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Abstract This work investigates the effect of Reynolds number, nanopar-
ticle volume ratio, nanoparticle size and entrance temperature on the rate of
entropy generation in Al2O3 /H2O nanofluid flowing through a pipe in the
turbulent regime. The Reynolds average Navier-Stokes and energy equa-
tions were solved using the standard k-ε turbulent model and the central
composite method was used for the design of experiment. Based on the
number of variables and levels, the condition of 30 runs was defined and 30
simulations were run. The result of the regression model obtained showed
that all the input variables and some interaction between the variables are
statistically significant to the entropy production. Furthermore, the sen-
sitivity analysis result shows that the Reynolds number, the nanoparticle
volume ratio and the entrance temperature have negative sensitivity while
the nanoparticle size has positive sensitivity.
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Nomenclature

C1ε, C2ε, Cµ – turbulent constant
cp – specific heat capacity at constant pressure, J/kgK
Dh – diameter of the pipe, m
df – diameter of the water molecule, m
dp – diameter of the nanoparticle, m
f – friction factor
Gk – rate of production of turbulent kinetic energy, J/kg
h – coefficent of heat transfer, W/m2K
I – turbulence intensity
k – turbulence kinetic energy, m2/s2

(ṁ) – mass flow rate, kg/s
Nu – Nusselt number
T – temperature of base fluid, K
Pr – Prandtl number of base fluid
∆p – pressure drop
q′′ – heat flux at the surface of the pipe
R2 – coefficient of determination
Re – Reynolds number
Rep – nanoparticle Reynolds number
r – radial distance, m
S – modulus of rate of strain tensor
Sgen – rate of entropy production
ur, ux – components velocity, m/s
x – axial distance, m
y+ – non-dimensionalized wall normal distance

Greek symbols

α – thermal diffusivity, m2/s
ε – turbulence energy dissipation, m2/s3

λ – thermal conductivity, W/m K
µ – dynamic viscosity, kg/m s
ρ – density of base fluid, kg/m3

σt – turbulent constant
σk – turbulent Prandl number for k
σε – turbulent Prandl number for ε
ϕ – nanoparticle volume fraction
κ – von Karman constant
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Subscripts

in – inlet
nf – nanofluid
p – nanoparticle
f – base fluid
fr – freezing point
t – turbulent

Abbreviations

RSM – response surface methodology

1 Introduction

For many decades, the study of convective heat transfer in thermal sys-
tems has received enormous attention from scientists and engineers with
a bid to improve the process. This improvement is very crucial as more
energy will be saved and also enhance performance [1,2]. Several methods
have been proposed to improve the convective heat transfer; among them
is replacing the conventional working fluid with nanofluids. Nanofluids are
a class of heat transfer fluid created by the suspension of a small amount
of nanoscale metallic or non-metallic particles in the base fluid. These hy-
brid materials have high thermal conductivities and are being considered
to be the next-generation heat transfer fluid. The concept was proposed
by Choi [3] in 1995 at the Argon National Laboratory when he conducted
an experiment on nanofluid and reported enhancements in its thermal con-
ductivity as compared to the base fluid. Other researchers like Eastman [4]
and Wang et al. [5] worked on Al2O3 /H2O and Cu/ethylene glycol (EG)
and reported an increment of about 30–40% in their thermal conductivities.

The enhancement in the convective heat transfer observed by usage of
nanofluids has been studied extensively. Sharma et al. [6] studied the con-
vective heat transfer of Al2O3/H2O nanofluids in the circular straight pipe
and reported a 27.3% increment in its Nusselt number compared to base
fluid. Qiang and & Xuan [7] investigated the effect of Reynolds number and
volume ratio, on the convective heat transfer of Cu/H2O nanofluid. The
result showed that convective heat transfer was enhanced up to 60% for
2% volume ratio of nanoparticle added. Saha studied the heat transfer and
entropy generation in the turbulent regime in TiO2/H2O nanofluid flowing
in a pipe using a numerical approach. The study revealed that Reynolds
number and volume ratio increases the heat transfer process while nanopar-
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ticle size suppresses it [8].
Besides the enhancement observed by the usage of nanofluid, it is of

