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In recent years, there has been an increasing interest in heat transfer enhancement
using nanofluids in channels due to current devices become smaller and more compact
and are expected to perform better. Thus, we attempt to introduce hybrid nanofluids
flow in a straight pipe using Ansys Fluent software. The simulation was prepared with
certain specific parameters such as the hydraulic diameter is set at 10mm, the flow is
a continuum, the Reynold number in the range of 5000 to 30000, k-& turbulent model
used in this simulation, the inlet temperature 297 K, and the uniform temperature
along the pipe at 313 K. This study was carried out on Al203+Cu / water hybrid
nanofluids to analyse the thermal improvement and friction factor of nanofluids occur
in a straight pipe. Then, the numerical results obtained were compared between mono
and hybrid nanofluids. It was found that the mono nanofluids at 1% and 4% indicate a
significant increase in Nusselt number at 17% and 24% respectively and hybrid
nanofluid increase at 2% to 5.6% compared to base fluid. Whereas the friction factor
remains similar for all the nanofluids. However, the performance evaluation criterion
(PEC) has shown that hybrid nanofluids remain lower than mono nanofluids.

1. Introduction

The last few decades have witnessed vast research on new types of heat transfer fluids, namely
nanofluids. Nanofluids are a fluid that contains nanometer-sized solid particles. This nanofluid was
introduced by Choi and Eastman [1] and it has been proven to give better heat transfer efficiency
compared to conventional fluids. Many applications of heat transfer enhancement using nanofluids
are to meet the cooling challenge necessary such as the photonics, transportation, electronics, and
energy supply industries [2-5]. Therefore, to improve the heat transfer enhancement, many
designers and researchers have conducted heat transfer enhancement studies in the last decades.
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Many heat transfer enhancement studies utilize various mono nanofluids types such as Al,0s, CNT,
Cu, Fe»03, Ag, CuO, TiOy, SiO2, ZnO and SiC through a tube have been done [6,7].

Recent studies have focused on hybrid nanomaterial to find new nanofluids that render the
highest heat transfer rates [8—12]. According to Sarkar et al., [13], hybrid nanofluids are a new sort
of nanofluid that can be prepared by mixing two nanofluids, (i) by suspending different types (two or
more) of nanoparticles in a base fluid, or (ii) by suspending hybrid (composite) nanoparticles in a base
fluid. Suresh et al., [14] studied the two-step method adopting the technique of hydrogen reduction
by using Al,O3-Cu/water hybrid nanofluids. The volume fraction of hybrid nanofluids were 0.1% and
2% and prepared by dispersing in deionized water. The results showed that the viscosity and thermal
conductivity of the hybrid nanofluids increases with the increase of the nanoparticles volume
fraction. Abdolreza et al., [15], numerically studied the Al203-Cu/water hybrid nanofluids flow in a
straight pipe on laminar force heat transfer. The results showed an improvement of 4.73% and
13.46% compared to Al,Os/water and water as base fluid respectively.

In this study, the CFD models were presented for fully developed turbulent flows in a uniformly
heated straight pipe based on the single-phase model. The modelling was done considering 1 and 4
volume per cent of Al,03, Cu and Al,O3+Cu/ with three different mixing ratios 50:50, 60:40 and 40:60
dispersed in water as the base fluid. The objective of the present investigation is to estimate
numerically the Nusselt number, friction factor and PEC in the turbulent flow of hybrid
Al;03+Cu/water nanofluid (ceramic based core and metallic base core) through a circular tube under
constant heat flux condition for, as most flow in engineering application such as heat exchanger are
turbulent flow and which no previous study has been reported in literature.

2. Methodology
2.1 Thermophysical Properties of Mono and Hybrid Nanofluid

These equations are general and can be applied in mono and hybrid nanoparticles with the
suitable modifications, the base fluid is symbolized with (bf), the nanoparticle with (np) and the
nanofluid with (nf), while the volume concentration of the total nanoparticle in the fluid with (@). It
is important to state that in this study, the nanoparticle “Al,03” is symbolized with the number “1”
and the nanoparticle “Cu” with the number “2”. It is obvious that the total concentration for the
hybrid nanofluid (@) is the following

®=0,+0, (1)
The density (p) of the equivalent nanoparticle is given as

D1Ppnp-1+9D2Pnp—2
Pnp = o (2)

The specific heat capacity (Cpnp) of the equivalent nanoparticles is given as

D1Pnp-1CPnp-1+D2Pnp—2CPnp-2
Pnpw

Cpnp = (3)

