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Abstract:

In order to reduce heat losses and enhance heat transfer efficiency, energy conservation and management in
thermal systems has attracted interest on a global scale. Due to limitations on continuous improvement in
thermophysical characteristics of traditional working fluids, R&D trends have shifted towards nanofluids
applications in heat transfer systems. Literature review substantiates that single-particle nano fluids are well-
suited for heat transfer applications. Employing hybrid nanofluids to improve heat transfer rates is a comparably
new field of research and application.. In the present numerical study, enhancement of heat transfer rates is
observed for flows of single-particle and hybrid nanofluids through a rectangular, straight duct of uniform cross-
section, subjected to symmetrical and uniform wall heat flux conditions. The present work is carried out to
investigate heat transfer augmentation characteristics of Al,0,/Cu hybrid nanofluids and Al,0, single-particle
nanofluids, for different nanoparticle mixture ratios dispersed in water. The simulations are performed with
0.5%, 1.0% and 2.0% volume fractions of nano particles. The Reynolds number of flow is varied from 2000 to
12000. The uniform heat flux applied along the tube length is =~ 7955 W/m?. The effects of Reynolds number,
volume fraction, and composition of nanoparticles are analysed from the perspective of fluid and thermal
analysis. The validation of the results obtained from present study has been performed with experimental and
published data available in open literature. The wall-averaged Nusselt number and the pressure drop rise as the
Reynolds number and the volume fraction is increased. This warrants a trade-off between heat transfer
enhancement on one hand, and mechanical head losses on the other. The heat transfer characteristics of the
chosen water- dispersed, hybrid nanofluid is also observed to be superior as compared to the single-particle
nanofluid medium.

Keywords: Hybrid nanofluid; Single-particle nanofluid; Uniformly heated tube; Rectangular
Channel; ANSYS

mechanical, electrical, magnetic, and thermal
characteristics. Using adequate surfactants to

1. Introduction:

Advanced cooling techniques must be compact
and, yet, highly effective in order to accommodate
the ever-increasing needs of electronic equipment,
and to ensure steady and reliable system operations
[1]. Furthermore, the synthesis of energy-efficient
heat transfer fluids, required for high-end and
sophisticated cooling applications, is constrained
by low values of thermal conductivity. Owing to
restrictions on further advances in thermophysical
properties of conventional fluids, state-of-art R&D
trends have progressively switched to nanofluid
applications in heat transfer systems [2].
Nowadays, techniques in nanotechnology enables
production of metallic (or non-metallic) particles
with ~nm dimensions, with identical optical,

prevent agglomeration, these nanoparticles (with
average diameters ~100 nm) may be suspended
steadily, and disseminated uniformly, in
conventional heat transfer fluids (like water, oil,
etc.).

A large body of published research have revealed
how nanofluids affect heat transmission
characteristics in forced convection through ducts
(like circular or non-circular tubes). A brief survey
of technical literature is presented in this context. A
computational model, by Hussein et al. [3], enables
to assess the heat transfer enhancement and friction
factor for the flow of various types of nanofluids
via tubes of three distinct forms (geometries), and
have validated the same with experimental data
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available in literature. Water-based nanofluid
comprising of Ti0, nanoparticles with volume
fractions 1%, 1.5%, and 2.5% is used for three
types of tubes (circular, elliptical and flat). The
results indicate heat transfer augmentation as the
volume fraction increases. For this study, a CFD
model based on FVM has been used in FLUENT®
environment. Experimental research on heat
transfer by forced convection of TiO,/water
nanofluids flowing in between a channel having
varying cross sections has been done by Salimpour
and D-Parizi [4]. According to their findings,
nanofluids enhance the heat transfer for flow
through conduits. Moreover, experimental studies
reveal that conduits with circular cross section
perform better than square and triangular cross
sections conduits in terms of heat transfer
performance. Hwang et al. [5] have calculated the
heat transfer coefficient and pressure reduction of
water-based Al,0, nanofluids passing through a
circular duct, considering homogeneous wall heat
flux under the laminar flow regime. As compared
with water, the heat transfer enhancement is
observed to be ~8% at a volume fraction of ~0.3
vol%. The improvement in convective heat transfer
coefficient exceeds the rise in thermal conductivity,
by a wide margin. This finding provides perfect
stimulus for further studies on heat transfer
enhancement in other generic systems using
nanofluids. Based on scale analysis and numerical
simulations, the study describes how rapid changes
in bulk properties like nanoparticle concentration,
thermal conductivity, and viscosity influence
steady-state velocity profiles. The heat transfer
coefficient significantly rises, owing to resultant
temperature gradients that are intricately coupled
with the velocity field. Aminian et al. [6] have
conducted a computational study on the influence
of magnetic field on the laminar flow of
Al,05/Cu0 —water hybrid nanofluid filled inside a
segmented cylinder in a porous medium , where the
cylinder walls are exposed to a uniform heat flux.
The computations have been done for a wide
variety of governing factors. The impacts of the
Hartmann number, Darcy number and the magnetic
field on heat transmission and pressure drop have
been studied. The aforementioned survey of
literature provides an overview of the analytical,
experimental, and/or computational investigations
that are primarily focused on flow and heat transfer
studies of primarily single-particle nanofluid
systems. However, open research literature on heat
transfer using hybrid nanofluids as the working
medium are relatively few. In addition, studies on
internal convection through rectangular ducts have
been barely reported, although pipes of rectangular
cross-sections are routinely used in solar collectors,
heat exchangers, etc.

