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Abstract— In sustainable energy, implementation of nanofluid as a working fluid is a novel method in many engineering and 
industrial applications. Nanofluid provides superior thermo-physical properties in terms of higher thermal conductivity for 
outstanding thermal performance of the working fluid. In the present article, numerical investigation of heat transfer and 
pumping power are performed for TiO2-water nanofluid through wavy corrugated pipe subjected to constant heat flux. The 
study is carried out for a wide range of Reynolds number 15,000-40,000 and nanoparticles volume concentration 1% to 5%. 
Finite volume method is applied in order to solve continuity, momentum and energy equations and realizable k-ε model with 
enhanced wall treatment is chosen for single phase analysis. By the addition of nanoparticles within a preferred volume 
fraction in base fluid water results higher heat transfer rate and reduced pumping power. Finally the optimum volume fraction 
of the nanofluid is determined up to which the requirement of pumping power per unit length is lower compared to base fluid. 
 
Index Terms— Heat Transfer, Nanofluid, Pumping Power, Wavy Wall. 
 
I. INTRODUCTION 
 
In thermal engineering science, nanofluid is one of the 
effective working fluids in terms of intensified heat 
transfer performance employed in many engineering 
applications. Nanofluid is prepared by the stable and 
homogeneous dispersion of solid nanoparticles of size 
below 100 nm within a desired volume concentration 
in base fluid like water, oil, ethylene glycol etc. or in a 
mixture of two liquids [1]-[3].By the addition of 
nanoparticles, the thermo-physical properties of 
nanofluid are substantially enhanced which influences 
the thermal and hydrodynamic behavior of working 
fluid in terms of increased heat transfer rate [4]-[8]. 
Several numerical and experimental investigations 
have been performed with different types of 
nanofluids employed in corrugated geometries for 
many aspects of heat transfer applications. The flow of 
nanofluid through corrugated geometries causes the 
flow behavior to be disturbed due to recirculation, 
flow separation and turbulence at the near wall. The 
implementation of nanofluid and corrugation applied 
at the wall both potentially enhance the thermal and 
hydrodynamic behavior of working fluid [9]-[13]. 
Forced convection heat transfer behavior of 
water–γAl2O3 andethylene glycol– γAl2O3 
nanofluidswere observed in a uniformly heated tube 
subjected to constant heat flux for both laminar and 
turbulent flow condition [14]. Heat transfer rate was 
increased with particles volume fraction and Reynolds 
number. Same nanofluids were employed in a parallel, 
coaxial and heated disk to observe a considerable 
augmentation of convective heat transfer coefficient 
and an empirical correlation was proposed for Nusselt 
number in terms of Reynolds and Prandtl number [15]. 
Cu-water nanofluid with 1% volume concentration 