The thermal conductivity (knp)of the equivalent nanoparticles is given as

@1.]( _1+®2.k -2
knp = = (4)
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The density(pns) of the hybrid nanofluid is given as
pnf:pbf-(]-_(a)‘l'pnp-(D (5)

The specific thermal capacity (Cpy)is given as

1= Pnp -(1-0)
= —.C —.C 6
Pnf pbf + Pnf Pnp ( )
The thermal conductivity of the nanofluid (kxy) is calculated according to the Maxwell model [16]

knp+2.kp+2.(knp—kpf).9
P kenp+ 2.0 p—(kenp—kp )0

knf = kb (7)

The nanofluid dynamic viscosity (i) can be calculated according to the Brinkman model [17]

— __Hbf
Hnf = (1-0)25 (8)

As shown in Table 1, water and nanoparticles properties is based on Sekrani and Poncet [18], Table
2 show the nanofluids properties after mixing with different percentage and ratios.

Table 1

Water and nanoparticles properties

Materials p (kg/m®) Cp(J/kg.K) k(W/mK) p(Pas)
Water 998 4182 0.597 0.000998
Alumina, Al203 3880 765 40 -
Copper, Cu 8954 383.1 386 -

Table 2
Mono and hybrid nanofluids properties
Nanofluids  Volume fraction, ¢ % (mixing ratio) p (kg/m3 Cp (J/kgK) k(W/mK) u(Pas) Pr

Al203 1 1025.83  4049.87 0.6235 0.00089  5.781
4 1112.32  3702.65 0.65517 0.00139  7.856
Cu 1 1076.57  3863.289  0.6235 0.000891 5.521
4 1315.28  3145.35 0.65517 0.001389 6.668
Al203+Cu 1 (60:40) 1046.13  3973.10 0.63138 0.000872 5.487
4 (60:40) 1193.50  3456.98 0.68881 0.000941 4.723
1 (50:50) 1051.2 3954.33 0.63140 0.000872 5.461
4 (50:50) 1213.8 3400.70 0.68894 0.000941 4.645
1 (40:60) 1056.27  3935.77 0.63144 0.000872 5.435
4 (40:60) 1236.10  3346.27 0.68904 0.000941 4.570

hnf40r = 40:60, hnf50r= 50:50, hnf60r = 60:40

As shown in Table 2, by increasing the Cu nanoparticle in hybrid nanofluid mixing ratio, the Pr
decreased. This shows that these hybrid nanofluids is due to increase in viscosity higher than increase
in thermal conductivity reported by Sidik [19]. The possible reasons for this reduction may be; (i)
more interfacial resistance develop due to the lack of collaboration among hybrid particles, (ii)
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agglomeration rate in metallic nanofluids and the dispersion is degraded as reported by Babu et al.,
[20].

2.2 CFD Set-up, Model Geometry and Mesh Generation

In this study, the finite-volume based ANSYS Fluent V19.2 software was used to solve the
Reynolds Average Navier-Stokes (RANS) equations that govern the turbulent fluid flow motion in the
straight pipe as shown in Figure 1 is the model geometry and in Table 3 is the geometrical parameters.
Then, the model was discretized using quadrilateral mesh as seen in Figure 2, where finer mesh was
generated around the critical areas such as at near wall at the straight pipe.

Heated wall at constant temperature

A

': Inlet Dy =0.01m Fluid section Outlet
\T T 7 S N N S S ) T \
Heated wall at constant
—— e
= -
L=0.2m

Fig. 1. Schematic diagram of computational domain

|
i
SRR

Fig. 2. Discretized structured mesh of computational domain

Table 3

Geometrical parameters
Parameters Range (m)
Hydraulic diameter, Dn  0.01

Pipe length, L 0.2

An inflation was applied near the wall, the inflation value was calculated by assuming the fluid is
at sub viscous layer, y+=1 using Eq. (9) and the first layer height was calculated using Eq. (10).

r=2n (©)

y =" (10)

where y is the normal distance from the wall and the first layer height value is, y=0.02mm and 20
layers maximum were applied with the growth rate of 1.2.