The present numerical study aims to compare the
different flow and heat-transfer parameters

(h, Nu, AP, f) for water, single-particle Al, 05, and
hybrid Al, Q5 /Cu nanofluids in a straight tube
geometry of rectangular cross-section. The
investigations are performed for different values of
the Reynolds number and volume fractions of
nanoparticles (for both the single-particle and
hybrid grades). From heat transfer point of view,
the primal outcome from this study is a comparison
of performance of a hybrid nanofluid synthesized
by mixing two nanoparticles, one Al,0; (which
offers greater stability and lower thermal
conductivity) and the other Cu (which offers lesser
stability and higher thermal conductivity), for
varying nanoparticle volume fractions.

Nomenclature:
C specificheat ¥V Volume Bf  Base

capacity [m?] fluid
U/kgK]
D Hydraulic P Density hnf  Hybrid
Diameter [kg/m?®] nanofluid
_ [m]
f Friction I Viscosity ™P1 Nano
factor [Pa.s] particle 1
h Convective ¢ Volume 7P2 Nano
heat transfer fraction particle 2
coefficient
[W/m?K]
Kk Thermal Subscript
conductivity
[W/mK]
N Nusselt np  Nano particle
number
P Ppressure nf  Nanofluid
[N /m?]

2. Measurements of Thermophysical
Properties

Table 1 show the properties of the base fluid
water and the considered
nanoparticles (Al,0;,Cu). The nano particles have
a spherical form with ~100 nm size. All of these
properties have been modeled as temperature-
independent [7].

Table 1. Properties of using different elements.

Property Water Al,0y Cu
P 93,2 3970 5300
c 4182 763 420
k 0.6 40 401
u 0.001

2.1 Properties of Single particle nanofluid

Commonly-used models from published research
literature have been utilised to estimate the
thermophysical characteristics of single-particle
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and hybrid nanofluids [8, 9]. The volume fraction is
expressed as follows [8, 10]:
= &)
be +Vnp

Eq. (1) relates @ with the volume of the basefluid
(Vig) and the volume of the
nanoparticles (V,,, = m,,/pny ), Where m,, is the
nano particle mass.

Pnr = (1— ¢')F'£:f + (it'pﬂp ()

In Eq. (2), calculating the density of a nanofluid
involves taking into account its base fluid density
(Prs), volume fraction (¢), and nanoparticle

density (pnp). The following equation (Eq. (3))
calculates the specific heat (Cpﬂf) of nanofluid in
terms of specific heat (C,,;) of basefluid and
specific heat (C,,»,) of nanoparticles:

cC - (1-¢)pprCopr+ PP np Comp (3)
Puf Pnf

In Eq. (4) below, the effective thermal conductivity
(knf) of the nanofluid is calculated in terms of
thermal conductivity (k) of basefluid and thermal
conductivity (k) of nanoparticles:

(“np”“bﬂ—zﬁﬁ(‘fw—“nﬂ]
=k 4
knf T | (kg +2kng) + (ki —Knp) (4)

Eq. (5) evaluates the effective dynamic viscosity
(uy,z) of the nanofluid in terms of volume fraction

and the viscosity (i) of base fluid:

n
|-'-nf = (1_;;2.5 (5)

2.2 Hybrid nanofluid properties

The volume fraction of the hybrid nanofluid is
expressed as the sum of the volume fractions of the
respective components [9]:

E}hﬂf = ﬂﬂpl + 5Eﬁ‘rtpz (6)

Once @y, is calculated from Eq. (6), the density of
the hybrid nanofluid (pny,f) can be evaluated from
the volume fractions (@pp1,@npz) and density
values (Pnp1.Pnpz2) OF the constituent nanoparticles,
and the base fluid density (p,y), as seen from Eq.