was employed in a circular tube with constant heat 
flux and two phase model was adopted to investigate 
the improvement of heat transfer [16]. Laminar natural 
convection heat transfer enhancement was reported 
with Cu–water nanofluid as a cooling mediumin a 
differentially heated square cavity and the study was 
performed for a range of Rayleigh number 104 to 107 
and nanoparticles volume fraction 0.05% to 5% [17]. 
This nanofluid was also implemented in a two 
isothermally heated parallel plates for significant heat 
transfer enhancement considering the fluid as 
Newtonian and Non-Newtonian for Reynolds number 
5 to 1500 and particles volume fraction up to 5% [18]. 
Experiments with horizontal double-tube counter flow 
heat exchanger suggested a significant heat transfer 
improvement and pressure drop characteristics with 
TiO2-water nanofluid and maximum 11% of 
enhancement in heat transfer compared to base fluid 
was achieved with a little penalty of pressure drop 
[19]. To explore the effect of Peclet number, 
nanoparticles types and volume fraction on to the heat 
transfer characteristics, γAl2O3-water and TiO2-water 
nanofluid were used in a shell andtube heat exchanger 
under turbulent flow condition [20]. Fotukian and 
Esfahany [21] performed experimentation with 
diluteCuO/water nanofluid inside a circular tube to 
investigate the heat transfer performance and pressure 
drop. Convective heat transfer coefficient was 
increased by 25% with approximately 20% penaltyin 
pressure drop. Heat transfer enhancement for natural 
convection was shown with horizontalconcentric 
annuli using different types of nanoparticles such as 
Cu, Ag, Al2O3 and TiO2 submerged in water for 
Rayleigh number 103 to 105 [22]. Heidary and 
Kermani [23] studied numerical investigation on the 
effect of nanoparticles on forced convection heat 
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transfer augmentation in sinusoidal-wall channel of a 
range of Reynolds number 5 to 1500,volume fraction 
up to 20% and Cu-water nanofluid was employed. 
Maximum enhancement was 50% compared to base 
fluid and Nusselt number and skin friction coefficient 
were investigated. Laminar forced convection heat 
transfer improvement was reported Al2O3-water 
nanofluid in a circular tube fitted with twisted tape 
inserts [24]. This experimental study was performed 
for range of Reynolds number 700 to 2200 and particle 
volume concentration from 0 to 0.5%. Heat transfer 
and pressure drop characteristics were observed in an 
isothermally heated V-shape corrugated channel with 
Cu-water nanofluid [25]. Similar works were 
performed with laminar Cu-water nanofluid through a 
wavy wall where effect of nanoparticles volume 
fraction, wave amplitude and Reynolds number on the 
local skin friction coefficient and Nusselt number 
were shown [26]. The effect of cross-sectional area of 
the tube (circular, elliptical and flat) on the friction 
factor and heat transfer enhancement was performed 
by TiO2-water nanofluid up to volume fraction of 
2.5% [27]. The horizontal flat plate showed highest 
heat transfer improvement compared to other two 
geometries for Reynolds number ranging from 5,000 
to 20,000.  Two phase mixture model was employed to 
explore the effect of nanoparticles volume fraction, 
wave amplitude and Reynolds number on the 
enhancement of turbulent forced convection heat 
transfer [28]. Al2O3-water nanofluid was used as 
working fluid results were compared with single phase 
model.SakrFadl conducted a comprehensive 
numerical investigation to investigate heat transfer 
performance with different corrugated surface shapes 
(trapezoidal, triangle and semicircular) subjected to 
constant wall heat flux [29]. Finite volume method 
was employed to solve the governing equations and 
among three geometries trapezoidaland triangle 
corrugated surface showed significant heat transfer 
enhancement for Reynolds number 700 to 1700.  
Different corrugated surface shapes like triangular 
square and arc were employed with different 
nanoparticles like Al2O3, SiO2, ZnO and CuO to 
investigate the overall improvement of thermal and 
hydrodynamic behavior [30]. Square rib groove 
channel provided the highest performance evaluation 
criterion (PEC) for Reynolds number varying from 
30,000 to 50,000 and volume concentration 1% to 4%. 
Surface roughness were applied at the wall boundary 
with relative roughness 0.001, 0.005 and 0.01 in order 
to enhance the convective heat transfer coefficient by a 
considerable amount [31].  Wall roughness 
contributed the enhancement of average nusselt 
number by 3.10%, 21.86% and 63.03% for relative 
roughness of the wall of 0.001, 0.005 and 0.01 
respectively. k-ω SSTturbulent model was considered 
for Reynolds number ranging from 10,000 to 30,000 
and volume fraction 1% to 5%. Triangular shaped 
corrugated pipe imposed to constant wall heat flux was 
considered to explore the effect of Al2O3-water 

nanofluid on the enhancement of heat transfer and 
reduction of pumping power under turbulent flow 
condition[32].Significant augmentation of convective 
heat transfer coefficient was reported through a 
trapezoidal corrugated channel with different 
wave-amplitude ratios by employing three types of 
nanoparticles Al2O3, TiO2, CuO dispersed in water for 
a range of volume fraction 1% to 5% for turbulent flow 
condition [33]. Numerical study on turbulent 
convective heat transfer enhancement was reported 
corrugated channels of different shapes such as sine 
shaped, rectangular and V-corrugation [34]. The study 
was performed for a range of Reynolds number 2,000 
-14,000, particle volume fraction 1%-5% and Al2O3, 
TiO2, Cu nanoparticles were employed.  

Most of the research articles emphasized on the 
enhancement of convective heat transfer coefficient 
using nanofluid in different corrugated geometries. In 
order to accomplish higher heat transfer rate nanofluid 
requires increased pumping power due to its 
improvement of thermo-physical properties. The 
justification of the implementation of nanofluid in 
terms of increased pumping power was not discussed 
elaborately in most of the research articles. So, the 
scope of our present work is to study the turbulent 
forced convection heat transfer enhancement using 
TiO2-water nanofluid employed in a sinusoidal 
corrugated tube. The study is conducted for a range of 
Reynolds number 15,000-40,000 and nanoparticles 
volume concentration up to 5%. Results are compared 
to simple pipe and finally the volume fraction with 
which nanofluid requires the minimum pumping 
power for optimum working condition is determined. 
 
