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Abstract

This study focuses on double-tube heat exchanger (DTHE) to numerically examine their thermal performance by considering
two types of hybrid nanofluids: (i) TiO,-y-AIOOH/water and (ii) TiO,-y-AIOOH/ethylene glycol. y-AIOOH is an efficient
material for heat transfer application. The heat exchanger consists of two tubes, which are called the inner and the outer
tubes. The coolant and the hot oil, respectively, flow into the inner and the outer tubes. The volume proportion and volume
fraction of nanoparticles are 90:10 (y-AIOOH/TiO,) and from 0.1 to 0.5%, respectively. The rates of mass flow, alongside
the heat transfer rate and the pumping power, are evaluated. The employed model to solve the governing equations is a
multiphase mixture, validated with earlier reports. The boundary conditions are reliable for industry deployment. When
TiO,-y-AlIOOH/water is employed rather than TiO,-y-AIOOH/EG, 50% improvement in heat transfer rate is obtained. It is
noted that TiO,-y-AIOOH/EG possesses a higher (30%) pumping power than TiO,-y-AIOOH/water. However, to estimate
the energy consumption in industrial scale, an additional analysis on pumping power of heat exchanger with EG-based cool-
ants are needed in the future.
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Nomenclature D Tube Diameter, mm
A Area of heat exchanger, m? DTHE Double-tube heat exchanger
G Specific heat, J kg™! K™ f Friction factor
CNT  Carbon Nano Tube g Gravity force, m s>
HTP Heat transfer performance
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m Mass flow rate, kg s~

n Shape factor,-

NTU  Number of transfer units
Nu Nusselt number, -

PP Pumping power, W

q Heat transfer rate, W

0 Heat convection rate

q"’ Heat flux, W m™2

Ra Rayleigh number, -

Re Reynolds Number, -

SA Sodium Alginate

T Temperature, °C (or) K
u,v,w Velocity components, m s~
VG Viscosity grade,-

AP Pressure drop, pa

AT Temperature difference, K
U Overall heat transfer coefficient, W m™2 K~
Vv Volumetric flow rate, m> s~
Woump ~ Pumping power, W

3D Three dimensional
Subscripts

bf Base fluid

c Cold

i Cold inlet

c,0 Cold outlet

Eff Effective

f Fluid

hnf Hybrid nanofluid

h Hot

h,i Hot inlet

h,o Hot outlet

m Mixture model in Eq. (1)-(4)
max Maximum

min Minimum

nf Nanofluid

s Nanoparticle (solid particle)
w Wall

Greek Symbols

p Density, kg m3

y Kinematic viscosity, m?> s~!
p Thermal expansion coefficient, K~!
v Velocity vector

a Thermal diffusivity, m?s”!
Q@ Volume fraction, %

u Viscosity, kg m™! s

€ Effectiveness. -

n Performance index

T Shear rate

¥ Shear stress

p Density
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Introduction

Even though nanofluid offers higher thermal performance
than base fluid, the drawbacks like lower stability, the
higher pressure drop, and being cost-intensive and harm-
ful are rectified by hybrid nanofluid (which contains more
than one type of nanoparticles) (HYNF). If HYNF is used
as a coolant, it will ideally contribute to improving the heat
exchanger’s thermal performance. Because of the broad
applications of HYNF, researching HYNF is of particular
interest. Different kinds of HYNFs are investigated both
numerically and experimentally by various researchers. For
instance, the thermal performance of non-Newtonian-based
HYNF, whether with magnetic or non-magnetic nanoparti-
cles, was studied numerically [1]. The influence of the exter-
nal magnetic field on magnetite nanoparticles is stressed out.
Flow and thermal performance of Cu-Al,O;/water HYNF
were studied numerically [2]. The shrinking cylinder was
used as their geometry. The skin friction coefficient was
found higher for HYNF than nanofluid. With the help of the
bvp4c solver, the Cu-Al,O5/water HYNF was studied [3]. It
is stated that the increase in heat transfer rate by using the
power-law velocity. Also, the friction factor of double-tube
heat exchanger (DTHE) is evaluated numerically [4]

Furthermore, HTP of the heat exchanger is enhanced with
the usage of copper nanoparticles [5]. Considering velocity
slip and convection condition, the heat transfer performance
(HTP) of HYNF over a stretching/shrinking sheet was stud-
ied [6]. The results indicated a growth in the thermal perfor-
mance of HYNF when the Biot number was increased. The
heat transfer rate of HYNF over a moving permeable sur-
face was examined [7]. Radiative nanofluid with the effect
of dufor and soret is studied numerically [8]. The Maxwell
nanofluid and hybrid nanofluid (mixed convection flow)
over a stretching sheet are analyzed [9, 10]. Temperature
variations are noted in terms of source of heat, Ec (Eckert)
number, Brownian motion, etc. HTP of nanofluid through
porous media is numerically simulated [11]. Entropy genera-
tion of CNT/nanofluid and Casson nanofluid is investigated
numerically [12, 13].

Moreover, enhancing the volume fraction of nanopar-
ticles, the temperature profile augments. The influence of
magnetic field on HYNF was reported experimentally [14].
By varying the magnetic field, the heat transfer performance
was precisely observed, and at 0.05 vol. %, the higher heat
transfer rate is attained.

