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ABSTRACT: This study has primarily aimed at the examination of the effect of flow rate, solid
volume fraction and their interactions on the Nusselt number of Al,Os/water nanofluids.
To investigate the main and interaction effects on the response, Response Surface Methodology (RSM)
has been used based on the miscellaneous design. By using the analysis of variance (ANOVA)
the significance of the model is tested. The responses to the Nusselt number of nanofluids are also
estimated using second-order polynomial equations. The results show that the Nusselt number
increases with a higher amount of flow rate and solid volume fraction. According to the analysis of
variance, the Reynolds number (A), first and second order of effects of volume fraction (B, B?),
the interaction of Reynolds number and volume fraction (AB) are the most effective factors on the Nusselt
number. Finally, the optimum condition of the process is predicted based on the RSM method.
Having considered the optimum condition, the Nusselt numbers are compared with experimental
data. The results show that there is a good agreement between the results of the proposed model
and experimental data. Therefore, according to the results, the Nusselt number is precisely
predictable in the model proposed by the Design Expert software.
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variance.

INTRODUCTION

For many years, various techniques have been used
to improve the heat transfer rate, but the best technique is
the one that reduces the size and cost of heat exchangers.
Generally, these techniques can be classified into
two distinct groups: 1) passive techniques, and 2) active
techniques [1-3] passive techniques increase the heat
transfer rate by improving the fluid properties, changing
flow geometry and boundary conditions [4]. Many
researchers have investigated this technique on roughened
tubes such as finned tubes, helical tubes, fluted tubes and

elliptical axis tubes [5-8]. One of the methods of
improving fluid properties is the addition of solid
nanoparticles to the fluid. These fluids are called
nanofluids. Nanofluids increase the heat transfer rate by
changing the properties of the base fluid [9]. Many
researchers [10-12] experimentally and numerically
have studied the effect of adding nanoparticle to various base
fluids on heat transfer. The results showed that in both
laminar and turbulent, increasing nanofluid concentration
improves heat transfer. Most of the works mentioned

* To whom correspondence should be addressed.
+E-mail: dr.motahari@yahoo.com ;

1021-9986/2019/3/309-317 9/$/5.09

Research Article

sara.barati85@yahoo.com

309



Iran. J. Chem. Chem. Eng.

Motahari K. & Barati S.

Table 1: A summary of some experimental and numerical studies.

Vol. 38, No. 3, 2019

4 authors Base fluid Nano particle flows’ patterns method )
Wen and et al [13] water Al,03 laminar experimental
S. Zeinali Heris and et al [14] water CuO and Al,O3 laminar experimental
Bianco and et al [15] water Al,05 turbulent numerical
Behzadmehr and et al [16] water Cu turbulent numerical
Hemmat Esfe and et al [17] water MgO turbulent experimental
Hojjat and et al [18] carggl)l(gr; géhyl Y'Alzo%gio' and turbulent experimental
Suresh and et al [19] water Al,03;-Cu laminar experimental
_ Duangthongsuk [20] water Tio, turbulent experimental )

above tried to investigate the influence of the velocity
and the nano-particles concentration on the heat transfer of
nanofluids. Table 1 summarized some experimental and
numerical studies for the heat transfer enhancement of
nanofluids in both laminar and turbulent regimes. Base on
the author's knowledge, there are little studies focused
on the optimum conditions for effective parameters
in heat transfer.

Response Surface Methodology (RSM) is a collection
of mathematical and statistical techniques for building
an empirical model. An experiment includes a series of
tests or runs. In each run, one of the input variables
changes, and its responses appear within the output
variables subsequently. According to the runs, the desirable
relationship between effective parameters and responses can
be detected. The objective of the design of the experiment is to
optimize output which is influenced by several independent
input variables. The purpose of this study is to utilize the
design of experiment for prediction of the Nusselt
number of Al,Os/water nanofluid at different solid
volume fraction and flow rate (Reynolds number) and
their interactions. In addition, after predicting an optimal
condition using RSM method, an experiment has been
done to evaluate the accuracy of the presented model in the
optimal condition.

