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This numerical study is aimed at investigating the forced convection heat transfer and flow characteristics of water-based
Al,O; nanofluids inside a horizontal circular tube in the laminar flow regime under the constant wall temperature boundary
condition. Five volume concentrations of nanoparticle, 0.1, 0.5, 1, 1.5, and 2 vol.%, are used and diameter of nanoparticle is 40 nm.
Characteristics of heat transfer coefficient, Nusselt number, and pressure drop are reported. The results show that heat transfer
coeflicient of nanofluids increases with increasing Reynolds number or particle volume concentration. The heat transfer coefficient
of the water-based nanofluid with 2 vol.% Al,O; nanoparticles is enhanced by 32% compared with that of pure water. Increasing
particle volume concentration causes an increase in pressure drop. At 2vol.% of particle concentration, the pressure drop reaches
a maximum that is nearly 5.7 times compared with that of pure water. It is important to note that the numerical results are in good

agreement with published experimental data.

1. Introduction

Nanofluids are advanced heat transfer fluids containing
nanosized particles (typically 1 to 100 nm) dispersed in a
conventional liquid, such as water, engine oil, and ethylene
glycol. It is well recognized that thermal conductivity of solids
is greater than liquids. Thus, the addition of nanoparticles,
generally a metal or metal oxide, in a fluid can greatly improve
the thermal conductivity of liquids and in turn increase
conduction as well as convection coefficients. As expected,
these suspended nanoparticles can significantly change the
transport and thermal properties of the conventional liquid
(base fluid) since nanofluids have substantial higher thermal
conductivities compared to the base fluids. The considerable
enhancement of forced convection heat transfer has been
widely studied in alumina-water-, TiO,-water-, and CuO-
water-based experimental systems [1-7].

Heyhat et al. [6] experimentally investigated the charac-
teristics of laminar convective heat transfer and pressure drop

of Al,O;-water nanofluid under constant wall temperature
condition. It was found that the heat transfer coeflicient of
nanofluid was higher than base fluid (water) and that heat
transfer enhancement increased with an increase in Reynolds
number and particle concentrations.

Wen and Ding [7] studied laminar flow heat transfer
of water-based Al,O; nanofluids flowing through a circular
pipe. Their results showed that heat transfer enhancement
was increased by increasing the nanoparticle concentration
at constant Reynolds number. Subsequently, Heris et al. [8, 9]
experimentally and numerically investigated the forced con-
vection heat transfer of water-based oxide (CuO and Al,O;)
nanofluids in a circular tube under constant wall temperature
condition. Their results also showed that increasing the par-
ticle concentration increased the heat transfer augmentation.

Mirmasoumi and Behzadmehr [10] used two-phase mix-
ture model to numerically study the effect of the size of
nanoparticles on mixed convection heat transfer of water-
based Al,O; nanofluids. It was found that when decreasing



the nanoparticles mean diameter, the convection heat trans-
fer coeflicient significantly increased.

Sharma et al. [11] investigated the enhancement of con-
vective heat transfer using water-based Al,O; nanofluids at
various Reynolds numbers under constant wall heat flux
boundary condition. Their results showed that considerable
enhancement of convective heat transfer was found for
nanofluids compared to flow with base fluid (water). It
was also found that Reynolds number increment increased
convective heat transfer.

Alot of experimental and numerical researches have been
performed on the heat transfer enhancement of nanofluids
compared to base fluid. In most studies, the constant wall
heat flux condition was applied [12-17]. However, there is still
a lack of studies on convective heat transfer of nanofluids
under the constant wall temperature condition. Therefore,
in this study, we aim to numerically investigate the forced
convection heat transfer and flow characteristics of water-
based Al,O; nanofluids flowing through a horizontal circular
tube in the laminar flow regime under the constant wall
temperature boundary condition. The nanoparticle size is set
equal to 40 nm and five particle concentrations of 0.1, 0.5,
1, 1.5, and 2vol.% are considered. Furthermore, the effect of
Reynolds number on convective heat transfer coefficient and
pressure drop is investigated and the results are compared
with those of Heyhat et al’s study [6].