paramount importance to perform exergy analysis to reduce entropy pro-
duction to the lowest possible minimum. Entropy is defined as the measure
of the degree of energy lost in the thermal system. It depends mainly on
the nature of the fluid, heat transfer and on the flow condition (laminar
or turbulent) [9,10]. Minimizing entropy is one of the major aims of ther-
mal design as this will result in an improvement in the amount of energy
that can be converted to work (exergy). Several studies using experimen-
tal, numerical, and analytical methods have been published on the effect of
various parameters on entropy generation by a nanofluid. Konchada et al.
[11] studied entropy generation of nanofluid containing carbon nanotube
in a plum duct with peristalsis using an analytical approach. The entropy
generation equation due to viscous and thermal effect was formulated and
solved accordingly. The solution showed that entropy generation has a max-
imum value at the wall of the tube and minimum at the centre. Mah et al.
[12] investigated the entropy generation rate in Al2O3/H2O nanofluid flow-
ing through a circular microchannel in the laminar flow regime analytically.
The results show that thermal irreversibility dominates the entropy gener-
ation while the irreversibility due to fluid friction is negligible. Hajialigol et
al. [13] studied the effect of a magnetic field, viscous and thermal effect on
the rate of entropy generation of nanofluid flowing in a three-dimensional
microchannel under magnetic field using a numerical approach. The result
showed that the thermal effect is the most prominent effect among the three.
Ping et al. [14] studied the effect of geometry, Reynolds number and volume
ratio of volume ratio of Al2O3 nanoparticles in the carrier fluid flowing in a
microchannel with four different flow control devices (rectangle, V-groove,
cylinder and protrusion) on the convective heat transfer and entropy gener-
ation. The result showed that microchannels with a cylinder and V-groove
control device gave a better heat transfer performance while microchan-
nel with protrusion gave a minimum entropy generation. Amirahmadi et
al.[15] studied the effect of design parameter on laminar convective heat
transfer and exergy analysis of fluid flowing through a trapezoidal duct us-
ing a numerical approach. The effects of the beveled corner and surface
roughness on the entropy generation were compared. The results showed
that both designs reduce entropy production in the trapezoidal duct but
vortex generator (surface roughness) performed better as it reduces entropy
production by 26.6% while beveled corner reduced it by 8.1%. Bianco et
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al. [16] studied the effect of duct size, nanoparticle concentration and flow
condition on entropy production of Al2O3/H2O nanofluid through a square
duct in both laminar and turbulent flow regime subject to constant heat
flux at the wall using a numerical approach. The result showed that Bejan
number increases with increase in the concentration of the nanoparticle for
laminar flow but decreases with an increase in nanoparticle concentration
in turbulent flow. Furthermore, the optimum size (diameter of the duct)
at which entropy production is at a minimum level in laminar flow is less
than the optimum size in turbulent flow. Behera studied the effect of bend
angle on pressure drop and entropy generation of Newtonian fluid flowing
through a circular bend channel subjected to both constant temperature
and constant heat flux boundary conditions at the wall using computa-
tional fluid dynamics. Six different bending angles were considered and the
result showed that an increment in the bending angle increases the entropy
generation of the system [17].

In recent times, researchers have introduced design of experiment (re-
sponse surface methodology) approach to guide them in order to get a better
understanding of heat transfer and entropy production in the nanofluid as
many earlier studies were carried out based on one factor at a time analysis
which failed to capture the effect of interaction between the input variables
on the output variable [18]. Shirvan et al. [19] performed a sensitivity
analysis of Reynolds number, nanoparticle volume fraction and nanopar-
ticle size on the average Nusselt number of Al2O3/H2O nanofluid flowing
through a channel in laminar regime using discrete phase model and re-
sponse surface methodology. The result showed that Reynolds number
and nanoparticle volume fraction have a positive sensitivity to the Nusselt
number while nanoparticle size has negative sensitivity. Chan et al. [20]
investigated the effect of temperature and velocity on the average Nus-
selt number and Reynolds number of nanofluid flowing through a straight
circular pipe with a constant heat flux in the laminar regime using the
response surface methodology (RSM). The result showed that both input
variables and the interaction between them are significant to the dependent
variables. Konchada et al. [11] studied the effect of entrance temperature
and mass flow rate on entropy generation of Al2O3/H2O nanofluid flowing
through a longitudinal fin heat exchanger using computational fluid dynam-
ics. The entropy analysis was carried out using Taguchi technique and the
ANOVA (analysis of variance) result showed that both inlet temperature
and mass flow rate are statistically significant to the entropy generation
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but the effect of inlet temperature is the most profound between the two.
Darbari et al. [21] performed a sensitivity analysis of Reynolds number,
nanoparticle volume ratio and nanoparticle size on the entropy generation
of Al2O3/H2O nanofluid flowing through a channel in laminar regime us-
ing numerical approach and response surface methodology for the design of
experiment. Twenty simulations were performed and the regression model
of the entropy production was obtained.