Among many types of nanoparticles, particles like
TiO,, Al,O5, Cu, and Fe;O, are majorly used. Observing
TiO, nanoparticles indicates that they enhance the energy
efficiency of the fluid due to their higher stability. Earlier
research reports help us understand the preparation, stabil-
ity, thermal conductivity, dynamic viscosity, and energy
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efficiency of TiO, nanoparticles [15]. For instance, entropy
generation of HYNF was performed in an enclosure that
contained Al,0;-TiO,-Cu HYNF [16]. The solutions to the
governing equations were obtained by employing the finite
volume method. The effect of magnetic field on nanofluid
and HYNF were respectively examined [17]. It was observed
that HYNF performed well as an adequate coolant when
compared to nanofluid. Results of interests such as the sta-
bility and thermophysical properties of tGO-Fe;0,-TiO,
HYNF were examined experimentally [18]. It was reported
that HYNF, which contains TiO, nanoparticles, could be
employed for energy and heat transfer applications with
higher chemical stability. Like this, the thermophysical
properties of HYNFs are widely studied [19-22]. With an
increase in Re (Reynolds number), the increase in pressure
drop of heat exchanger is noticed in the experimental evalu-
ation of the HTP of zinc Ferrite/water HYNF [23], and the
pressure drop reached its maximum at a higher Reynolds
number. HTP of TiO,-SiO, nanofluid was calculated experi-
mentally for a tube consisting of wire coil inserts [24]. A rise
was also witnessed in the thermophysical properties when
the volume fraction of nanoparticles was enhanced. Moreo-
ver, the stability and dynamic viscosity of CuO-TiO,/water
HYNF were studied experimentally [25]. Besides, due to the
linear reduction in its viscosity, the nanofluid experiences
improved thermal performance.

Apart from the nanoparticles, the base fluid is also influ-
ential on the heat exchanger to improve its thermal perfor-
mance. The following reports summarize the various base
fluids used to analyze the heat exchanger’s thermal perfor-
mance. Ethylene glycol with multi-walled carbon nanotubes
along with TiO, HYNF was experimentally studied [26-28].
The thermal performance of HYNF was evaluated under
a range of nanoparticle volume fractions. HTP of Al,O5/
water/polyethylene glycol mixture was investigated experi-
mentally [29]. By considering DI water as the base fluid
with a variety of nanoparticle volume fractions, the thermal
efficiency of HYNF was studied experimentally [30]. The
resulting pressure drop was increased upon enhancing the
volume fraction of nanoparticles. Convective and rheologi-
cal characteristics of HYNF with the based fluid being de-
ionized double distilled water were explored experimentally
[31]. The variations of HTP of nanofluid with the incorpora-
tion of CNT (in this case, nanofluid turns to hybrid nano-
fluid) are numerically examined (40). Nusselt number was
increased up to 52% by using hybrid nanofluid. At 50:50
volume of water to ethylene glycol base fluid, the HTP of
the heat exchanger was analyzed. The Al,O; nanoparticles
were dispersed in unmilled silicon carbide in their study
with milled silicon carbide [32]. The milled silicon carbide
with 0.8 vol. % improves the overall thermal performance
by nearly 28.34%. Likewise, the heat transfer performance

of nanofluid and hybrid nanofluids are studied in different
types of heat exchanger systems [33—-36]

Apart from these arguments, the thermal performance (to
employ as a coolant) of y-AIOOH (an aluminum oxyhydrox-
ide) has been studied recently. For example, the synthesis
method of y-Al,O5 nanoparticles and y-AIOOH nanopar-
ticles was explored [37]. y-AlIOOH was synthesized, and
it was used in electrochemical sensing applications [38].
The experimental investigations on ALOOH nanomaterial
give an insight into the structure and morphology [39, 40].
The nanofluid’s convective performance, which consisted
of y-AIOOH, was investigated numerically inside a wavy
channel while water/ethylene glycol (EG) mixture was used
as the base fluid [41]. With the increase in y-AIOOH nano-
particles volume fraction, an improvement was witnessed in
the nanofluid’s thermal performance. Like water, ethylene
glycol is an organic fluid with lower viscosity and volatility.
Therefore it can be used as base fluid (as a coolant) [42].

To summarise the earlier reports, the following objectives
are yet to be investigated.

i. How is the base fluid influential on the thermal effi-
ciency improvement of heat exchangers having an
industrial length?

ii. How do y-AIOOH nanoparticles impact the pumping
power, the overall heat transfer coefficient alongside
the whole heat exchanger effectiveness?

iii. Does the choice of base fluid diminish the heat
exchanger’s pumping power (to extern the energy
consumed by the heat exchanger)?

iv. Does the choice of base fluid become an undesired
problem in the heat exchanger (energy consumption
point of view)?