2. Theoretical Model

In the present study, the single-phase approach, which has
been used frequently for nanofluids, is adopted. It is assumed
that the fluid phase and particles are in thermal equilibrium
and move with the same velocity considering the ultrafine
(40 nm) and low volume fraction (<2vol.%) of the solid
particles.

The following governing equations represent the math-
ematical formulation of the single-phase model, which
includes conservation of mass, momentum, and energy for
the flow inside the tube:

(i) conservation of mass,

div (pan) =0, @
(ii) conservation of momentum,
div (poVV) = = VP + V2V, )
(iii) conservation of energy,

div (poVCoT) = div (ko VT) . (3)

In the above equations, V, P, and T are, respectively, fluid
velocity vector, pressure, and temperature; p, u, k, and C are
density, dynamic viscosity, thermal conductivity, and specific
heat capacity, respectively; subscript nf represents nanofluid
property. All fluid properties are calculated at the reference
temperature (i.e., the fluid inlet temperature Ty, ;).

Mathematical Problems in Engineering

The physical properties of nanofluid, including density,
thermal conductivity, and viscosity, are evaluated as follows.

(i) Density of Nanofluid. Density of nanofluid can be calcu-
lated from the mixing theory (Pak and Cho [4]); that is,

Pot = (1=0) po + ¢p,- (4)

(ii) Specific Heat Capacity C, of Nanofluid. It is assumed
that the Al,O; nanoparticles and the water (base fluid) are
in thermal equilibrium. Hence, specific heat capacity C,; of
nanofluid can be predicted by (5) (Xuan and Roetzel [5]) as
follows:

. Lo L U M
nf

(iii) Effective Thermal Conductivity of Nanofluid. Effective
thermal conductivity of nanofluid can be calculated from the
following empirical equation (Heyhat et al. [6]) based on the
curve fit for the experimental data of thermal conductivity;
that is,

koe = (8.733¢ + 1) ky. (6)

(iv) Viscosity of Nanofluid. Viscosity of Al,O5-water nanofluid
can also be calculated from Heyhat et al’s empirical equation

[6]; namely,
~ 5.989¢
bng = [eXP (—0.287 — ¢)] P+ ™)

The empirical correlating equations for predicting the
effective thermal conductivity and viscosity of Al,O5-water
nanofluids are valid for the temperature in the range from
20 to 60°C and particle volume concentration ranging from
0.1 to 2.0 vol.%. Table 1 presents how the transport properties
vary with nanoparticle volume fraction using the empirical
correlating equations (4)-(7).

Additionally, the physical properties of Al,O; nanopar-
ticle are k, (thermal conductivity) = 42.34 W/m’C, p,
(density) = 3900 kg/m’, and C, (specific heat capacity) =
880 J/kg"C, which can be found in [18].

Water-based Al,O; nanofluids with various volume frac-
tions (0.1, 0.5, 1, 1.5, and 2 vol.%) are used as input fluids. For
comparison purposes, water is also employed. The convective
heat transfer coefficient and pressure drop are investigated for
various Reynolds numbers in the range of 360 < Re < 2100.
Boundary conditions are specified as follows.

The boundary conditions in the simulation are the same
as those in Heyhat et al’s study [6]. In literature [6], first the
flow passed an insulated 50 cm long copper tube, which is
sufficiently long for the laminar flow to be fully developed at
the inlet of the test section. Therefore, at the inlet of compu-
tational domain, hydrodynamically fully developed velocity
profile for laminar flow is used, and uniform temperature
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TABLE 1: Thermophysical properties of Al,O;-water nanofluid.
Property T(C) Volume concentration (%)
0.0 0.1 0.5 1.0 1.5 2.0

20 998.3 1001.20 1012.81 1027.32 1041.83 1056.3

p (kg/m?) 40 992.3 995.21 1006.84 1021.38 1035.92 1050.5
60 983.1 986.02 997.69 1012.27 1026.85 1041.4
20 4182 4169.1 4118.4 4056.7 3996.6 3938.2