From the review, it can be deduced that the majority of the authors
only considered two to three factors at a time in their works carried out
using RSM for studying entropy generation in nanofluids. This is due to
the fact that as the number of factors increases more experiments will be
required to be done. Also, less attention was given to the effect of entrance
temperature as the majority of the researchers failed to incorporate it into
their study but this has been found to be significant [11]. Furthermore, the
majority of the works have focused on the laminar flow condition. Thus,
the intention of this work is to undertake a comprehensive study by consid-
ering the effect of four input parameters which include: Reynolds number,
nanoparticle volume ratio, nanoparticle size and entrance temperature on
entropy generation of Al2O3/H2O nanofluid in turbulent flow condition
through a pipe. The study will employ the computational fluid dynamic
approach using single phase approximation and response surface methodol-
ogy for the design of the experiment. The outline of the work is as follows:
section two enumerate the statement of the problem, section three deals
with numerical simulation and validation while section four focus on the
results and discussion.

2 Problem statement

The problem under investigation involves entropy production in turbulent
forced convection of Al2O3 /H2O nanofluid flowing through a horizontal
pipe shown in Fig. 1. The geometry composes of pipe of length 1 m with a
diameter of 0.02 m. The fluid enters the pipe with a uniform velocity and
temperature. A constant heat flux of 1000 W/m2 was applied to the wall
of the pipe and 0 Pa pressure gauge was imposed on the outlet. The flow
and the temperature fields were assumed to be symmetrical about the tube
main axis. Thus two-dimensional axisymmetric formulation is employed to
simplify the problem.
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Figure 1: 2D diagram of the model.

2.1 Single phase model

This model assumes the nanoparticle dispersed in the base fluid is fluidized
and the resulting suspension can be treated as a single phase fluid. Both
nanoparticle and the base fluid are in thermal equilibrium with no slip be-
tween them and the thermophysical properties depend on the properties of
the base fluid and the nanoparticle [3]. As a result of this, the governing
equations (continuity, momentum, and energy equations) applied to the
classical Newtonian fluid is also valid for this model.

Assuming the nanofluid is incompressible, the steady state hydrody-
namic and heat transfer equations are given as [22]:
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where µt, µnf , αnf , and αt are the turbulence viscosity, viscosity of the
nanofluid, thermal diffusivity of the nanofluid and turbulence diffusivity
respectively. The turbulence viscosity and diffusivity are expressed as:

µt = Cµρ
k2

ε
, (5)

αt =
µt

ρnfσt
, (6)

where σt and Cµ are constants. Using the standard k-ε turbulent model,
the equations for turbulent kinetic energy (k) and dissipation rate (ε) are
given as:
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σk, σε are the turbulent Prandtl number for k and ε, respectively, while Gk

represents the rate of production of turbulent kinetic energy given as

Gk = µtS
2 , (9)

where S =
√

2SijSij is the modulus of the rate of strain tensor.
The value of the constants used is given in Tab. 1. The inlet turbulence

intensity is calculated using the relation

I = 0.16Re−
1
8 . (10)
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Table 1: Values of constants used in k-ε turbulent model.

Constant C1ε C2ε Cµ σk σε σt
Von
Karman

Value 1.44 1.92 0.09 1.0 1.3 0.9 0.4

2.2 Boundary condition

Inlet

ux = uin , ur = 0 , T = Tin , k =
3

2
(Iū)2 , ε =

C0.75
µ k1.5

L
, (11)

where ū is the velocity scale which is equivalent to inlet velocity uin, L is
the turbulence length scale which is taken as the diameter of the pipe and
I is the turbulence intensity giving by Eq. (10).
Outlet The parameters ur, ux, k, ε, and T were assumed to be fully de-
veloped while the atmospheric pressure is taken as 1 Pa:

∂ur

∂x
= 0,

∂ux

∂x
= 0,

∂T

∂x
= 0,

dk

dx
= 0,

dε

dx
= 0, Pgauge = 0 Pa . (12)

Wall The no-slip condition constraint is invoke:

ux = 0 , ur = 0 , q = 1000 W/m2 . (13)

Symmetry
∂ur

∂r
= 0 ,

∂T

∂r
= 0 . (14)