Besides, it is not sufficiently perceived how the choice
of base fluids and nanomaterials affects the heat exchang-
er’s energy consumption (industry length scale) regarding
the second law of thermodynamics. Therefore, this study
attempts to numerically investigate the HTP of the heat
exchanger with double tubes by considering the follow-
ing hybrid nanofluids, namely (i) TiO,-y-AIOOH/water
(i1) TiO,-y-AlOOH/ethylene glycol (EG). The numerical
procedure is validated with previously reported articles.
The employed model to solve the governing equations is
a multiphase mixture. The boundary conditions which are
considered in this study are reliable to industry deployment.
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Fig. 1 The geometry of the considered problem

Definition of Double-Tube Heat Exchanger
(DTHE)

The double-tube heat exchanger (DTHE) thermal perfor-
mance is numerically evaluated (see Fig. 1). In DTHE, there
are two distinct tubes which are called the inner and the
outer. The datum of the heat exchanger is collected from the
heat exchanger fabrication industry. This research aims to
investigate the HTP of DTHE by employing hybrid nanofluid
as a coolant rather than water (most industries use water as a
coolant). The inner and outer tubes have respective lengths
of 1390 mm and 1030 mm, respectively. The detailed speci-
fication of DTHE is given in our previous research article
(36). The coolant passes through the inner tube with an ini-
tial temperature of 30 °C, while the hot oil (ISO VG 68 OIL)
enters the outer tube with an initial temperature of 75 °C.
Heat transfer takes place from hot oil toward the coolant.
TiO,-y-AIOOH/water and TiO,-y-AlIOOH/ethylene glycol
HYNFs are employed as coolants to understand how the
base fluid affects HTP of the heat exchanger. Since 2012, a
material named boehmite (y-AIOOH), an aluminum oxyhy-
droxide, has drawn many researchers’ attention. It has excit-
ing and ideal properties like good chemical stability, high
surface area, and thermal stability [43].

Additionally, y-AIOOH is a low-cost material and can be
used (as a nanomaterial) as a coolant for industry deploy-
ment (heat exchanger). Based on the earlier reports, nano-
fluid containing TiO, nanoparticles can be effectively used
(as coolant) for heat transfer applications due to its more
extended stability [44]. Base fluids and nanoparticles are
introduced in Table 1 based on their thermophysical prop-
erties. The models used to simulate the thermophysical
properties of nanofluids and hybrid nanofluids are given in
Supplementary Table 1. Those properties are predominantly
dependent on the volume fraction of nanoparticles.

@ Springer

Table 1 Thermophysical properties of base fluids and nanoparticles
at 293 K [41, 42]

Properties y-AIOOH TiO, Water Ethylene Glycol
plkg m™> 3050 4170 9982 1053.3
C/Akg ' K™ 6183 711 4182 3297.6
K/WmTK?! 30 118 0.6 0.42

kg m~'s7! - - 0.001003 0.00161

Governing equations and boundary
conditions

The considered HYNFs are Newtonian and incompressible.
The governing equations are determined as follows [45]:

Continuity equation

a —

5 (Pn) + V- (pu¥n) =0 M
- @kpkvk

U = z“p— Z kpk @

Here V,, p,,.. @ respectively, represent the mass-average
velocity, the mixture density, and the volume concentration.

Momentum equation
To obtain the momentum equation for the mixture model,

the sum of individual momentum equations representing
each phase should be calculated. This can be written as:

%(pmvm) + V. (puFuTm) = —Vp+ V.t (Vi + V3T
3
Here p,, is the mixture viscosity and it is defined as
m = Z PyHy 4)
k=1

Energy equation

0 -
Epmhm + V. (P Vi) = V. (ke VT) )

Here k.4 stands for the effective thermal conductivity.
Here pphy, = X, ooy
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The equation of volume concentration
corresponding to the secondary phase

The equation of volume concentration which represents the
secondary phase p is determined as follows:

%((pppp) +V.(@pp7m) = =V.(@pPpVrp) (6)

In both inner and outer tubes, it is assumed that the
velocity and temperature are uniformly distributed. At
the walls of the tubes, a no-slip condition is employed.
Moreover, a boundary condition of the pressure out-
let is employed at the tube outlets. Mathematical nota-
tion of the considered boundary conditions are as fol-
lows: For inlet: W=1,U=V =0,60 =0.. For outlet:

W _ oV _ W _ 9 _ :
e _Vay == 0_ 5, =Oand for the upper and lower wall:

w

The numerical procedure, validation
and grid independence study

In this work, the thermal performance of DTHE is stud-
ied numerically by considering TiO,-y-AIOOH/water and
TiO,-y-AIOOH/EG, respectively, as coolant. The associated
partial differential equations are (governing equations) are
solved by employing the finite volume method along with
an upwind scheme (multiphase mixture model). The mix-
ture model is a basic multiphase model that can be used for
various applications. It can be used to model multiphase
flows where the phases move at different velocities. It can
be used to model homogeneous multiphase flows. Therefore,
the usage of the mixture model is most relevant to the cur-
rent study to investigate the heat transfer performance of
fluids based on water and ethylene glycol. The convergence
criteria are equal to 107 for the equations of continuity and
momentum equation, while it has a value of 107 for the
energy equation.

The validation of numerical procedure is required, and
as such, the result of this study (Nusselt number) is com-
pared to the earlier experimental report [46], and it is given
in Fig. 2. In the earlier reported experimental study, they
studied the HTP of nanofluid in a cylindrical pipe. The inner
tube’s length of DTHE is the same as the cylindrical pipe
used in the earlier report. The uniform heat flux is consid-
ered on the inner tube’s upper wall (as considered by the
earlier report (35)). The range of coolant inlet temperature
varies from 280 to 350 K. The coolant is chosen to be Cu/
water nanofluid. The error between the earlier report and
this study is 0.83% at 280 K. Therefore, it is ensured that the
considered numerical procedure is valid.