(7):

Phng = ﬂﬂplpﬂpl + ﬂﬂpzpﬂpz + [:1 - E}hﬂf)pflf
(7

The specific heat of hybrid nanofluid (€, ;) can
be expressed in terms of the specific heats of

nanoparticles (Cp,np1:Cpnpz), and the specific heat
(C,,n¢) of the base fluid (see Eg. (8) below):

Conng =
Bnp:lpnp:lcp,np:l'HjnpzpnpEcp,npz"'(l_ahnf:lpbfcp,bf

Phnf
®)

The effective thermal conductivity of the hybrid
nanofluid (k) can now be calculated, in terms of

the volume fractions (@1, @ pyp2) and the thermal

conductivities of the constituent nanoparticles
(Knp1, Knp2) and the base fluid (k)

'!':me =
OnpiknpitOnpzknpz
Bhnf
Onpiknpl TOnpzknpz
Phny

f zkbf"'z(mnp:lknp1+Onpzknp2J_20hnfkbf

2kbf_z(mnpiknp:l"'ﬂnpzknpz]"'ﬂhnfkbf
9)

Lastly, Eq. (10) enables to compute the effective
viscosity of hybrid nanofluid (u, ) is computed in

terms of the viscosity of the base fluid (upf), as

well as the volume fractions of the constituent
nanoparticles 1 and 2:

1

Hpng = Hpr (1-0 5 (10)

- 2l
np:l_anpz,'

3. Problem Description and
Mathematical Model

The 3D computational region of the physical
system is depicted in Fig. 1. The annular channel,
made of copper, has a length is 1500 mm. The
inner square has sides of 16 mm, and the outer
square has side measuring 19 mm [10].
Considering constant wall heat-flux conditions, a
copper conduit using water, single-particle, and
hybrid nanofluids as working substances is
explored using computational fluid dynamics
(CFD) techniques.The main objective of this study
is to find out the fluid flow and heat transfer
charecteristics in the channel. Keeping the same
heat input rate, the (calculated) value of heat flux
for the present configuration is = 7955 W/m?

16 mm 19 mm

Fig. 1: Configuration of 3D channel
Considering flow of various working fluids, the
conservation equations of mass, momentum and
energy are solved for the chosen channel
configuration to simulate thermal and flow
characteristics [11].
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Continuity Equation:
7.(p¥)=0 (12)

Momentum Equation:

7.(pVV)=-VP+V - ¥ (12)
Energy Equation:
7- (pVh) = V- (kVT) + #:VV (13)

The stress tensor ¥ (Eq. (12) and Eq. (13)) is
expressed in terms of velocity field V (& is the
Kronecker delta):

t=u[V7+ (V7) - 23(v.7)] (14)

In Egs. (11)-(14) P is the pressure field and k the
specific enthalpy. The i — ¢ turbulence model has
also been incorporated in the numerical analysis in
line with [8]. Here k & eare the turbulent kinetic
energy and turbulent dissipation rates respectively.

The simulations are carried out using a solution
based on the Finite Volume Method, assuming the
flow is uniform, stable, and incompressible [9]. The
SIMPLE algorithm is used for the solution of the
conservation equations, and the convection-
diffusion terms are discretized using the Power
Law technique [12]. As mentioned, the k —e
model for turbulent viscosity has been used. The
convergence criteria for all the field equations have
been set at ~10®8 The boundary conditions are
uniform heat flux (= 7955 W/m?) applied to walls
of the channel with symmetrical distribution [10].
The inlet velocity, with different values of the
Reynolds number for working fluids, and the
pressure outlet conditions are provided and the inlet
fluid temperature is = 298.15 K. The working fluids
considered are water, single-particle (4l,0;)and

hybrid (Al, 05 /Cu (1: 1)) —water nanofluid.

4. Evaluation of Different Parameters
The average heat transfer coefficient (=h) is
estimated considering rate of heat transfer (= Q),
heat transfer area (= A4}, mean surface temperature
of the wall (=T,) and mean temperature of
fluid (= T;,) [13, 14]:

Given the rate of mass flow (=mi,) of fluid and

the computed values of the fluid mean temperatures
at the inlet (= T,;) and the exit (= T;,,) sections,

the heat transfer rate (= @) by the working fluid is
evaluated as:

Q= mfcp[:TEJ,a - Tb,z’) (16)

The mean Nusselt number (= Nw) is evaluated
considering the hydraulic diameter (= D) of the
rectangular duct:

Nu = hD [k, (17)

The average friction factor (f) is calculated by the
pressure drop (= AP}, length of the channel (= L),
hydraulic diameter, fluid density and the mean
velocity (= I7):

AP

_=—,,h 18
¢ B 18)

In Eqg. (19), the pressure drop is expressed as the
difference of the inlet and outlet fluid pressures:

&P = 'P_f,i'- — Pf,a (19)
P,= UAAP (20)

In Eq. (20), the pumping power () is expressed,
where A is the cross-sectional area of the duct.