II. NOMENCLATURE  
 
AC  Cross-sectional area of pipe 
AW surface area of pipe 
CP  Specific heat at constant pressure 
D  Diameter of the pipe 
hC  Average heat transfer coefficient 
k  Thermal conductivity 
∆P Differential pressure 
Q  Heat transfer 
Q  Heat flux 
T  Temperature 
U  Velocity of flow at inlet 
W  Pumping power 
ϕ Volume fraction 
µ Dynamic viscosity 
ν  Kinematic viscosity 
ρ  Mass density 
Nu Nusselt number 
Re Reynolds number 
Pr  Prandtl number 
 
III. GOVERNING EQUATIONS 
 
The Reynolds number for the flow of nanofluid is 
expressed as 
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푅푒 =                                              (1) 

The rate of heat transferQnf to tube wall is assumed to 
be totally dissipated to nanofluid flowing through a 
corrugated tube, raising its temperature from inlet 
fluid bulk temperature Tbito exit fluid bulk temperature 
Tbo. Thus, 
푄 = 푚̇ 퐶 (푇 − 푇 )           (2) 
Where 푚̇  is the mass flow rate of nanofluid, CPnf is 
the specific heat of nanofluid at constant pressure. The 
definition of bulk temperature Tb is given by 

푇 = ∫

∫
                     (3) 

The average heat transfer coefficient, hc is given by 
ℎ =

(∆ )
                                             (4) 

Where AW is the surface area of circular tube and ∆Tm 
is the difference between the wall temperature and the 
average bulk temperature of the fluid. The average 
wall temperature Tw is computed by 
푇 = ∫ 푇 , 푑푥                                         (5) 
So the expression of average Nusselt number is 
defined as follows 
푁푢 =          (6) 

The pumping power per unit length in turbulent flow is 
given by 

푊̇ =
∆

              (7) 
Where ∆P is pressure difference 
∆푃 =                    (8) 
 
IV. THERMOPHYSICAL PROPERTIES OF 
NANOFLUID 
 
The density and specific heat of TiO2-water nanofluid 
is found from the following equation [35] 
Density,	휌 = 휌 휙 + 휌 (1− 휙)         (9) 
Specific heat,퐶 = (1−휙)퐶 + 	휙퐶    (10) 
The thermal conductivity of the nanofluid is calculated 
using the correlation proposed by Koo and 
Kleinstreuer [36].  

푘 =
푘 + 2푘 + 2(푘 − 푘 )휙
푘 + 2푘 − (푘 − 푘 )휙 푘 + 5

× 10 훽휙휌 퐶
퐾 푇
휌 퐷 푓

(푇,휙) 

 
Where,f(T,ϕ)=(-6.04ϕ+0.4705)T+(1722.3ϕ-134.63) 
(11) 
 
The dynamic viscosity of nanofluid is calculated by 
using the following empirical correlation developed 
by Corcione [37]  

=
.

.
.

               (12) 

Where dbf is the equivalent diameter of the base fluid 
molecule, and is given by 

푑 =
/

                 (13) 

 
Where M is the molecular weight of the base fluid, N 
is the Avogadro number, and ρfo is the mass density of 
the base fluid calculated at temperature To = 293 K. 
 
V. PHYSICAL MODEL AND BOUNDARY 
CONDITION 
A numerical investigation of turbulent forced 
convection through a sinusoidal corrugated tube is 
presented by employing commercial computational 
fluid dynamics software, ANSYS Fluent [38]. The 
length and diameter of the pipe are 300 mm and 10 
mm respectively and an uniform constant heat flux of 
5,000 W/m2 is applied at the corrugate wall boundary 
shown in figure 1.  
 

 
Figure 1. Numerical domain of the circular corrugated pipe and 

corresponding mesh (not to scale) 
 
A 2D simulation with axisymmetric model is 
considered to reduce computational time and resource. 
The corrugation has amplitude of 3 mm and 
wavelength of 30 mm. Realizable k-ε turbulent model 
is employed with enhanced wall treatment for the 
single phase analysis.The pressure has been measured 
at two sections- 60 mm and 240 mm from the inlet 
respectively to measure the pressure drop ensuring the 
readings at fully developed region.Nanofluid is 
allowed to flow with a uniform velocity and uniform 
temperature of 300 K at the inlet of the pipe with an 
assumption of no slip condition. Heat transfer 
parameter like convective heat transfer coefficient and 
average Nusselt number and fluid dynamics parameter 
like friction factor and pumping power are calculated 
under prescribed flow condition.  
 