C (J/kg-"C) 40 4179 4166.1 4115.1 4053.0 3992.7 3934.0
60 4186 4172.9 4121.4 4058.6 3997.7 3938.4
20 1.003 1.0249 1.1193 1.2542 1.4114 1.5956

p (mPas) 40 0.653 0.6673 0.7287 0.8165 0.9189 1.0388
60 0.466 0.4762 0.5200 0.58270 0.6557 0.7413
20 0.5996 0.6048 0.6258 0.6520 0.6781 0.7043

k (W/m-K) 40 0.6286 0.6341 0.6561 0.6835 0.7109 0.7384
60 0.6507 0.6564 0.6791 0.7075 0.7359 0.7644

inlet boundary condition (T;) is specified. At the outlet, the
fully developed conditions prevail; in other words all axial
derivatives are zero. Additionally, no-slip conditions and con-
stant wall temperature (100°C) are imposed on the tube wall.

A Computational Fluid Dynamics (CFD) code (FLU-
ENT) is used to solve governing equations of laminar force
convection heat transfer in horizontal circular tube with
constant wall temperature by means of a finite volume
method. Figure 1 shows the geometrical configuration used
in the simulation. It is a 2.0 m long horizontal tube with
0.005 m inner diameter and is exactly the same as that used in
Heyhat et al’s experiment [6]. GAMBIT model is employed
to describe problem which graphs and meshes the spatial
domain with size of 2000 x 20, 2000 with length of pipe and
20 with radius.

Numerical simulation is carried out at various Reynolds
numbers and particle concentrations (0.1, 0.5, 1, 1.5, and
2vol.%). The particle size is 40 nm. During the simulation,
the residuals of the algebraic discretized equations, resulting
from the spatial integration of the conservation equations
over finite control volumes, are monitored. Converged solu-
tions are obtained when the residuals for all discretized
equations are lower than 10, Then heat transfer coefficient,
Nusselt number, and friction factor are calculated using the
following equations [19]:

o _ Cnfpnf(-_]A (Tb,o - Tb,i)
" aDL(T, - T,)

LMTD
hD
Uy = (8)
2DAP,;
fnf = _z—n’
U pnfL

where k¢, Nu;, and f,; are the average heat transfer coef-
ficient, Nusselt number, and friction factor of the nanofluid,
respectively, L is the tube length, D is the tube diameter (inner

diameter), U is the mean flow velocity, (T,, — T},); yrp is the

Constant wall temperature
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FIGURE 1: Geometrical configuration in the simulation.

logarithmic mean temperature difference, T, is the average
tube wall temperature, Tj, is the bulk (mean) temperature,
also, T,; and T, are the inlet and outlet bulk (mean)
temperature, and AP is the pressure drop.

3. Results and Discussion

At first, base fluid (water) is adopted in the CFD simula-
tion for the verification of the numerical method by the
comparisons of Nusselt numbers and pressure drops for the
fully developed flow condition in a tube. Figure 2 shows the
comparison of results as obtained for the average Nusselt
number with others’ experimental data (Heyhat et al. [6]) and
theoretical solutions (Incroprea et al. [19]) in the fully devel-
oped laminar regime. Equation (9) [19] shows the correlation
for average Nusselt number in the fully developed laminar
regime under the constant wall temperature condition. As
can be seen, the present numerical results coincide with the
experiment [6] and theory [19]:

0.0688 (D/L) RePr

Nu = 3.66 + 75
1+ 0.04 [(D/L) RePr]

€

Figure 3 presents the pressure drop as a function of
Reynolds number for a comparison of the present numerical
results, experimental data [6], and theoretical predictions
(Hagen-Poiseuille Law, given by (10)). Figure 3 indicates that
the present numerical results are in good agreement with the
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FIGURE 2: Variations of Nusselt number with Reynolds number for
base fluid (water): comparison among present numerical results,
experimental data [6], and theoretical solution calculated by (9) [19].
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FIGURE 3: Variations of pressure drop with Reynolds number for
base fluid (water): comparison among present numerical results,
experimental data [6], and theoretical solution (Hagen-Poiseuille
Law) using (10).