Single phase concepts with uniformed conditions were enabled. Various properties of nanofluids
were given as input, including density, thermal conductivity, specific heat and viscosity. The
behaviour of the fluid was considered to be continuous in nature, the preliminary governing
equations include continuity, momentum and energy for turbulent flow conditions. These equations
are as follows
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Conservation of mass

d(puy) _

axi (11)
Conservation of momentum

G| ou; | Ju; 2 Oy —
6_xi(pu ) axL ][ﬂ (ax]+6xj) 'uax 6 'Duluj] (12)

Conservation of energy

C ous .
(pu]C T) 0 (Aa_T_{_&M)_F ]a +[M(%+ﬁ>_§ aulal] pu u ]_l (13)

6xl Ox;  opt O0xj ox; = 0x;j

where —pu/, u’] are the Reynolds stress, uiand ujare the time-averaged velocity for i and j directions.
Time-averaged temperature, fluid thermal conductivity, density, turbulent Prandtl number for
energy, turbulent viscosity and time-averaged pressure are stated as T, A, p, Gnht, Wt and P,
respectively.

In the numerical study, the reliazable k—¢ turbulence model is used in order to give fast and
accurate results [20,21]. Therefore, turbulent dissipation rates (€) and transport of turbulence kinetic
energy (k) equations should be considered.

k equation
a ok
o, (pkuj) = o [(,u + ) ox, + G, — pe (14)
€ equation
de g2
(psu]) =— [(u + ) xj] +pCiSe — pCy (15)

Turbulent Prandtl number is expressed as ok and o, regarding k and € in Eq. (14) and (15). Eq. (16)
represents the turbulent viscosity.

M = pC — (16)
with C1=1.44,C;=19,0k=1,0:=1.2
2.3 Boundary Conditions

The mono and hybrid nanofluids' volume concentrations (1% & 4%) at 297 K base temperature is
used as an input. CFD analysis has been performed with a uniform velocity profile at the inlet and
pressure outlet conditions used at the outlet of the pipe. The walls of the tube are assumed to be
perfectly smooth and the constant temperature condition is specified on the tube wall with a value
of 313 K. The Reynolds number varied from 5,000 to 30,000 at each step of the iterations as the input
data. The friction factor and the Nusselt number are introduced as the output data.
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2.4 Computational Method

The computations are carried out by solving the governing conversation equations along with the
boundary conditions. The Finite Volume Method (FVM) is used to discretize the governing equations,
and the SIMPLE algorithm is utilized to couple the pressure—velocity system based on Zainal et al.,
[22]. In order to achieve a more precise numerical solution, the second order upwind scheme is
selected for the convective terms. Before proceeding with the computations, the appropriate
convergence criteria are obtained. It is done by taking different convergence criteria and checking
the difference.

The simulation was then executed for approximately 9000 iterations in order to attain a
convergence solution. The solution was considered to be converged when there were no more
obvious fluctuations in velocity, energy and the turbulence variables (the scaled residual RMS errors
decreased to 10°%) as well as the domain has a net imbalance of less than 1%. Grid Independent has
been tested in ANSYS FLUENT for mesh sizes according to Figure 3. To find the most suitable mesh
size, grid independent tests are performed for physical models. In this study, grid independence is
examined using different mesh sizes, and for water.
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Fig. 3. Grid independent test of y+

2.5 Boundary Layer y+ Value and Grid Independent Test

The preferred procedure for determining the most accurate mesh is to carry out test runs on
different mesh sizes and configurations until the numerical solution converges, in what is termed the
grid independence test. Evidently, this requires a lot of time and computational effort. Turbulent
flows are significantly affected by the presence of walls, where the viscosity-affected regions have
large gradients in the solution variables and accurate presentation of the near wall region determines
successful prediction of wall bounded turbulent flows. A strategy using the computed wall y+ is
recommended when dealing with such flows. The wall y+ is a non-dimensional distance similar to
local Reynolds number, often used in CFD to describe how coarse or fine a mesh is for a particular
flow. It is the ratio between the turbulent and laminar influences in a cell. Accurate presentation of
the flow in the near-wall region determines successful prediction of wall-bounded turbulent flows.
The computation domain as illustrated in Figure 1 and mesh sizes are applied to the computation
domain based on the Y+ calculation. To determine successfully prediction for wall-bounded turbulent
flows, the y+ ~1 are most desirable for near-wall modelling according to Salim and Cheah [23].
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In Figure 3(a), y+ value for water is 0.31866, for mono and hybrid nanofluids in between 0.3199
to 0.3203 at Re=5000. The y+ value for mono and hybrid nanofluids slightly increase compared to
water, due to viscosity. Different viscosity influences the y+ value according to Manjunatha et al.,
[24]. Figure 4(b), shows that the y+ increases when the Re increases.