6.1
At Re = 894
6.0 1 = Experimental study [46]
e Current study
5.9 4
=]
Z 5.8
5.7
5.6 1
T T M T T
280 300 320 340 360
T./K

Fig.2 The Nusselt number of this study compared to the earlier
reported experimental study [35]. With constant Re =894 and a cool-
ant inlet temperature 280 K, error analysis between the current study
and the experimental study is about 0.83%

Table 2 Grid study

Grid 30x30x105 30x30%x205 30x30x305 30x30x405

Tou@

out
outer

tube

48.123 47.258 46.584 46.253

The outlet temperature is measured in the outer tube to
analyze the grid study (see Table 2). Since the heat exchang-
er’s effective heat transfer performance can be optimized
by emphasizing the outer tube outlet temperature. ISO VG
68 oil and coolant pass through the outer and inner tubes,
respectively. The oil and coolant have respective tempera-
tures of 75 °C and 30 °C. The outer tube temperature is
tested by considering TiO,-y-AlIOOH/water hybrid nanofluid
as a coolant (with ¢ = 0.3, Re=1425.3). It is seen that no
considerable changes are noted after 30 x 30x 305 grid size.
Therefore, this grid size is used in the current study.

Results and discussion

DTHE is numerically investigated in terms of its thermal
performance. DTHE consists of two tubes which are called
the inner and the outer. The hot oil runs through the outer
tube while the hybrid nanofluid/nanofluid enters the inner
tube. 0.1-0.5% is the range of volume fraction of nanopar-
ticles [45]. Since investigating the thermal performance
exhibited by the heat exchanger is aimed at both regions
of laminar and turbulent flow, the Re is assumed between
800 and 2400. The critical number of Reynolds number is
2000 [47].

@ Springer
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The pressure drop experiences an increase when there is
arise in the fluid velocity. Also, the pressure drop of hybrid
nanofluid (¢ = 0.1%) is lower than nanofluid (¢ = 0.1%).
Besides, the pressure drop developed in water-based nano-
fluid and hybrid nanofluid is low compared to ethylene
glycol-based. Pressure drop is identified as a critical factor
that can standardize the whole heat exchanger’s energy con-
sumption. Fluid velocity, the coolant thermophysical prop-
erties alongside the system’s geometry, is the crucial factor
that affects the pressure drop of the heat exchanger. Figure 3
depicts the effect of fluid (coolant) velocity on the pressure
drop developed in the whole heat exchanger. By varying
the velocity, the Reynolds number is being calculated. It is
noticed that the pressure drop is more increased at higher
Reynolds numbers. Besides, ethylene glycol (EG) and the
nanofluid based on it and HYNF possess higher pressure
drops than water and the fluids based on it. It is due to the
higher viscosity of EG. Also, it is observed that the pres-
sure drop of the heat exchanger is seen lower with the usage
of HYNF rather than nanofluid while being slightly higher
than water. The same argument is reported in an earlier
report [48]. It is further discussed how the heat exchanger’s
pressure drop is related to its pumping power. Compared to
EG-based nanofluid, EG-based hybrid nanofluid possesses a
lower pressure drop at Re=2321.53. In particular, the pres-
sure drop of the heat exchanger (at Re=2321.53) is 667.3
for TiO,/EG nanofluid, 667.428 for y-AIOOH/EG nanofluid,
whereas it is 416.55 for TiO,-y-AIOOH/EG hybrid nano-
fluid. Water-based hybrid nanofluid possesses a lower pres-
sure drop than EG nanofluid in any case (at every Reynolds
number). This leads to improving the heat exchanger (by
varying the velocity of the fluid flow).

Fig. 3 Fluid velocity varia-
tions (Reynolds number) on the
pressure drop in the whole heat
exchanger. With an increase in
Re, the pressure drop of the heat 700
exchanger is decreased. The
volume fraction of nanoparticles 600
is fixed as 0.1 vol. %

500

Pressure drop
o

o

o

844.4
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. Water . Ethylene glycol (EG)

i

The friction factor experiences a decrease when there
is a rise in the fluid velocity. The friction factor of hybrid
nanofluid is lower compared to nanofluid. Also, ethylene
glycol-based nanofluid and HYNF possess higher friction
factors than water-based nanofluid.

Figure 4 illustrates how the Reynolds number affects the
friction factors corresponding to base fluid, nanofluid and
HYNF. The friction factor is correlated based on the dif-
ference between the inlet and outlet of the inner and outer
tube. Two distinct base fluids which are water and Ethyl-
ene Glycol (EG) alongside nanofluids such as TiO,/water,
TiO,/EG, y-AlIOOH/water, y-AIOOH/EG and HYNFs like
TiO,-y-AlIOOH/water and TiO,-y-AIOOH/EG are examined.
First, it is noted that coolants’ friction factor decreases when
there is an increment in the Re. Thermophysical property
(viscosity) is a critical phenomenon that influences the fric-
tion factor of the heat exchanger and the numerical values
between y-AIOOH/water and y-AIOOH/EG nanofluid are
given in Table 3.