4.1 Grid independence test
Five alternative mesh element counts, from 10°
to 7 x 10°, have been used to confirm grid

independence. Figures 2(a) and 2(b) show how the
Nusselt number (Nu) and the average friction

factor (f) change as the number of mesh elements
rises. The variation trends indicate that across the
grid item amount of 555291, the marginal changes
in the values of Nu and f are in the range of ~ 2%.
Due to this, a total of 555291 mesh elements were
chosen for the study.

70

68
66
64 [

N\

60 | '\.

Average Nusselt Number

58

L L L L L L
200000 300000 400000 500000 600000 700000
Mesh Element

Fig. 2(a): Average Nusselt number versus mesh elements



https://doi.org/10.36375/prepare u.iiche.a378

0.0074 |-
o

0.0073 | —u—f /

0.0072 |

0.0071 |

0.0070 |-

0.0069 |- .

0.0068 |- /

0.0067 L]

Friction Factor

0.0066 1 1 1 1 1 1
200000 300000 400000 500000 600000 700000

Mesh Elements

Fig. 2(b): Friction factor versus mesh elements number

5. Results and Discussions:

5.1. Validation

The experimental data for the circular tube
configuration, for the identical set of temperature
and pressure boundary conditions, have been
employed to validate the mathematical model based
on CFD methodologies [10]. This is illustrated in
Fig 3a & Fig 3b. The mean difference across the
experimental and the computational values of the
Nusselt number and friction factor (for all
Reynolds number variations examined) is ~ 7.89%
and ~ 8.55%, respectively.

120 - —a— Experimental [19]
—e— Numerical

100 |-

80 |-

60

Average Nusselt Number

40

20 L L L L L L L
2000 3000 4000 5000 6000 7000 8000 9000
Reynolds Number

Fig. 3(a): Average Nusselt number versus R ¢

0.050

0.049 - | —=— Experimental[19]
—e— Numerical

0.048

0.047

0.046

0.045

0.044

Friction Factor

0043 e— o = o o o
0.042 [

0.041

2000 3000 4000 5000 6000 7000 8000 9000
Reynolds Number

Fig. 3(b): f versus Re

5.2. Properties of Nanofluid

The  calculated values of  nanofluid
thermophysical properties (putting
Opnr = 0.02; 0, = 0.01; 6, = 0.01in Eq. (6)
— Eg. (10)) are listed in Table 2. For the
hybrid41,0,/Cu nanofluid, the nanoparticles are
mixed in the same proportion (i.e.50/50 %4).

Table 2: Properties of Nanofluids [as calculated by Eq. (6) — Eq. (10)]

Nanofluid Density Specific Thermal Viscosity
(kg/m) Heat Conductivit (Pa.s)
{1/ kgK) y
(W /mK)

0.5% ALO; 1013.05% | 4115.047 0.6086 0.001013

0.5% AL0,/Cu | 1023.584 | 4072637 0.612 0.001013
1% ALO; 1027.918 | 4030.029 0.617 0.001025
195 AL O, /Cu 1049.568 | 3968.620 0.624 0.001025
205 ALO, 1057636 | 3925475 0.835 0.001052
205 ALO,/Cu 1100536 | 3775164 0.645 0.001052

5.3. Nusselt Number

Figure 4 illustrates that the Nu changes as the Re
rises for various using fluids. The Nusselt number
rises as the volume concentration and turbulence
level rise. The hybrid-grade Al,0,/Cu nanofluid
presents a better performance in heat transfer
enhancement, as compared to 4l,0, nanofluid due

to its higher thermal conductivity. It’s observed that
the average Nusselt numbers(= Nu) of Al,0,
nanofluid are respectively higher
by ~ 2.7%, /= 5.2% and &~ 10.9% at nano particle
volume fraction from 0.5%,1.0%% and 2.0%
respectively; whereas 4.1%, ~ 8.0% and ~ 16.2%
Nusselt Number enhancement observed for hybrid
nanofluid in contrast with water. 3 times Nusselt
number increases of 29 hybrid nanofluid, when
Reynolds number increases from 2000 to 12000.
As an end result heat from the system is eliminated
the fastest when 2% hybrid nanofluid is used.