T 25 T
0.3204 - : —— Re5000
—— Rel0000
0.3202 - Rel 5000
2 ——  Re20000
0.32 - Re25000
—— Re30000
0.3198
——  Water 1.5 |
0.3196 - — ARO3 |
L —— Cu + s E—
——  hnf40r -
0.3194 - ——  hnfS0r
——  hnf60r Ir 1
0.3192
0319
0.5+ R
03188
03186 .
L L 1 G L " 1 2 N
0.78 0.785 0.79 0.795 0.8 0.75 0.8 0.85 0.9 0.95 1
x/X XX

(a) (b)
hnf__r represents the hybrid nanofluid ratio and the ratios are hnf40r=40:60, hnf50r=50:50 and hnf60r=60:40
Fig. 4. Validation of y+ value for straight pipe model at Re=5000

3. Results

The present computations are performed for a 2-D turbulent flow of the Al,O3-water nanofluid
over the smooth pipe. As presented in Table 2, mono and hybrid parameters are considered. Various
forms of quantitative and qualitative results can be displayed from the output of simulations, but due
to the space restriction only some of these results are presented. The thermal-hydraulic
performance is presented in terms of Nusselt number and Darcy friction factor, and the optimal
working fluid is obtained using the considered Performance Evaluation Criterion (PEC), Eq. (17). It
should be noted, when specific solution is studied, the other associated parameters are kept
constant.

_ (Nug/Nuyg)
PEC = (FE/fnp)Y/3 17)

To validate the numerical method used in the study, the Nusselt number and friction factor for
the water flow in a straight channel is calculated and compared with Dittus-Boelter, Eq. (18), and
Petukhov, Eq. (19), correlations (for Nusselt number) and Filonenko, Eq. (20), and McAdames, Eq. (21),
correlations (for friction factor).

Nu = 0.024Re%8py04 (18)
I
Nu = RePr(s) _ (19)
1.07+12.7(§)0-5(Pr§—1)
= (1.84log;oRe — 1.64)72 (20)
9
f = 0.18Re? (21)
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As illustrated in Figure 5(a) and (b), the present work shows a good trend agreement with the
empirical correlation data. The average error for Nu and friction factor is 0.6% to 8% and 4.43%

respectively.

250 ' ' ' 004 T T T T T T
0.0375 F ]
200 1 :
0.035 .
§ . F ——  Current work]
2 % - —— Filonenko 4
s 2o ] & E ——  McAdams |
E S 003f ]
ng- 100} 1 2 3 _
s Current work 0.025F 3
s0fF == Dittus-Boelter 7} s
e, Petitkcoy 0.0225 - =
b
0 i | |
0 10000 20000 30000 40000 0 500010000 20000 30000

Reynolds number Reynolds number

(a) (b)

Fig. 5. (a) Nusselt number and (b) friction factor of water

The considered correlations for the Al,0s-water nanofluid flowing in the straight channel are Eq. (22),
and Eq. (23).

Nu = 0.021 Re®8pPr05 (22)
Nu = 0.085 Re®71pyr035 (23)

As illustrated in Figure 6(a) and (b), the comparisons show a good trend agreement between the
present numerical results and the empirical correlations data. The average error for Nu at 1% and 4%
is 17% and 24% respectively. The deviation may be related to different properties of Al,O3 used as an
input data in the simulation. Therefore, the increase in viscosity with the increase of volume
concentration may increase the deviation of the results.

o I I 1 I o 1 1 I I
230 | ——  Current work y 230 | ——  Current work y
| ——— Pak-Choi-4% ——  Pak-Choi-4%
- —— Maiga-4% - —— Maiga-4%
.. 200 . 200
Z 150 Z 150
Z [ Z i
100 100
50 ; | | | | ] 50 L | | | | ]
5000 10000 15000 20000 25000 5000 10000 15000 20000 25000
Reynolds Number Reynolds Number

(a) (b)
Fig. 6. Nusselt number of Al,Os-water nanofluids with nanoparticle volume fraction
of (a) 1% and (b) 4%
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3.1 Analysis of Heat Transfer and Flow Characteristics
3.1.1 Comparison of Nusselt number of mono nanofluids

Nusselt (Nu) number, friction factor and PEC values of Al203-water and Cu-water nanofluid are
plotted in Figure 7. As predicted in Figure 7(a), the Nu increased as the Re number increased, in
volume concentration compared to water. The increase is between 3.65% to 15% for Al,Os-water
and 2.4% to 10% for Cu-water compared to water. Moreover, the Al,0s-water nanofluid has higher
Nu compared to Cu-Water nanofluid. It can be observed that the Nu increases with the increased in
volume concentration. The results are consistent with the numerical results of Aghei et al., [25]. In
other words, the Nu for the straight pipe considered increases with Re due to an increasing fluid
thermal conductivity. Flow issues are related to increasing velocity, which increases heat transfer.