With this datum (from Table 3), it is understood that the
viscosity of ethylene glycol (EG)-based nanofluids are 47%
higher than water-based nanofluids, so does friction factor,
pressure drop and pumping power. Nevertheless, as like
pressure drop, the friction factor of HYNF is lower than
base fluid and nanofluid.

Figures 3 and 4 show that HYNF possesses a lower pres-
sure drop and friction factor. So, HYNF can enhance the
thermal performance of DTHE rather than nanofluid and
base fluid. The volume fraction of HYNF is optimized for the
heat transfer rate of HYNFs, namely TiO,-y-AIOOH/water
and TiO,-y-AIOOH/EG for different Reynolds numbers in
respective Fig. 5a and b. With an increase in volume frac-
tion, the heat transfer rate of both HYNFs rises. However,

TiO,/Water TiO,/EG y-AlIOOH/Water

B r-AcoHeG [l Tio -acoHwater [l Tio,-Al0OHEG

1147.3 1425.3

Re

1719.9 2026.9 2321.53
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Fig.4 The role of fluid veloc-
ity (Reynolds number) on

the friction factor of the heat
exchanger with volume fraction

0.0035
of nanoparticles is 0.1 vol. %.
By increasing fluid velocity, 0.003
the friction factor of the heat ’
exchanger decreases
0.0025
S
g 0.002
5
G 0.0015
i
0.001
0.0005
0

844.4

(a) ~=8=0.1% TiO,—y—AIOOOH/water

20,000 o ==®=0.2% TiO,—~AIOOOH/water
==dhe=0.3% TiO,~~AIOOOH/water
“=¥==0.4% TiO,~y—AIOOOH/water

16,000 -
==#—0.5% TiO,~y-AIOOOH/water

12,000 -

Heat tranfer rate

8000 A

4000
800

1600 2000

Re

1200

Fig.5 The heat transfer rate of a TiO,-y-AIOOH/water b
TiO,-y-AIOOH/EG based on the Re for various volume fractions of
nanoparticles while having a mass flow rate of 0.2 kg s~.. The vol-

Table 3 Viscosity of nanofluids for various volume fractions of nano-
particles

Volume fraction of Nanofluids
nanoparticles
v-AlOOH/water vy-AIOOH/EG*

0.1% 0.00125 0.00201

0.2% 0.00150 0.00241

0.3% 0.00175 0.00282

0.4% 0.00201 0.00322

0.5% 0.00226 0.00362

the increase in volume fraction augments the pressure drop
and the pumping power of the DTHE. It has resulted from

I water [Jjj] Ethylene glycol (EG)

I /-AI0OH/EG [ TiO,-AIOOH/Water [ TiO,--AIOOH/EG

[T

(b) 24,000

2400

TiO,/Water TiO,/EG 7-AIOOH/Water

1147.3 1425.3 2026.9 2321.53

Re

1719.9

—8—0.1% TiO,~~AIOOOH/EG
=—0—0.2% TiO,-AIOOOH/EG
20,000 -|=—a—0.39 TiO,~~AIOOOH/EG
—=p=0.4% TiO ~~AIOOOH/EG

12,000 1

Heat tranfer rate

8000

4000
800

1600 2000

Re

1200 2400

ume fraction of nanoparticles varies from 0.1 vol. % to 0.5 vol. %.
The rate of heat transfer of TiO,-y-AIOOH/EG is about~ 10% higher
than TiO,-y-AIOOH/water

the addition of a higher number of nanoparticles in HYNF.
Upon augmenting the volume fraction of TiO, nanoparticles,
the stability of the HYNF rises linearly and leads to a growth
in the rate of heat transfer. Also, along with an increment
in the volume fraction of y-AlOOH nanoparticles, HYNF
experiences an increase in its thermophysical properties. The
volume proportion of y-AIOOH and TiO, nanoparticles is
90:10. The heat transfer rate is defined as follows [49]:

qdc = mc Cp,c(Tc,o - Tc,i ) (7

qn = iyCop (Toi — Tho) (®)

@ Springer
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The mass flow rates corresponding to the coolant and the
hot fluid are respectively termed as »i, and riy,,. Here HYNF
and ISO VG 68 oil are represented as the coolant and the hot
fluid, respectively. Cold outlet and cold inlet are indicated as
¢, 0 and ¢, i, respectively. Hot outlet and hot inlet are termed
as h,o and h, i, respectively. The g between the coolant and
the hot oil is in negligible difference. Therefore, g, = g, = q.

A direct proportion is indicated by Egs. (7), (8) between
the heat transfer rate of HYNF and the temperature change
from the inlet to the fluid outlet. It is evident that when the
volume fraction of nanoparticles is increased, the tempera-
ture difference measured between the inlet tube and the out-
let tube is also intensified. Therefore, the heat transfer rate
also grows linearly. However, the difference in the g between
both HYNFs is not notable.