2.3 Wall treatment

At the near wall region, there is a high fluctuation of turbulent quantities
(ū, u′, k, and ε) (i.e., average velocity , turbulent velocity component, tur-
bulent kinetic energy and turbulent dissipation) which are not captured by
the k-ε model. As a result, the empirical model’s wall function which satis-
fies the physics of the flow was applied to represent conditions near the wall.
The law of the wall says that the mean velocity at a point p is proportional
to the distance yp from the wall [23]. This is expressed mathematically as
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µ
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, (15)
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where kp is the turbulent kinetic energy at an arbitrary point p, yp is the
distance from an arbitrary point p to the wall, ρ is the density of the fluid,
µ is the viscosity of the fluid, Cµ constant of turbulent and κ von Karman
constant and y+ is the dimensionless normal distance from the wall. For
k-ε model, the range of y+ is giving as 30 ≤ y+ ≤ 300.

2.4 Thermophysical properties of the water

Kay and Crawford gave correlation for density, viscosity, heat capacity and
thermal conductivity of water in term of temperature:

ρf = 330.12 + 5.92T − 1.63 × 10−2T 2 + 1.33 × 10−5T 3 , (16)

cp = 10−3
(

10.01 − 5.14 × 10−2T + 1.49 × 10−4T 2 − 1.43 × 10−7T 3
)

,

(17)

µf = 0.00002414 × 10( 247.81
T −140 ) , (18)

kf = 0.76761 + 0.53211 × 10−3T − 0.98244 × 10−5T 2 . (19)

2.5 Single phase model for nanofluid thermophysical
properties

Assuming the nanoparticles are uniformly dispersed in the base fluid the
resulting density can be estimated using Pak and Cho’s relation [25]

ρnf = (1 − ϕ) ρbf + ϕρnp . (20)

The resultant heat capacity of the nanofluid is calculated using Xuan and
Roetzel relation[26] given as

cpnf =
(1 − ϕ) (ρcp)bf + ϕ(ρC)np

ρnf
. (21)

Corcione empirical formulas [27] were used to estimate the thermal con-
ductivity and the viscosity of the nanofluid given as:
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here df = 0.1
(

6M
Nπρf

)

, Rep =
2ρf KbTnf

πµ2
f

dp
, and df ,, dp, M, and Kb are the

diameter of the water molecule, the diameter of Al2O3 nanoparticle, the
molecular mass of water and Boltzmann constant, respectively.

The thermophysical properties of Al2O3 are shown in Tab. 2. Note all
the thermophysical properties of the nanofluid are evaluated at the entrance
temperature [28].

Table 2: Properties of Al2O3 [8].

Parameters cp(J/K) ρ (kg/m3) λ (W/m K)

Value 765 3970 42

2.6 Heat transfer and entropy generation

The Reynolds is defined as

Re =
ρDhumean

µ
, (24)

where umean, Dh are the mean velocity and hydraulic diameter, respectively.
The Darcy friction factor for turbulent flow is given as

f =
2Dh∆p

ρu2
meanH

, (25)

where H is the length of the pipe.
The mean velocity umean is defined as

umean =
2

R2

∫ R

0
u (x, r) rdr . (26)

The heat transfer coefficient h(x) is given as

h (x) =
q

Twall − Tbulk
, (27)

where q is the heat flux at the surface of the pipe and the bulk temperature
(Tbulk) is calculated using the following relation:

Tbulk (x) = T (x0) +
q̇sπDhx

ṁcp
. (28)
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The Nusselt number is given as

Nu(x) =
h(x)D

k
. (29)

The mean Nusselt number is evaluated using Simpson’s 1/3 rule given
as

Nuave =
1

xout − xin

∫ xout

xin

Nu(x)dx . (30)

Note that the initial point (xin) is taken as 0.4 m, while xout = 1 m. At this
initial point, the flow is assumed to be fully developed [29]. The entropy
generation is calculated using the Ratt and Raut expression [30]

Sgen =
πD2

hq
2L

λnf NuaveTave
+

32 ṁ3fL

ρ2
nfπ

2D5
hTave

, (31)

where ṁ is the mass flow rate, q is the constant heat flux, L is the length of
the pipe, λnf the thermal conductivity of the nanofluid, ρnf the density of
the nanofluid, f friction factor, Nuave average Nusselt number, Dh hydraulic
diameter, and Tave is the average temperature calculated using

Tave =
Tin − Tout

ln Tin

Tout

. (32)

The mass flow rate through a circular pipe is calculated using

ṁ =
Re µDh

4
. (33)

The procedure to calculate the entropy generation using Eq. (30) is as
follows:

1. The quantities ρnf and λnf for each run will be calculated using Eqs.
(20) and (23), respectively.

2. The average Nusselt number (Nu), friction factor (f ) and average exit
temperature (Tout) is also calculated using Eq. (28).