VI. CODE VALIDATION AND GRID 
INDEPENDENCE TEST 
 
In order to carry out the code validation, water 
considered as working fluid allowed to flow in a 
circular pipe and average Nusselt number measured at 
fully developed region is compared with correlation 
proposed by Dittus and Boelter [39] with good 
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agreement, shown in figure 2. Grid independence test 
is carried out with water as working substance flowing 
through the corrugated channel for the flow Reynolds 
number 20,000 shown in figure 3. Beyond the grid size 
of 33,505 there is no significant change in average 
Nusselt number. So, for the present simulation 23,860 
are taken as the optimum grid size of the fluid domain. 
 

 
Figure 2. Code validation test 

 

 
Figure 3. Grid independence test 

 
VII. RESULT AND DISCUSSION 
 
A. Effect of volume fraction of nanofluid on heat 
transfer  
The addition of nanoparticles in base fluid 
significantly improves the convective heat transfer 
coefficients with an increase of particles volume 
fraction and flow Reynolds number as shown in figure 
4. At Reynolds number 30,000, convective heat 
transfer coefficient for TiO2-water nanofluid of 5% 
volume fraction is 66.92% higher than water. The 
improvement is higher at higher volume fraction of 
nanoparticles and at higher flow Reynolds number. 
 

 
Figure 4. Improvement of heat transfer coefficient with 

particles volume fraction. 

B. Effect of corrugation on heat transfer and 
pumping power 
 

 
Figure 5. Use of corrugation for heat transfer enhancement 
 

The implementation of corrugation at the wall 
boundary contributes noticeable amount of 
enhancement in heat transfer coefficient shown in 
figure 5. At Reynolds number 30,000,for corrugated 
pipe, heat transfer rate is enhanced by 26.15% 
compared to plain pipe. The working substance is 
considered as water. Similar trend is observed for 
nanofluid of all volume fractions flowing through the 
corrugated pipe. The required pumping power for 
corrugated pipe is more than that of plain pipe due to 
its near wall turbulence at the wall boundary in terms 
of flow circulation, separation and vortex formulation. 
In figure 6, the requirements for pumping power per 
unit length of pipe for both plain pipe and corrugated 
pipe is shown. Pumping power requirement also 
increases with the nanoparticles volume fraction due 
to the superior thermo-physical properties of nanofluid 
in terms of increased viscosity shown in figure 7. The 
requirement is higher at higher Reynolds number and 
at higher volume fractions of nanofluid. Justification 
of this increased pumping power for its higher 
viscosity is discussed in the next section. 
 

 
Figure 6.Requirements of pumping power for corrugated and 

plain pipe. 
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Figure 7. Requirements of pumping power for nanofluid of 

different volume fractions. 
 
C. Justification of increased pumping power 
The justification of the implementation of nanofluid in 
terms of increased pumping power compared to water 
is shown in figure 8. In order to achieve a constant heat 
transfer coefficients, nanofluid requires lesser amount 
of pumping power per unit length up to a certain 
volume fraction of nanoparticles.  
 

 
Figure 8. Comparison of pumping power for nanofluid with 
that for water at the same heat transfer coefficient (zoomed 

from h=11000 W/m2K to h=18000W/m2K). 
 
So, the use of nanofluid results reduction of pumping 
power for the same heat transfer rate. The pumping 
power requirement is lowest for 2% of volume 
fraction. The nanofluid with 4% of volume fractions 
requires almost same or little lesser amount of 
pumping power compared to water. At a volume 
fraction of 5%, the requirement of pumping power 
always greater than base fluid. So, for the present 
study, nanofluid with 2% volume fraction flowing 
through sinusoidal corrugated tube is the optimum 
working condition in order to accomplish same heat 
transfer coefficients. 
 
CONCLUSION 
 
The implementation of nanofluid in a corrugated 
channel is one of the inexpensive and innovative 

methods for intensifying heat transfer performance in 
many aspects of heat transfer applications. Now, the 
implementation of corrugation increases the heat 
transfer rate but at the same time it requires higher 
amount of pumping power. The reduction of pumping 
power could be achieved for a certain range of volume 
fraction with a goal of achieving same convective heat 
transfer coefficient. In the present study, minimum 
pumping power occurs at 2% volume fraction of 
nanofluid. On the other side the implementation of 
nanofluids have significantly augmented the heat 
transfer performance with an increase of Reynolds 
number and nanoparticles volume fraction. 
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