The role of Reynolds numbers on the rate of heat transfer
of HYNFs for different mass flow rates (m) are shown in
Fig. 6a and b. The range of rate of 71 is from 0.2 kg s™! to
1 kg s~!. The heat transfer rate related to TiO,-y-AIOOH/
water and TiO,-y-AIOOH/EG is illustrated in Fig. 6a and b.
It is seen for all 7z increasing the Reynolds number causes
growth in g. This figure is almost 6% for TiO,-y-AIOOH/
water hybrid nanofluid between 844.4 and 2321.5, while
the 7z is 0.2 kg s~!. The reason is that the higher the 7i1, the
larger the number of nanoparticles passing into the tube.
Therefore, the heat convection between two fluids (oil and
hybrid nanofluid) increases and subsequently, the g of the
fluid also rises. At a lower Reynolds number (844.4), the
percentage difference between TiO,-y-AIOOH/water and
TiO,-y-AIOOH/EG HYNF is about 50%. Besides, as seen
in Fig. 3, the pressure drop of TiO,-y-AIOOH/EG HYNF
is higher than TiO,-y-AIOOH/water, and as such, the heat
transfer rate of TiO,-y-AIOOH/EG HYNF is lower. The
difference in heat transfer rate between EG-based hybrid

(a)
120,000
Mass flow rate
0.2 kg s
100,000 «=@=0.4kgs"
e 0.6 kg ™!
[0) =08 kg s
'§ 80,0009 g1 kg s
:ﬂ:) /
g 60,0004 /_—-w——'"'——_'
5 e
I 40,0004 4
20,000
B e — -
800 1200 1600 2000 2400
Re

nanofluids is about~50% at the same mass flow rate and
same Reynolds number.

In addition to the heat exchanger’s thermal evaluation,
evaluating the heat exchanger’s overall performance is
essential. The performance index is a critical phenomenon
for studying heat transfer applications related to the heat
exchanger’s pressure drop. The higher pressure drop will
lower the performance index () of the DTHE. Next, we
examine the performance index of the DTHE. The heat
exchanger’s performance index based on the Reynolds
numbers for TiO,-y-AIOOH/Water and TiO,-y-AIOOH/EG
HYNF are respectively indicated in Fig. 7a, b, respectively.
The performance index (#) is formulated as follows [49]:

q

"= AP

®

AP represents the pressure drop occurring in DTHE. ¢
denotes the heat transfer rate. The performance index (7)
depends not only on g but also on the Ap that takes place
in the heat exchanger (refer to Eq. 9). From Fig. 7a and b,
understand that the performance index rises when both
the Re and the mass flow rate augment. Furthermore, 5
of the DTHE is lower when TiO,-y-AIOOH/EG is used.
Since the heat exchanger pressure drop is noted high when
TiO,-y-AIOOH/EG HYNF is used as the coolant (see
Fig. 3). Also, at a lower Re (844.4) with the m equal to
1 kg s™!, the percentage difference between both HYNFs is
almost 40%. The heat exchanger’s performance index rises
by roughly 50% when the 71 is increased from 0.8 kg s™! to
1kgs.

The coefficient of overall heat transfer (U) predominantly
defines the ratio between ¢ and the temperature difference
between the inlet and outlet temperature of both tubes. Fig-
ure 8 and b represent the U for various Re of TiO,-y-AIOOH/

(b)
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s 0.8 kg 51
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Fig.6 The heat transfer rate based on the Reynolds number a TiO,-y-AIOOH/water b TiO,-y-AIOOH/EG at 0.1 vol. % volume fraction

@ Springer



Thermal and energy management prospects of y-AIOOH hybrid nanofluids for the application of...

(a)
12
Mass flow rate
10 el (.2 kg 5!
=== 0.4 kg 5!
| === 0.6 kg s
5 8 o ==p=0.8kgs'
he] =1 kg s
.= 1
- /
c
g ]
5 4
T ]
[0}
o 2]
04
T T T T T
800 1200 1600 2000 2400
Re

6949
(b)
10
Mass flow rate
il 0.2 kg s
=@ 0.4 kg s
8- e 0.6 kg 57!
P e 0.8 kg 5
_E 1 kg s
o 6-
o
c
©
£
2 4
[0}
o
2] /
— T T T T v T
800 1200 1600 2000 2400
Re

Fig.7 The heat exchanger’s performance index based on the Reynolds number a TiO,-y-AIOOH/water b TiO,-y-AIOOH/EG for different mass

flow rates at 0.1 vol. % volume fraction
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Fig.8 The effect of Re on the coefficient of overall heat transfer of a TiO,-y-AIOOH/water and b TiO,-y-AIOOH/EG for different mass flow

rates at 0.1 vol. % volume fraction

water and TiO,-y-AIOOH/EG HYNF, respectively. The
effect of the Reynolds number on U is calculated for differ-
ent 7iz. The equation below is employed to obtain U:

q

U= —0—
AATLMTD

(10)

here A, AT} yrp represent the area, and the log mean tem-
perature difference (LMTD). Where

AT, — AT,

ATiymp = ——~
In (ATz/AT] )

; AT =T, T, AT, =T, - T;

)

From Fig. 8a and b, it is easily realized that enhancing the
Reynolds number alongside the 7i2. The U value is increased.
What causes such an increase is the heat convection rate
between the hot fluid and the coolant (HYNF), which experi-
ences an increment when the Re and the 1 rise. Moreover, if
the Re is even higher, the particle movement inside the tube
enhances the Brownian motion, which increases the rate of
heat transfer of HYNF and subsequently increases the “U”.
If “U” value of water-based HYNF is correlated with EG-
based HYNF, water-based HYNF possesses a higher overall
heat transfer coefficient. Since TiO,-y-AIOOH/water pos-
sesses a lower pressure drop (see Fig. 3), the heat transfer
rate is higher for TiO,-y-AlIOOH/water. An increment of
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Fig.9 The effectiveness of heat exchanger by employing a TiO,-y-AlIOOH/water b TiO,-y-AIOOH/EG hybrid nanofluid as a function of Re at

0.1% volume fraction of nanoparticles

around 35% in the “U” is reported for TiO,-y-AIOOH/water
HYNF at a higher 7z as well as a higher Re.