3. The average temperature (Tave) will be calculated using Eq. (32).

4. The mass flow rate (ṁ) will be obtained using Eq. (33). The remain-
ing values of the terms needed are as follows:
q = 1000 W/m2, Dh = 0.02 m, L = 1 m, π = 3.142 .
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3 Numerical solution

The Reynolds-averaged Navier-Stokes (RANS) model for continuity, mo-
mentum, energy and the turbulent equations are solved with the boundary
condition stated above using finite volume commercial engineering simula-
tion software program (Adina) [31]. The SIMPLE (semi-implicit method for
pressure linked equations) algorithm is used for pressure-velocity coupling
and the second-order upwind scheme was applied to discretize convection
term in the equations. Gauss-Seidel approach was used to solve for the
temperature, velocity and turbulent terms. The iterative procedure was
terminated when the convergence criteria are satisfied (the residual for all
the equations is less than 10−6 and the residual for solutions variables is
less than 10−5). A square mesh composed of four nodes was used. The
mesh size increases progressively from the wall along the radii direction in
order to capture the rapid change in velocity and temperature that occur
at the boundary layer [32,33].

3.1 Response surface methodology

Response surface methodology (RSM) is a set of advanced design of exper-
iments (DOE) technique that helps us have a better understanding of the
relationship between the input variables and the response. It makes use
of statistical and mathematical methods to build an empirical model that
could fit the experimental data [34]. The multivariate model for the output
variable is gives as

y = α0 +
4
∑

i=1

αixi +
4
∑

i=1

αiixixi +
4
∑

i=1

αijxixj , (34)

where α0, αi, αii, and αij are the intercept, linear regression coefficient
of ith factor, quadratic regression coefficient of ith factor and intercept
of ith and jth factor, respectively. Response surface methodology can be
performed using either Box-Behnken design or central composite design.
The former has fewer design points than the latter thus less expensive to do.
However, it is not suited for the sequential experiment as it does not have
an embedded factorial. Thus, this study employed the central composite
design method to study, the effect of four variables: Reynolds number,
nanoparticle volume ratio, nanoparticle size and entrance temperature on
the rate of entropy generation. Each factor is set to 5 levels (the range of
interest for each variable is divided into five equal parts) with an alpha value
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(calculated using α =(2k)0.25, where k = number of variables considered)
set to 2. Based on the number of variables and levels, the condition of 30
runs are defined which consist of 16 factorial points, 8 axial points and 6
centre points [35,36]. Table 3 shows the variable and the value associated
with each level The RSM analysis will be carried out using Design Expert
statistical software package, that is specifically dedicated to performing
design of experiments (DOE) [37].

Table 3: Variable and the value associated with each level use in response surface
methodology.

Variable Unit
Level

-2 -1 0 1 2

Reynolds number, Re 7000 7200 7400 7600 7800

Temperature, T K 290 300 310 320 330

Diameter, dp 1×10−9m 20 40 60 80 100

Volume ratio, ϕ % 1 2 3 4 5

Note: dp is the diameter of the nanoparticle and ϕ is the ratio of nanoparticle in water

3.2 Validation and grid dependence

Grid sensitivity test was carried out by varying the number of grids used
in both axial and radial direction to subdivide the domain using water at
Reynolds number of 6500 as a benchmark. Several combinations were used
until we obtained a stable one (Nr = 100 by Nx = 500, where Nr and Nx

denote the number of grid points in radial and axial directions, respectively)
in which further increase in the number of grids at both axial and radial
direction does not change the value of average Nusslet number more than
1.5%. The accuracy of the grid combination chosen was further validated
by estimating the average Nusselt number of pure water for a range of
Reynolds number (5000 to 12 000) and compared the result with Gnielinski
correlation [38]

Nu =
f
8 (Re− 1000) Pr

1 + 12.7
(

f
8

)0.5 (

Pr
2
3 − 1

)

[

1 +

(

d

L

)
2
3

]

, (35)

where f = (0.79ln Re − 1.64)−2 and Pr =
µcp

k is the Prandtl number. The
result falls between -10% to 15% of the Gnielinski correlation as shown in
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Fig. 2. Furthermore, the friction factor for various Reynolds number was
estimated using Darcy friction factor and the result was compared with
the work of Saha [8] and Blasius correlation[39] given by Eq.(36). Figure 3
show that there is a good agreement among them.

f =
0.316

Re0.25 . (36)

Figure 2: Comparison of the average Nusselt number with Gnielinski correlation.