—=— Water
200 | —8-0.5%Al,0

—A—0.5% Al,0,Cu
—v—1%A1,0,
—&—1%A1,0,-Cu
150 —4—2%A1,0,
—>— 2% ALO-Cu

100 |

Average Nusselt Number (Nu)

50 |-

1 1
2000 4000 6000 8000 10000 12000
Reynolds Number

Fig. 4: Plots of average wall N1L versus Re
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Fig. 5: Pressure drop versus R for various working fluid

5.4. Pressure Drop

The pressure decrease of water, Al,0; and
Al,05/Cu with various volume percentages and
Reynolds numbers is depicted in Fig. 5. For all
fluids, pressure loss rises as the Re increases due to
an increase in turbulence intensity [15]. The
pressure drop for both the nanofluids are superior
to water, owing to higher values of effective
viscosity coefficients. For the chosen set of flow
conditions, 2% Al,0; shows the highest pressure
drop compared to others working fluids. Higher
pressure drop is the drawback of employing nano
fluids in the system. This is because of its required
higher pumping power to sustain the flow.

0.20 4 —=— Water
—®—0.5% Al,0,
—A—0.5% AL,O-Cu
—v—1%AL,0,
—4— 1% Al,O_-Cu
~ —4—2%AL0,
—— 2% AI,0,-Cu)

0.19 4

0.18 4

0.17 4

Friction factor (f)

0.16 4

0.15 T T T T T
4000 6000 8000 10000 12000

Reynolds Number

Fig 6: Friction factor versus Reynolds number for various
working fluids

—a— Water
——05%Al,0,
—4—0.5% AlO,/Cu
—¥—10%AL0,
——1.0%Al,0,/Cu
—4—2.0%A1,0,
—»—2.0% Al,O /Cu

0.8

0.6

0.4

Pumping Power

0.2

0.0 T T T T T
4000 6000 8000 10000 12000

Reynolds Number

Fig 7: Pumping Power versus Reynolds number for various
working fluids

5.5. Friction factor

Effect of varying volume fraction (0.5% -
2%) ranges on friction factor is illustrated in Fig. 6.
The results reveal that the friction factor reduces
with increasing Reynolds number for any amount
of disperse particle concentration [13, 16].
However, for any given Reynolds number, single
and hybrid nanofluids have a larger friction factor
than water. This is due to the increased viscosity of
nanofluid in comparison to water. When the wall-
averaged friction factor values for hybrid and
single particle nanofluids at 2% volume fraction are
compared, a larger increase of f (~ 4%) is seen.
Although a hybrid nanofluid with a 2% volume
fraction enhances heat transfer rate (as compared to
a single particle nanofluid having 2% volume
fraction), it has the disadvantage of increasing
friction loss. This is not acceptable. The friction
factor increases by around 1% and 2.3% for 0.5%
and 1% volume fractions, respectively. At low
volume fractions, the system is shown to be cooled
by hybrid nanofluid without a detectable increase
in frictional loss.

5.6 Pumping Power

Pumping power is linked to pressure drop, rate of
flow, and closed tube shape. Fig. 7 depicts the
relationship between pumping power and Reynolds
number. The pumping power increases fast as Re
increases. Pumping power, like pressure drop, is
lowest for water and increases with nano particle
volume percentage, reaching maximum values for
2% Hybrid nanofluid.

Conclusions:

In this study, a CFD analysis has been
conducted in ANSYS®/FLUENT® environment to
investigate the effects of Al,0; —water and hybrid
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nanofluid (Al,0;/Cu) flow on heat transfer and
pressure drop within a rectangular duct. According
to the study,

@)

(b)

(©

The values of the average heat transfer
coefficient (and, consequently, the average
Nu  climb  for both  nanofluids
(Al,04,Al,05/Cu) as the Reynolds number
and volume fraction of nanoparticles rise.
Nanofluids containing 2.0 % Al,0, and
Al, 0, /Cu exhibit heat transfer coefficients
that are =~ 10%and~ 16% greater than
water, respectively.

However, pressure drop exhibit growing
trend and friction factor decreases by
increasing values of Re.

Even while a hybrid nanofluid with a 2%
volume fraction will improve heat transfer
rates (relative to a single particle nanofluid
with a 2% volume fraction), this will result
in increased friction loss more power
required to maintain the flow. This is not
desired.
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