Figure 9 shows the heat exchanger’s effectiveness contour
by employing (a) TiO,-y-AlIOOH/water (b) TiO,-y-AIOOH/
EG HYNF in terms of Re and the rate of mass flow. Fig-
ure 10 depicts a 3D plot of effectiveness. The effectiveness
of DTHE is defined as follows:

0.85

0.75

o
3

Effectiveness

2321.5

1435.24

B: Reynolds number 1139.82 0.4 A:Mass flow rate kg s

TiO,-y-AIOOH/Water

12)

In the equation above,q and g¢,,,, respectively represent
the heat transfer rate and its maximum value that can be

derived from Eq. (13)
(13)

Tc,i )

Gmax = Cmin(Th,i -

Effectiveness

1435.24 /
B: Reynolds number1139.82 7704 A:Mass flow rate kg s
844.4 0.2

TiO,y-AIOOH/EG

Fig. 10. 3D graph of the heat exchanger’s effectiveness by employing a TiO,-y-AIOOH/water b TiO,-y-AIOOH/EG HYNF at 0.1 vol. % volume

fraction of nanoparticles
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The following equation determines C,;, which is the

minimum rate of heat capacity:
Crnip = min [C;, C] (14)
C,, and C, denotes the specific heat corresponding to ISO

VG 68 OIL and the coolant:

Gy =my ¢y (15)
Co=mecy, (16)

According to the figures, it is correct to state that as a
result of enhancing the Reynolds number and mass flow rate,
the effectiveness of DTHE is also increased. Also, the effec-
tiveness of DTHE is lower when TiO,-y-AIOOH/EG HYNF
is used. This higher effectiveness of heat exchanger is expe-
rienced higher because of the higher temperature difference
monitored for the usage of water-based hybrid nanofluid. All
the values are higher than 0.65 (when water is employed).
Thereby the heat exchanger experience higher HTP than
EG-based. Also, the percentage variation between water
and EG-based coolant is 33% at a lower Reynolds number.
Nevertheless, at a higher Reynolds number, it is 67%.

The blue region in Fig. 9b shows that lower effectiveness
is more likely to occur than in Fig. 9a. For the same value,
the 3D graph is plotted in Fig. 10.

Figures 11 and 12 show the 2D contour and 3D plot indi-
cating the pumping power of DTHE on the Reynolds number

Pumping power

2321.5
2026.08
1730.66

(0]
o
1435.24

1139.92

844.4

0.2 0.4 0.6 0.8 1

Mass flow rate/kg s™!

TiO,-y-AIOOH/Water

and the mass flow rate by employing hybrid nanofluids. The
pumping power of DTHE is as follows [17]:
W = VAP (17)

Vv represents the rate of volumetric flow, while AP is the
pressure drop occurring in DTHE. The red shaded area in
Fig. 11 denotes the higher pumping power. It is seen that
for both hybrid nanofluids, the pumping power grows at
higher Reynolds numbers and mass flow rates. Besides,
TiO,-y-AIOOH/EG possesses a higher pumping power than
TiO,-y-AIOOH/water. This since TiO,-y-AIOOH/EG has a
higher pressure drop than TiO,-y-AIOOH/water. The per-
centage deviation in pumping power of heat exchanger is
almost 25% with the usage of water-based coolant compared
to EG-based coolant (at lower Reynolds number). The figure
shows that the pumping power is lower with a lower mass
flow rate and augments for the increase in mass flow rate.

Figure 13a shows the comparison of the outlet tempera-
ture of the outer tube between water and the hybrid nano-
fluid based on it for various volume fractions, and likewise,
Fig. 13b shows the comparison of EG and the hybrid nano-
fluid based on it. DTHE exhibits a higher thermal perfor-
mance when the outlet temperature (of the outer tube) is
lower. The temperature is noted high when base fluid alone
(water/EG) is employed as the coolant (both in fig (a) and
fig (b)). Furthermore, the outlet temperature is reduced when
the volume fraction of HYNF increases.

Pumping power
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Fig. 11 The variations of the mass flow rate and the Reynolds number in pumping power of the heat exchanger by employing a TiO,-y-AIOOH/
water b TiO,-y-AIOOH/EG HYNF. The volume fraction of nanoparticles is fixed as 0.1 vol. %
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Fig. 13 The outlet temperature measured at the outer tube for different Reynolds numbers when a TiO,-y-AIOOH/water b TiO,-y-AIOOH/EG is
employed as the coolant (¢ = 0.1%)
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Fig. 14 a The effectiveness b the pumping power based on the Reynolds number while the mass flow rate is 0.2 kg s~! and volume fraction of
nanoparticles is 0.3%
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Figure 14 illustrates the (a) effectiveness and the (b)
pumping power of DTHE against Re. Figure 14a shows
the enhancement in Reynolds number, the heat exchanger
drops’ effectiveness. The same trend is also reported in
the earlier report [49]. It is evident from the discussions
mentioned above that the effectiveness of DTHE is higher
when TiO,-y-AIOOH/water is used as the coolant. Fig-
ure 14b shows that TiO2-y-AlIOOH/EG’s pumping power
is higher than TiO,-y-AIOOH/water HYNF. It is revealed
that the pumping power experiences growth when the Re,
and consequently the pressure loss, are increased. Subse-
quently, the pumping power is intensified at higher Reynolds
numbers. An increase in the Reynolds number from 2026.9