Figure 3: Comparison of the friction factor.
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4 Result and discussion

The effect of four input parameters: Reynolds number (Re), volume ra-
tio (ϕ), nanoparticle diameter (dp) and entrance temperature (Tent) of
AlO3/H2O nanofluid flowing through a pipe on the rate of entropy pro-
duction rate (Sgen) has been investigated. The result of 30 runs performed
with the corresponding entropy production rate is shown in Tab. 4.

Table 4: The levels of the factors and the result of the entropy generation.

Run no. Re ϕ dp T Sgen

1 -1 -1 -1 -1 6.38E-01

2 1 -1 1 -1 6.43E-01

3 -1 1 -1 -1 6.12E-01

4 1 1 -1 -1 6.06E-01

5 -1 -1 1 1 5.59E-01

6 0 0 0 0 5.80E-01

7 -2 0 0 0 5.86E-01

8 -1 1 1 1 5.28E-01

9 1 1 -1 1 4.98E-01

10 -1 -1 -1 1 5.42E-01

11 1 -1 -1 -1 6.32E-01

12 0 0 0 0 5.80E-01

13 1 1 1 1 5.22E-01

14 0 0 -2 0 5.48E-01

15 -1 1 -1 1 5.03E-01

16 0 0 0 -2 6.80E-01

17 0 -2 0 0 6.14E-01

18 -1 -1 1 -1 6.49E-01

19 0 0 0 0 5.80E-01

20 0 0 0 0 5.80E-01

21 1 -1 -1 1 5.36E-01

22 2 0 0 0 5.74E-01

23 0 0 2 0 5.91E-01

24 0 0 0 2 4.83E-01

25 1 -1 1 1 5.54E-01

26 1 1 1 -1 6.22E-01

27 0 0 0 0 5.80E-01

28 0 2 0 0 5.64E-01

29 0 0 0 0 5.80E-01

30 -1 1 1 -1 6.29E-01
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4.1 Rate of entropy generation

Table 5 shows the summary of the model, it reveals that a quadratic model
with the coefficient of determination (R-squared or R2) of 0.9992, adjusted
R2 (R2

adj) of 0.9985 and predicted R2 (R2
pre) of 0.9954 is the best to fit

the simulation data. The R2 value represents how close the simulation data
to regression line, R2

adj represents a modified version of R2 that has been
adjusted based on the number of independent variables while the R2

pre

estimates the predictive capability of the model. The difference between
R2

adj and R2
pre was found to be less than 0.2 which indicates the suitability

of the model [40]. To verify the accuracy of the model generated and
determine the factors that are statistically significant, analysis of variance
(ANOVA) was performed based on the confidence level of α = 0.05.

Table 5: Summary of the model used to fit mean entropy generation.

Model P-value R2 R2
adj R2

pre DoF∗ Remark

Linear <0.0001 0.9898 0.9882 0.9841 4 –

2FI∗∗ 0.1603 0.9935 0.9900 0.9887 6 –

Quadratic <0.0001 0.9992 0.9985 0.9954 4 suggested

Cubic <0.0001 1.0000 1.0000 0.9985 8 aliased

Residual – – – – 7 –

∗Dof – degree of freedom, ∗∗2FI – sequential sum of squares for the two-factor interaction

Table 6 showed the summary of the ANOVA after terms that were not
statistically significant (P-value > 0.005) have been removed. The model
F-value which compares the variance of the model to residual’s variance is
2417.21 and P-value which is a measure the probability of obtaining null
hypothesis (that is none of the input variables has an effect on the entropy)
is less than 0.0001, the low P-value made us reject the null hypothesis.
The model means square (estimate population variance which is the ratio
of the sum of the square to the degree of freedom) was 0.007 [41]. The
adeq-precision (this compares the range of predicted value at the design
point to prediction error) gave a value of 196 [42]. All these values indicate
that the model obtained is good enough to fit the simulation data. Also,
it is shown that all the input variables, namely Reynolds number, volume
ratio, nanoparticle diameter and entrance temperature, and some interac-
tions among them such as volume ratio – entrance temperature, volume
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ratio – nanoparticle size, nanoparticle size – entrance temperature, are all
statistically significant.

Table 6: Results of ANOVA.