EXPERIMENTAL SECTION
Experimental set-up

The designed experimental set-up to study the flow
and convective heat transfer under constant wall
temperature boundary condition in the tube is schematically
shown in Fig. 1. The experimental set-up consisted of
the test section, measurement equipment of temperature,
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pressure and flow rate, flow controlling system, and
heating and cooling unite. A 6.75 liter reservoir tank
equipped with a drain valve is used to store the working
fluid. The working fluid has been forced through the loop
with aid of a centrifugal pump (PKm60, Pedrollo), and its
flow rate has been controlled by a ball valve. The length of
entry section is 1m to guarantee the fully developed flow
at the entrance of the test sections. The flow rate has been
calculated by determining the time required to full a certain
volume. The test section consisted of a copper tube with
1m length, 15 mm inner diameter and 1 mm thickness.
The working fluid flowing inside the inner tube is heated
through saturated steam inside annular section. This creates
constant wall temperature boundary condition along
the tested tubes. The outer tube has been well insulated
by fiberglass in order to prevent heat loss. Two T-type
thermocouples have been located at the inlet and outlet of
the test section to measure the temperature of working
fluid. Seven K-type thermocouples have been mounted
on the copper tube wall to measure the wall temperature.
The pressure drop is measured by using two very sensitive
pressure transmitters (PSCH00.5BCIA, Sensys).

Nanofluid preparation

To prepare the nanofluids, a two-steps method
has been applied. At first, the Al,Os; nanoparticles with
the mean diameter of 40 nm has been carefully weighted, and
next, they have been meticulously added to a volume of distilled
water little by little. The material has been mixed completely for
45 min, and then the suspension has been located in an ultrasonic
vibration apparatus (Hielschercompany, Germany) for 3 h in
order to break down the bonds among particles. The desired
weight concentrations were 0, 0.15 and 0.3 wt.%. With applying
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Fig. 1: Schematic of the experimental loop.

the stirrer and ultrasonic vibrator in this process results
in more stable and uniform nanofluid. The prepared nanofluids
have been stable for 72 h without any sedimentation.

Data reduction
The nanofluid flowing through the test sections
absorbed the heat by steam condensation on the wall

of channel. The absorbed heat by the nanofluid
can be calculated as
Q=mC; (Tout —Tin) 1)

The average heat transfer coefficient is defined
according to the following equation:

h= Q/At (Tw —Ti )LMTD )

where (Tw —Tfuwmmo is the logarithmic mean
temperature difference and calculated as,
(T =Tt )LMTD = ®)

[(TW _Ti ) (T Tout ]/IOg |:(Tw _Tin )/(T Tout ):I
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Tw is the average of seven measured temperatures
on the wall of the channel at different positions. Also,
the Nusselt number is defined according to the following
equation:

Nu = hD,, /k (4)
Where
Dy, =4A.L/A, ©®)

Ac is the minimum free flow area, L is the flow
length, and A is the total heat transfer area.

Reynolds number can be calculated based on mass
velocity (G) as follows,

Re=GDy, /u (6)

Design Of Experiment (DOE)

The software Design Expert 8.0.4 has been used for
experimental design. A 3-level factorial design
has been used to evaluate the main effects and interaction
(including volume fraction and Re number of nanofluid)
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Table 2: Factors and levels for general factorial design.

/ Level \
Factor
High (+1) Centre (0) Low (-1)
Reynolds (A) 8500 6500 4500
k Solid volume fraction (B) 0.3 0.15 0 /
Table 3: Design layout and experimental results of 3-level factorial designs.
/ Std. Run Factorial input variable \
Nu
A B
1 5 1 -1 38.1
2 6 0 -1 53.05
3 12 1 -1 70.5
4 4 1 0 48.2
5 2 0 0 65.48
6 10 1 0 83.7
7 3 1 1 51.2
8 9 0 1 69.8
9 7 1 1 87.8
10 8 0 0 65.8
11 1 0 0 65.2
\ 12 11 0 0 66.1 j

on Nu number of Al,Os/water nanofluid. In this study,
Reynolds number (range 4500-8500) and nanoparticle
volume fraction (0-0.3) are variable input parameters,
each of which includes three levels: —1 (low), 0 (central
point) and 1 (high), with actual and coded values given
in Table 2.

Table 3 shows the design layout and experimental
results of Miscellaneous design (3-level factorial designs).
To measure the process stability and inherent variability,
three replicates have been added at the center point.