Figure 7(b) shows the friction factor vs Reynolds number for all the mono nanofluids. The friction
factor decreases with the increase of Re. The friction factor shows quite similar results and trend for
mono nanofluids and obviously the nanoparticles have a small effect in the flow field according to
Kalteh et al., [26].

Fig. 7. Comparison of (a) Nu, (b) friction factor and (c) PEC, for mono nanofluids at

Reynolds Number

(c)

1% and 4% volume concentration of straight pipe

175 : . . 0.05¢ ‘ T
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= ',/"' _“_"3
Z 100 / ] g
2 7 g -
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T T PTRUT ¥ ; , 0025, e~
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e — —
| O O =
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I — Cu-1%
0.8 — Cu4%
P P I M IS RS E N M.
5000 10000 15000 20000 25000 30000

Al,0s-water and Cu-water nanofluids with 4% concentration have higher value compared to

Al,Os-water and Cu-water at 1% concentration as shown in Figure 7(c). However, for 1% for Al,O3
and Cu nanoparticles is below by 4% from the reference value of water performance for Re=5000 to
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Re=30000. According to Rashidi et al., [27], a value of PEC which is greater than unity is suitable for

heat transfer augmentation specifically for this current study.

3.1.2 Comparison of Nusselt number of hybrids nanofluids

The Nu increases with Re for hybrid nanofluids with 1% concentration as shown in Figure 8 (a).

The ratios of the hybrid nanofluids are slightly higher than water.
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Fig. 8. Comparison of (a)-(b) for Nu, (c)-(d) for friction factor, (e)-(f) for PEC, for hybrid
nanofluids at 1% and 4% of straight pipe
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The Nu improved up to 2.3% for each of the ratios. In Figure 8(b) shows that the Nu at 4% volume
concentration of hybrid nanofluids shows some differences between the ratios. Hybrid of 60:40 ratio
is slightly higher than the reference fluid compared to 50:50 and 40:60 ratios. The 60:40 ratio is higher
by 5.3% and ratios of 50:50 and 40:60 slightly lower in the range of 3% to 5.7% compared to water.

Figure 8 (c) and (d), the friction factor for volume concentration of 1% and 4% higher compared
to the reference fluid. It is obvious that the friction factor decreased when the Re increases along the
straight pipe. The Figure 8(c) and (d) shows a 20% increased for each of the volume concentration
and ratios of the hybrid nano fluids compared to the reference fluids. The decreasing trends are in
good agreement with most of the work done by other researchers.

A Performance Evaluation Criterion (PEC) is adopted in order to compare the thermal and fluid-
dynamic performance of the straight pipe with different nanofluids as reported by Khoshvaght-
Aliabadi [28]. Figure 8(e) and (f), shows the PEC for the hybrid nanofluids is lower than the reference
fluid both for 15 and 4% volume concentration. For 1%, the percentage difference is about 4.3%,
5.9% and 4.5% for ratios of 50:50, 60:40 and 40:60 respectively. Hybrid nanofluids with 4%
concentration shows that the PEC is below the reference fluid and it is 11.72%, 1.3% and 10.70% for
50:50, 60:40 and 40:60 ratios respectively.

4. Conclusions

In this article, the effect of mono and hybrid nanofluid types (Al,Os-water, Cu-water and
Al203+Cu/water) with two different nanoparticle volume fractions (¢ = 1.0 and 4.0%) on the straight
pipe efficiency is numerically discussed by considering two-dimensional turbulent flow conditions.
The results of the numerical study can be compiled as follows

I.  The use of different mono nanofluid types and hybrid nanofluids with different mixing ratios
has provided a great advantage in terms of convective heat transfer. It is noticed that
convective heat transfer is enhanced by approximately 3.9% to 14.6% for mono nanofluids
and 2% to 5.6% for hybrid nanofluids compared to base fluid.

II.  Asthevolume fraction of nanoparticles increases, the convective heat transfer enhances, too.

lll.  The friction factor increases with the using of hybrid nanofluids. It is noticed that an increase
of 20% for all the mixing ratios for all Re.

IV.  The Darcy friction factor for mono and hybrid nanofluids has almost the same value. These
mono and hybrid nanofluids have higher friction factor compared to water, consistently at
20% difference for all Re.

V.  Heat transfer performance of mono nanofluids in comparison with their friction factor due to
the PEC number is greater than 1.
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