experimental results [6] and theoretical analysis calculated
using

32uLU
Figure 4 shows the numerical prediction for the

nanofluid-to-water ratio (h/h,) of average convective heat
transfer coefficients versus particle volume concentration
(¢) at various Reynolds numbers (Re). As can be noticed,
significant increases of the average heat transfer coefficient

AP (10)
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FIGURE 4: Variations of nanofluid-to-water ratio of average heat
transfer coeflicient (h/h,,) with particle volume concentration (¢)
for different values of Reynolds number (Re): present numerical
results.
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FIGURE 5: Variations of nanofluid-to-water ratio of average heat
transfer coeflicient (E/E) with Reynolds number (Re) for different
values of particle volume concentration (¢): comparison between
present numerical results and experimental data [6].

are found with the use of nanofluids. Also, it is found that
the average heat transfer coefficient increases with Reynolds
number for a fixed particle volume concentration.

Figure 5 demonstrates the comparison between the
present numerical results and experimental data [6] for the
nanofluid-to-water ratio (fl/%) of average convective heat
transfer coeflicients as a function of Reynolds number and
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FIGURE 6: Variations of nanofluid-to-water ratio of average Nusselt
number (Nu/Nu,) with particle volume concentration (¢) for
different values of Reynolds number (Re): present numerical results.
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FIGURE 7: Variations of nanofluid-to-water ratio of average Nusselt
number (Nu/Nu,,) with Reynolds number (Re) for different values
of particle volume concentration (¢): comparison between present
numerical results and experimental data [6].

particle volume concentration. It can be noted that better heat
transfer characteristics for nanofluids are found compared
to distilled water. That is, the heat transfer coefficient of
nanofluid increases by increasing the nanoparticle concen-
tration. As can be found, at Re = 2100, the heat transfer
coefficient of the water-based Al,O; nanofluid with ¢ =
2vol.% is enhanced by 32% compared with that of pure
water. Also, it can be seen from (6) and (7) (or Table 1), at
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FIGURE 8: Nusselt number (Nu) comparison among the present
numerical results, experimental data [6], and theoretical prediction
using (9) [19] for different values of particle volume concentration

(¢).

¢ = 2vol.%, that the increase of the thermal conductivity
and viscosity is approximately 17% and 59%, respectively.
Notably, as shown in this work and Heyhat et al’s study
[6], if compared at the same Reynolds number, the heat
transfer coefficients of nanofluids relative to that of base fluid
(water) increase more due to increased viscosity than due
to enhanced thermal conductivity. Moreover, the convective
heat transfer coefficient is enhanced with increasing Reynolds
number for a constant particle volume concentration. It
can be seen from Figures 4 and 5 that the heat transfer
coefficient of Al,O,-water increases with increase of volume
concentration and Reynolds number. This is attributed to the
influence of particle Brownian motion and microconvection
of the nanoparticles in the base fluid [17].

Figure 6 shows the numerical prediction for the nano-
fluid-to-water ratio (Nu/Nu,) of average Nusselt number
versus particle volume concentration at various Reynolds
numbers. As can be seen, the presence of nanoparticles has
considerable effects on the heat transfer characteristics of
the mixture. For a given Reynolds number, an increase in
the average Nusselt number is observed with the use of
nanofluids. It is also found that the average Nusselt number
increases with Reynolds number for a constant particle
volume concentration.

Figure 7 demonstrates the comparison between the
present numerical results and experimental data [6] for
the nanofluid-to-water ratio (Nu/Nu,,) of average Nusselt
number as a function of Reynolds number and particle
volume concentration. Note that heat transfer enhancement
for nanofluids is found compared to distilled water. Under
the fixed Re, the Nusselt number is increased by about 12%
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FIGURE 9: Variations of nanofluid-to-water ratio of pressure drop
(AP/AP,) with Reynolds number (Re) for different values of particle
volume concentration (¢): comparison between present numerical
results and experimental data [6].

at ¢ = 2vol.% in comparison to pure water, as shown in
Figure 7. It is observed from Figures 6 and 7 that the addition
of nanoparticles in the base fluid causes the enhancement in
Nusselt number, which is due to the thermophysical prop-
erties of the nanoparticles, Brownian motion, and increased
surface area [17].