RESULTS AND DISCUSSION
Validation of the experimental system

In order to investigate the accuracy and reliability of
the experiments, experiments have been performed for
pure distilled water. Fig. 2 shows the experimental results
of the average Nusselt number for the water compared
with correlations reported in [21,22]. As can be seen,
there is a good agreement between experimental data
and theory for distilled water.
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Residual analysis and model checking

The assumption of normality, constant error and
completely randomized design have been checked
by testing the residuals [23, 24]. Fig. 3 presents
the normal probability percentage versus the internal
studentized residuals  for Nusselt ~ numbers,
confirming whether the statistical assumptions suit the
analytical data or not. As it is seen in the figure,
the studentized residuals nearly follow a normal
distribution, because the points are creating an almost
straight line.

The studentized residuals normal plot has been
plotted versus run numbers to investigate the
independence of the errors and the constant variance
assumption. Fig. 4 illustrates the diagnostics plots of
internally studentized residual versus the run number.
As can be seen in the figure, there is no violation
of the independence or constant variance assumption
for all runs. Consequently, the model and assumptions
are satisfied.
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Analysis of variance (ANOVA)

In this study, by taking advantage of the Design-
Expert software, the significance of the model has been
carefully evaluated applying the analysis of variance.
The ANOVA test results have been shown in Table 4. At
first, the  coefficient of determination (R?)
has been utilized to evaluate more accuracy of the model.
F-value (Fisher variation ratio) and probability value
(Prob > F) have been applied to investigate the significance of
the model terms [9, 25]. From Table 4, the F-value of
197.22 and the “Prob > F” value of < 0.0001 show that
the model is significant for the Nusselt number. Values of
"Prob > F" less than 0.05 demonstrate the significant
model’s terms. Therefore, the effective terms of
the model are Reynolds number (A), first and second order
of effects of volume fraction (B, B?), the interaction of
Reynolds number and volume fraction (AB). In order to
evaluate the fitness of the model, coefficient of
determination (R?), adjusted R? and predicted R? has been used.
When R? is equal to 1, it indicates that 100% of the
variability in the response could be explained by the
model, so the predicted values are a well fit of
experimental data [26]. In this model, R-squared (R?) and
adjusted R-squared (R?-adj) are 0.9993 and 0.9986,
respectively. Thus, the experimental data are well-fitted
with the model. The value of R? emphasizes that only
0.07% of the total runs has not been explained by the
model. "Adeq Precision (the signal to noise ratio) is
desirable when it is greater than 4. The high accuracy
(135.7) of this model indicates an adequate signal since
it is larger than the boundary value of 4.

PROPOSED MODEL

A second order polynomial model has been obtained
in terms of code that predicts the Nusselt number
as a response, which is shown in equation 7.

Nu = 65.62+17.42A+8.39B+1.04AB+0.37A2 —  (7)
4.12B> —0.79A’B

Fig. 5 shows the predicted values versus the actual value
of Nu number. As it is shown in this figure, the predicted Nu
data is in good agreement with experimental data.
The maximum error is around %0.3. According to equation
No.7, by increasing factors A and B, the Nusselt number
has been increased. And also, interaction effect of these
two factors, have positive effects on the response variable.
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Table 4: Analysis of variance (ANOVA).

Vol.

38, No. 3, 2019

f Source

Sum of squares df Mean square F-Value p-value prob>F
Model 2245.09 5 449 1616 <0.0001
A-A 1821.50 1 1821 6557 <0.0001
B-B 371.04 1 371 1335.7 <0.0001
AB 4.35 1 4.35 15.65 0.0075 Significant
A? 0.36 1 0.36 1.3 0.2971
B? 4518 1 45.18 162.6 <0.0001
Residual 1.67 6 0.28
Lack of Fit 1.22 1 0.41 2.74 0.2145
Pure Error 0.45 3 0.15
Cor Total 2246.76 11
Std. Dev. 0.53 R? 0.9993 not significant
Mean 63.75 Adjust R?- 0.9986
CV.% 0.83 Predict R? 0.9941
\_ PRESS 13.27 ﬁ‘i‘i‘?:ﬁﬁ 135.7 )
Table 5: The optimal condition for the Nusselt number.
( Response A (Re) B (nanoparticle volume fraction) experimental value Predicted value W

k Nu 1 0.94

87.04

87.83 J

89.00 -
=}
76.00
&
B -
S 63.00
ke
<
a =]
50.00 =
(=]
3700 =
T T T T T
37.63 50.28 62.92 75.56 88.21
Actual

Fig. 5: Correlation between experimental and predicted values
of Nu number.

