Due to the presence of baffles, turbulence is
increased that enhances heat transfer characteristics like temperature and heat transfer rate. The presence
of nanoparticles is also one of the reasons for the enhancement of the heat transfer rate.

7.4

7.2 L

6.8

Pr

6.6

6.4

6.2

Al+BeO Al+AIN Al+TiO2 Al+MWCNT water
Different fluids

Figure 5 Prandtl number of different fluids.

Prandtl number is a dimensionless number, defined as the ratio between momentum and thermal
diffusivity. It is often used in heat transfer and convection calculations. The above Figure 5 shows the
Prandtl number of different fluids (Base fluid and hybrid nanofluids). Prandtl number was observed
reduced using nanoparticles with a reduction of 10.5 % for A:Os+TiO./ water hybrid nanofluid. This can
be due to thermo-physical properties, mainly thermal conductivity and viscosity, as the Prandtl number
comprises 3 thermo-physical properties.
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Figure 6 Iterations of hybrid nanofluids.

15000000

14500000

14000000

13500000

13000000

Heat transfer rate (w)

12500000 o

12000000

Al+BeO Al+AIN Al4+TiO2 Al+MWCNT water
Hybrid Nanofluid

Figure 7 Heat transfer rate of hybrid nanofluids.

In Figure 6, the number of iterations required to achieve the targeted values for convergence of
mass, momentum, and energy equations has been shown. In Figure 7, the heat transfer rate of different
hybrid nanofluids is seen. AIFMWCNT has the highest heat transfer rate, and water has the lowest heat
transfer rate. The maximum enhancement in the heat transfer rate has been observed around 16.5 % for
ALOs+MWCNT/ water hybrid nanofluid. The reason is the highest thermal conductivity and heat transfer
coefficient of MWCNT nanoparticles compared to other studied nanoparticles. Al +MWCNT, Al +AIN,
and Al +BeO hybrid nanofluids are suggested as a better replacement to coolant for shell and tube heat
exchanger application. They can be used in power plants to enhance the performance of thermal systems.

However, there are certain limitations in this study, like assumptions made during the numerical
analysis. In the real experimental world, things may be a little different. There will be heat loss, friction
loss, and more pressure drop. Particle nature and shape may differ as MWCNT is primarily cylindrical,
while other studied particles are spherical. Hence, the inclusion of the shape factor is needed. In the
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present study, the author assumed that hybrid nanofluids are homogeneous and used a homogeneous
model for analysis. But discrete phase model or mixture model might provide a better solution. Although
heat transfer characteristics wise, the use of nanoparticles may be helpful, but they are not economical in
greater volume in the present scenario. So, some method is needed to produce nanoparticles at a cheaper
rate with more stability. Also, chemical reactions are required to study to find hydrophobic and
hydrophilic nature. The above listed are some limitations/ disadvantages which lead the path for future
scope.

Conclusions

Hybrid nanofluids are a relatively new stack of fluids for which more survey is required before
practical applications in the industry. They may be used in almost all heat transfer applications due to the
synergistic effect by which they provide desirable features for all of their components. They can be used
as better coolant in many of the thermal applications like condenser, radiator etc. The points observed are
mentioned below;

1) The current study shows that hybrid nanofluids contain a significant increase in thermal
conductivity.

2) The maximum enhancement in the heat transfer rate was observed around 16.5 % for
ALOs+MWCNT/ water hybrid nanofluid than other fluids studied.

3) Moreover, the Prandtl number was observed reduced using nanoparticles with a maximum
reduction of 10.5 % for Al.Os+TiO2/ water hybrid nanofluid.

However, long-term reliability, the processing cycle, the development of suitable nanomaterial
combinations to achieve synergistic impact, and the expense of nanofluids can be significant challenges
behind practical applications. Therefore, considerable work is still required to recognize and address other
challenges for specific applications.
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