Figure 8 shows the present simulated values of average
Nusselt number for nanofluids compared with the experi-
mental data [6] and the theoretical prediction using (9) [19].
As can be seen, in a laminar flow regime, the average Nusselt
number in a nanofluid will always be larger than that of
base fluid (water). Also, it is observed that the numerical
predictions are in good agreement with the experimental
measurement for water-Al,O; nanofluids. However, (9) can-
not predict the measured average Nusselt number well.

Figure 9 shows variations of pressure drop ratio of
nanofluid to base fluid (AP/AP,) with Reynolds number
at various nanoparticle concentrations. The results show
that pressure drop of nanofluids increases with increasing
Reynolds number or particle volume concentration. As can
be found, under a fixed Reynolds number, Re = 360, the
pressure drop ratio of nanofluid to base fluid at ¢ = 2vol.%
is about 5.7. Figure 9 also shows that the numerical predic-
tions are in good agreement with experimentally measured
pressure losses.

Figure 10 shows the present simulated values of pres-
sure loss of water-Al,O; nanofluids compared with results
obtained by the experiment [6] and the traditional single-
phase correlation (10). In Figure 10, the predicted values of
pressure losses are calculated using (10) at the same Re. At
low particle concentrations (0.1 and 0.5vol.%), the present
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FIGURE 10: Pressure drop (AP) comparison among the present
numerical results, experimental data [6], and theoretical prediction
using (10) for different values of particle volume concentration (¢).

numerical analysis shows a good agreement with the experi-
mental data [6] and theoretical prediction (10), for pressure
losses of nanofluids. However, as particle concentration is
higher than 0.5 vol.%, the conventional single-phase correla-
tion cannot predict the pressure drop of nanofluids well.
Moreover, it is noteworthy that Nusselt number and
heat transfer coefficient obtained from the present numerical
simulation for the nanofluid flow are in good agreement with
published experimental data [6], about a 10% deviation.

4. Conclusions

In this paper, laminar flow forced convection of Al,O,/water
nanofluid in a circular tube subjected to constant wall
temperature is numerically studied. The results show that heat
transfer coefficient of nanofluids increases with increasing
Reynolds number or particle volume concentration. The
maximum heat transfer coefficient enhancement is about
32% with 2 vol.% nanoparticle concentration for water-based
Al,O; nanofluid compared with that of base fluid (pure
water). Increasing nanoparticle concentration leads to an
increase in pressure drop for nanofluids. The maximum
pressure drop ratio of nanofluid to base fluid at particle
volume concentration of 2 vol.% is about 5.7. It is noteworthy
that the present numerical results show a good agreement
with previous published experimental data [6].

Nomenclature

C: Specific heat capacity (J/kg-K)
D: Tube diameter (inner diameter) (m)
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d,: Nanoparticle diameter (m)

h:  Heat transfer coefficient (W/m?-K)

k:  Thermal conductivity (W/m-K)

L:  Tube length (m)

Nu: Nusselt number

Pr: Prandtl number

Re: Reynolds number

T: Temperature (K)

Ty,: Bulk (mean) temperature of the nanofluid

Ty, Inlet bulk (mean) temperature of the nanofluid (K)
Ty,: Outlet bulk (mean) temperature of the nanofluid (K)
T,: Average tube wall temperature

u:  Fluid velocity (m/s).

Greek Symbols

¢: Nanoparticle volumetric fraction
p: Dynamic viscosity (Pa-s)

p: Density (kg/m?)

v: Kinematic viscosity (m?/s).

Superscript

—: Average.

Subscripts

bf: Base fluid

nf: Nanofluid

LMTD: Logarithmic mean temperature difference
m: Mean

p: Nanoparticle

w: Water or wall.
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