Sum of square
Degree of
freedom Mean square F-value P-value

Models 0.066 9 7.334E-003 2417.21 < 0.0001

A-Reynolds 2.170E-004 1 2.170E-004 71.53 < 0.0001

B-volume ratio 4.633E-003 1 4.633E-003 1527.03 < 0.0001

C-diameter 2.150E-003 1 2.150E-003 708.58 < 0.0001

D-Temperature 0.058 1 0.058 19245.68 < 0.0001

B2 1.347E-004 1 1.347E-004 44.39 < 0.0001

C2 1.980E-004 1 1.980E-004 65.26 < 0.0001

BC 4.186E-005 1 4.186E-005 13.80 0.0014

BD 1.458E-004 1 1.458E-004 48.05 < 0.0001

CD 5.181E-005 1 5.181E-005 17.08 0.0005

Residual 6.068E-005 20 3.034E-006

Lack of Fit 6.068E-005 15 4.045E-006

Pure Error 0.000 5 0.000

Total 0.066 29

R2 = 0.9992, R2
adj– R2

pre= 0.0024, Adeq. precision = 196.192

The regression model obtained for the entropy generation number is given
as

Sgen (Re, ϕ, T, dp) = 0.58 − 0.003Re− 0.013894ϕ + 0.00946dp − 0.049T

+0.002176ϕ2 − 0.00264d2
p + 0.0016ϕdp − 0.003019ϕT + 0.0018dpT. (37)

This equation is valid for 7000 ≤ Re ≤ 7800, 0.01 ≤ ϕ ≤ 0.05, 20 nm
≤ dp ≤ 100 nm, 290 K ≤ T ≤ 330 K. Figure 4 shows the three-dimensional
and contour graphs of entropy production rate as a function of Reynolds
number and nanoparticle concentration when the entrance temperature and
nanoparticle size were kept at level 0. It showed that the maximum en-
tropy production rate occurred at (Re = −2, ϕ = −2). This indicates that
entropy production decreases as Reynolds number and nanoparticle con-
centration increase. This is expected as an increment in Reynolds number
and nanoparticle concentration enhance the convective heat transfer (Nu)
and in turn reduce thermal entropy production rate. Figure 5 shows the
3D and contour graphs of entropy production as a function of nanoparticle
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a) b)

Figure 4: a) 3D graph of entropy production against Reynolds number and volume ra-
tio of nanoparticle, b) contour graph of entropy production against Reynolds
number and volume ratio of nanoparticle.

a) b)

Figure 5: a) 3D graph of entropy production against volume ratio of nanoparticle and
nanoparticle size, b) contour graph of entropy production against volume ratio
of nanoparticle and nanoparticle size.

concentration and nanoparticle size when Reynolds number and entrance
temperature were set at the level 0. It showed that the maximum value
was found at (ϕ = −2, dp = 2). This also is expected as the decrease in
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a) b)

Figure 6: a) 3D graph of entropy production against entrance temperature and nanopar-
ticle size, b) contour graph of entropy production against entrance temperature
and nanoparticle size.

nanoparticle concentration enhances entropy production as discuss earlier
while the increase in nanoparticle size will cause a reduction in Brownian
motion which results in the decrease in Nusselt number and in turn increase
the entropy production rate. Figure 6 shows the graphs of entropy produc-
tion rate as a function of nanoparticle size and entrance temperature when
Reynolds number and nanoparticle concentration were set at level 0. The
graph shows the maximum value at (dp = 2, Tent = −2 K). This implies
that an increase in entrance temperature decreases the entropy production
rate.

4.2 Test of residual

The residual of the model was further examined to ascertain its accuracy.
Figure 7 shows the normality plot of residual which was used to confirm the
normality of the assumption [43]. The graph revealed that the majority of
the simulation data either fall on the line or close to the line. This indicates
that the model is good to predict the output variable (entropy generation).
Figure 8 shows the plot of studentized residual against the predicted value
which was used to check non-linearity, constant variance assumption and
outlier [44]. The plot showed two attributes; all the data points are within
the three sigma limit. Also, the data scatter without any trend. These
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validate the suitability of the model. Furthermore, Fig. 9 showed the plot
of residuals against the number of runs. The plot shows no trend as it
confirms the independence assumption and lastly, Fig. 10 shows the plot
of predicted value against actual values. The points fell on the straight
line confirming that the regression model gave a good prediction of the
simulation result.

Figure 7: Graph of normality against residual for entropy production.