Fig. 15 The temperature
contour of the outer tube when
a TiO,-y-AlIOOH/water HYNF
with @ = 0.3 vol. % b water, at
Re=14253
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Inner tube

to 2321.53 intensifies the pumping power of the hybrid
nanofluid TiO,-y-AIOOH/EG by almost 30%. Therefore, it
is concluded that water-based HYNF with a 1 kg s~! mass
flow rate provides higher thermal performance than EG-
based HYNF.

Figure 15 shows the contours of the outer tube side
temperature variations when (a) TiO,-y-AIOOH/water
hybrid nanofluid (b) water is employed as the coolant at
Re=1425.3.I1SO VG 68 oil passes through the outer tube at
75 °C. It is seen that when HYNF is used, the temperature
@ outlet of the outer tube reduces to 47 “C and reduction is
to 60 C when water is used as the coolant. Therefore, it is

Outer tube

H

7

0

Inner tube

[overte]

Outer tube

Cueruee]

Inner tube
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shown that HYNF improves the heat exchanger in terms of
its thermal performance.

The velocity vector of the outer tube is shown in Fig. 16
when TiO,-y-AlIOOH/water HYNF is employed as a coolant
with ¢ = 0.3%, Re=1425.3. At the wall, the fluid velocity

Fig. 16 The velocity vector Velacity
when the coolant is TiO,-y- 1.860e+000

AlOOH/water HYNF with 0.3%
volume fraction of nanoparticles

and Re=1425.3 1:3956+000
9.301e+000
4.650e+000
0.000e+000
[m sA-1]
(a)
40 Increasing ¢
35
2 30
~
2 25
=
=20
&
) 15
10
5
0
844.4 1147.3 1425.3 1719.9
Re

reaches zero since the boundary condition is assumed to be
no-slip. The velocity is more intensified in the red region.
It is observed that the inlet and the outlet of the outer tube
are where the hot fluid respectively enters and leaves the

(b)
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Re

Fig. 17 The impact of various volume fractions of hybrid nanofluid on the pressure drop sensitivity. a TiO,-y-AIOOH/water hybrid nanofluid,
0.1 vol. % <@ <0.5 vol. % b TiO,-y-AIOOH/EG hybrid nanofluid, 0.1 vol. % <@ <0.5 vol. %
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Fig. 18 The effect of various coolants (base fluid, nanofluid and HYNF) on pressure drop sensitivity. a Base fluid, nanofluid (¢ = 0.1vol%) and
hybrid nanofluid (¢ = 0.1 vol%). b EG and EG based nanofluid (¢ = 0.1vol%) and hybrid nanofluid (¢ = 0.1vol%)
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heat exchanger. Based on the velocity magnitude, the color
changes accordingly.

Figures 17 and 18, respectively, indicate the sensitivity
of pressure drop to the various volume fractions of hybrid
nanofluid and coolants. The sensitivity of pressure drop can
be calculated by the following Eq. [50]:

A - A
Prew pbase> % 100 (18)

Sensitivity = < A
Phase

Figures 16 and 17 show that the loss in the pressure of
the whole heat exchanger was most sensitive to the volume
fraction of hybrid nanofluid. Therefore, from an energy con-
sumption (of heat exchanger) point of view, the nanoparti-
cles volume fraction should be precise in a hybrid nanofluid.

Conclusions

The thermal performance and the overall heat transfer per-
formance exhibited by the double-tube heat exchanger asso-
ciated with a hybrid nanofluid based on water or ethylene
glycol are numerically investigated. y-AIOOH and TiO,
nanoparticles with 90:10 (respectively) volume proportion
are employed [47]. Heat transfer parameters such as the mass
flow rate and the Reynolds number of fluid are estimated as
an attempt to understand the behavior of DTHE in terms of
its rate of heat transfer, its overall heat transfer performance,
and its pumping power. The pumping power is among the
crucial factors of the heat exchanger that determines its ther-
mal performance. The outcomes of this study are: y-AIOOH
is considerably influential on improving the thermal perfor-
mance of HYNF in DTHE. The pumping power of DTHE
rises when the Reynolds number is increased. Besides, the
pumping power of TiO,-y-AIOOH/EG HYNF is higher than
water-based HYNF. At a higher mass flow rate and Reyn-
olds number, the overall heat transfer coefficient grows by
almost 35%, where the employed coolant is TiO,-y-AIOOH/
water hybrid nanofluid. With the increase in mass flow from
0.8 kg s~'to 1 kg s™!, nearly 50% is witnessed in the perfor-
mance index of DTHE. As a result, TiO,-y-AIOOH/water
HYNEF is the best candidate to improve the heat exchanger’s
thermal and energy consumption.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10973-021-10996-9.
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