It's reported that increasing Re and the nanoparticle
percent in the base fluid cause increasing Nusselt number.
Similarly, it's reported that by increasing Re number and
the nanoparticle percent in the base fluid, the Nusselt
number has been increased [10].
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Optimization of the operational condition

Finally, by using the software Design Expert 8.0.4,
the optimum experimental results have been calculated
based on RSM strategy, and have been shown in Table 5.
The optimum condition is the Reynolds number of 8500
and nanoparticle volume fraction of 0.282, (i.e. A: +1 and
B: +0.94), under the optimal condition the Nu number is
equal to 87.83 (Table 5), which is close to the actual
value. Therefore, the optimal condition achieved with
the model is a well-trusted outcome.

The Al,Os/water nanofluids at two different
volumetric  concentrations (i.e. 1.5% and 3%)
have been examined in the present experimental work.
The Reynolds number varies between about 3000 and
8500. The Nusselt numbers of nanofluids with respect to
Reynolds number for two volume fractions are shown
in Fig. 6. It is observed that the Nusselt numbers of all
nanofluids are significantly higher than the base fluid.
Therefore, Nusselt numbers of the nanofluid increase
by increasing the Reynolds number and nanoparticle
concentration. Yetilmezsoy et al. [27] reported that

Research Article



Iran. J. Chem. Chem. Eng.

100

90 1 -

801 - °
s 704 -
P - . -
o 60 - e 4
& P
g 50 = .
c 404 . 4
= A
bt 30
w
S
Z 20 J Awater

#1.5% vol Nanofluid
104 m 3% vol. Nanofluid
0 . . . L
0 2000 4000 6000 8000 10000

Reynolds number, Re

Fig. 6: The Nusselt number for Al2Os—water nanofluids versus
Reynolds number at various volume concentrations.

Ny
1.00
.5 0.50
=
Q
5]
o
b=
g 0004 40
>
o
>
@
- ? T !
0.00 0.50 1.00
A: Reynolds

Fig. 7: Interaction effect of Reynolds and volume fraction of
nanoparticles on Nusselt number contour plot.

1.000
0.50
0.00 0.00!

B: Volume fraction > -0.50 -0.50  A: Reynolds

-1.00 -1.00

Fig. 8: Interaction effect of Reynolds and volume fraction of
nanoparticles on the Nusselt number: 3-D surface.

Research Article

Optimization of Nusselt Number of Al,Os/Water Nanofluid ...

Vol. 38, No. 3, 2019

the main and interactive effects of the two factors on the
response could be investigated using the three
dimensional (3D) response surface plots as a function of
two factors, where the remaining factors are kept at
a constant level. Figs. 7 and 8 show 3D and contour plots
that illustrate the interactive influence of Reynolds
number and volume fraction on Nu number. It can be
observed that increasing the Re number and volume
fraction, enhances Nu number. These figures clearly
indicate that at any fixed Reynolds number, the Nusselt
number of Al,Os/water nanofluid increases by increasing
volume fraction and then it remains almost constant.
The nonlinear nature of the 3D response surfaces and
the respective contour plots can indicate the importance
of the interaction effect of the two factors on the response.
Also, the results indicated that when the Reynolds
number is equal to 8500, the ascending trend of Nusselt
number with volume fraction is more prominent.

CONCLUSIONS

Prediction of the effects of the main parameters
on the Nusselt number is essential to investigate heat transfer.
In this study, the experimental design was performed
in order to evaluate the effect of the wvelocity and
nanoparticle volume fraction on heat transfer of
Al,Oz/water nanofluids. A 3-level factorial design
was used to evaluate the main effects and interaction
(including volume fraction and velocity of nanofluid)
on Nu number of Al,Oz/water nanofluid. The optimum
conditions of experimental results were predicted based
on RSM method. In this condition, Reynolds number is
8500 and volume fraction is 0.282. An experiment in the
optimal condition was performed to demonstrate
the accuracy of the model. The results indicated that
the model well predicts the Nusselt number in the optimum
conditions. Finally, new correlation based on main effects
and interactions with high accuracy was proposed
to predict the Nusselt number.
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