4.3 Sensitivity analysis

Carrying out sensitivity analysis is important as it avails us the opportunity
to determine the effect of input variables on the output variable under cer-
tain condition. One way of achieving this is by taking the partial derivative
of the output variable’s function with respect to input variables [45,46,47].
Here, the partial derivative of the regression model for entropy generation
rate with respect to all the four input parameter are given as:

∂Sgen

∂Re
= −0.003 , (38)

∂Sgen

∂ϕ
= −0.014 + 0.004352ϕ + 0.00161dp − 0.003019T , (39)
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Figure 8: Graph of studentized residual against the predicted value for entropy
production.

Figure 9: Graph of residuals against the number of runs for entropy production.
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Figure 10: Graph of predicted value against actual values.

∂Sgen

∂dp
= 0.00946 − 0.00408dp + 0.00161ϕ + 0.0018T , (40)

∂Sgen

∂T
= −0.049 − 0.003019ϕ + 0.0018dp . (41)

Table 7 shows the result of the sensitivity of the rate of entropy production
for various configurations to the input variables. The positive value of the
sensitivity connotes an increment in the observable output variable with
respect to increment in the input variable, while a negative value implies the
opposite. Entrance temperature (T ent) has the highest sensitivity occurred
at (Re = 1, ϕ = 2, dp = −1, T in = 0) followed by nanoparticle volume
ratio (ϕ) at (Re = 1, ϕ = −2, dp = −1, T in = 0), nanoparticle size
(dp) at (Re = 1, ϕ = 1, dp = −1, T in = 0) and lastly Reynolds number
whose sensitivity is constant throughout all configurations. Furthermore,
both volume ratio and entrance temperature have negative sensitivities,
this implies that the increase in their values will result in a decrease in
the rate of entropy production while the increase in nanoparticle size will
increase the rate of entropy production for all configurations.
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Table 7: Sensitivity analysis of the rate of entropy production.

Variables Sensitivity

Re ϕ dp T Re ϕ dp T

-2 -1 0 1 -0.003 -0.0213 0.0095 -0.046

-1 -1 0 1 -0.003 -0.0213 0.0095 -0.046

0 -1 0 1 -0.003 -0.0213 0.0095 -0.046

1 -1 0 1 -0.003 -0.0213 0.0095 -0.046

2 -1 0 1 -0.003 -0.0213 0.0095 -0.046

1 -2 -1 0 -0.003 -0.0242 0.0115 -0.045

1 -1 -1 0 -0.003 -0.0199 0.0135 -0.048

1 0 -1 0 -0.003 -0.0156 0.0155 -0.051

1 1 -1 0 -0.003 -0.0113 0.0175 -0.054

1 2 -1 0 -0.003 -0.007 0.0095 -0.057

0 1 -2 -1 -0.003 -0.0099 0.0135 -0.056

0 1 -1 -1 -0.003 -0.0083 0.0095 -0.054

0 1 0 -1 -0.003 -0.0067 0.0055 -0.052

0 1 1 -1 -0.003 -0.0051 0.0015 -0.05

0 1 2 -1 -0.003 -0.0035 0.0095 -0.048

-1 0 1 -2 -0.003 -0.0064 0.0035 -0.047

-1 0 1 -1 -0.003 -0.0094 0.0055 -0.047

-1 0 1 0 -0.003 -0.0124 0.0075 -0.047

-1 0 1 1 -0.003 -0.0154 0.0095 -0.047

-1 0 1 2 -0.003 -0.0184 0.0095 -0.047

5 Conclusion

The convective heat transfer in Al2O3/H2O nanofluid flowing through a
pipe was investigated using the numerical approach and the response sur-
face methodology (RSM) to unravel the effect of four parameters, namely
Reynolds number, volume ratio, nanoparticle size and the entrance temper-
ature on the rate of entropy production. The numerical approach employed
the single-phase model for thermophysical properties and central compos-
ite design method for design of the experiment. Based on the number of
variables and levels, the conditions for 30 runs were defined. The result
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showed that all the input variables and some interactions between them
(volume ratio – entrance temperature, volume ratio – nanoparticle size,
and nanoparticle size – entrance temperature) are statistically significant
to the rate of entropy generation. Furthermore, a sensitivity analysis was
performed on the regression model generated for the rate of entropy gener-
ation. The results obtained are summarized below:

• Increase in Reynolds number, nanoparticle concentration and en-
trance temperature decrease the entropy production for all config-
urations.

• Increase in nanoparticle size enhances entropy production rate for all
configurations.

• Entrance temperature is the most sensitive parameter.

• Reynolds number has constant sensitivity for all configurations.

Received 11 May 2018
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