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In this paper, heat transfer and pressure drop characteristics of CuO-water nano-
fluid flow in a isothermally heated triangular-wavy channel under pulsating inlet 
conditions are numerically investigated. A numerical simulation is conducted by 
solving the governing continuity, momentum, and energy equations for laminar 
flow using the finite volume approach. In the studies, the main parameters includ-
ing the Reynolds number, pulsating amplitude and frequency, are changed while 
the nanoparticle volume fraction and the other parameters are kept constant for 
all cases. Numerical results are compared with the steady flow conditions, which 
showed that heat transfer performance significantly increases due to improve ther-
mal conductivity and the use of nanoparticles in the pulsating flow conditions. The 
results indicate that there is a high potential for promoting the thermal perfor-
mance enhancement by using nanoparticles under pulsating flow in wavy chan-
nels. It is found that the heat transfer enhancement increases with increasing pul-
sating amplitude and Reynolds number, and there is a slight increase in pressure 
drop. The obtained results are given as a function of dimensionless parameters.
Key words: nanofluids, pulsating flow, triangular wavy-channel,  

heat transfer enhancement

Introduction

In recent years, wavy channels of different geometries have been used to improve 
heat transfer in engineering applications, such as heat exchange. Wavy channels have poten-
tial to improve heat transfer. Heat transfer with conventional fluid in a wavy channel has been 
investigated experimentally and numerically by many researchers. Results of numerical and 
experimental investigations on the convective heat transfer in channels with wavy surface ge-
ometry indicated that due to providing a self-oscillating flow the heat transfer was considerably 
enhanced from that of straight channels, but with an increasing drop in pressure [1-5]. The 
effect of pulsatile flow in wavy channels was examined to further improve the heat transfer and 
fluid mixture [6-9]. Nandi and Chattopadhyay [10], using a sinusoidal wavy channel, and Jin et 
al. [11] using a triangular wavy channel, investigated the effect on the heat transfer of pulsating 
flow, and reported that depending on the pulsating parameters, a significant improvement in 
heat transfer could occur.

Another promising method used to increase the heat transfer in wavy channels is 
the addition of nanoparticles into the flow. Several numerical and experimental studies were 
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performed on the use of nanofluid to enhance heat transfer. It has been reported that adding 
nanoparticles to traditional heat transfer fluids can lead to improvement in their thermal con-
ductivity [12-17]. Yang et al. [16], numerically studied the influences of the Reynolds number, 
the particle volume fraction, and the wavy channel amplitude on the heat transfer enhancement 
of nanofluids. They reported that the thermal enhancement achieved 24% in the wavy channel 
flow compared with pure fluid for a particle volume fraction of φ = 5% of Cu-water nanofluids. 
Heidary and Kermani [18], numerically studied laminar flow and heat transfer of nanofluids in 
a sinusoidal wavy channel. They investigated the effects of changing the Reynolds number, the 
nanoparticle volume fraction and the wavy amplitude on the flow and thermal characteristics. 
Their results showed that the addition of nanoparticles to the base fluid dramatically enhances 
the heat transfer in wavy channels. Naphon [19], experimentally investigated the heat transfer 
and pressure drop of triangular corrugated channel, and declared that the corrugated surface 
has significant effect on the enhancement of heat transfer and pressure drop. Ahmed et al. [20], 
numerically investigated laminar Cu-water nanofluid flow and heat transfer in a wavy channel. 
The Reynolds number and nanoparticle volume fraction considered were in the ranges of 100-
800 and 0-5%, respectively. In their second paper, Ahmed et al. [21], numerically investigated 
heat transfer of Cu-water nanofluids in a trapezoidal-corrugated channel. The numerical results 
showed that the average Nusselt number increases with increasing nanoparticle volume fraction 
and amplitude of the corrugated channel. 

In the pulsating flow conditions, the combined effect of pulsation and nanoparticles 
can improve the heat transfer as well as the mixing of fluids in wavy channels. The pulsat-
ing flow has the advantage of preventing sedimentation of nanoparticles in the base fluid, to 
provide strong mixing of nanoparticles near the wavy wall, leading to a better thermal perfor-
mance. There are few studies that examined nanofluids with pulsating flow in wavy channels 
in literature [22]. The heat transfer characteristics of Al2O3-water based nanofluids in a wavy 
mini-channel under pulsating inlet flow conditions were investigated numerically by Akdag et 
al. [23]. They declared that there was a strong potential in promoting the thermal performance 
enhancement by using the nanoparticles under laminar pulsating flow. The numerical results 
indicated that the heat transfer performance increased significantly with increasing nanoparti-
cle volume fraction and amplitude of pulsation. Akdag et.al. [24], numerically investigated the 
effect of CuO-water based nanofluids on the heat transfer in a trapezoidal corrugated channel 
under laminar pulsating inlet conditions. They showed that the heat transfer performance con-
siderably increased with increasing pulsating amplitude at low frequencies compared with that 
in steady flow. 

However, the literature review reveals that most of these studies were applied only for 
nanofluids flow inside wavy channels, and were not combined with pulsating flow. There are a 
few studies that of nanofluids with pulsating flow in wavy channels. Nevertheless, pulsation in 
nanofluids is not implemented in a triangular wavy channel in the literature. Therefore, in this 
paper, the convective heat transfer of CuO-water based nanofluids in a triangular wavy channel 
under pulsating inlet flow conditions is numerically investigated for different Reynolds num-
bers (200 ≤ Re ≤ 700) and a nanoparticle volume fraction of 5%. The numerical simulations 
are performed by solving the governing equations using the finite volume approach. The effects 
of the Reynolds number, pulsating frequency and amplitude on heat transfer performance are 
analyzed.
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Numerical model

Description of the physical domain

Figure1 shows the basic geometry of the triangular wavy channel used in the present 
study. The geometry considered has an unheated straight section of 2λ at the inlet and outlet, 
and channel height, H, of 10 mm. The channel consists of eight wavy pieces.
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Figure 1. The geometry of the triangular wavy channel

The geometric parameters are kept constant, including the wave amplitude (a = 2 mm) 
and corrugated length (λ = 20 mm). The fluid is a suspension of CuO nanoparticles in water, and 
a nanoparticle volume fraction of φ = 5% is used.

Governing equations 

It can be assumed that the flow is fully developed, laminar, incompressible, 2-D, 
and unsteady [25]. Additionally, the nanofluid is considered as a Newtonian fluid. The single 
phase flow is assumed by considering the local thermal equilibrium. The mixture of water and 
nanoparticles of CuO is homogenous and enters the channel under the same flow and thermal 
conditions. Gravity and radiation heat transfer are negligible. Therefore, the governing equa-
tions based on these assumptions are:
 – continuity equation
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where ρnf , νnf and αnf (αnf = knf  /ρnfCnf) denote the density, kinematic viscosity, and thermal 
diffusivity of the nanofluid, respectively.
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Boundary conditions

The fluid enters the channel with uniform temperature T0 = 293 K. At the channel 
inlet, the velocity profile is found by adding the uniform velocity profile with a sinusoidal pul-
sation. The sinusoidal pulsating velocity profile is given:

 [ ]in o o1 sin( )u U A tω= +  (5)

where Ao is the non-dimensional amplitude (Ao = xm /H), ω – the angular frequency and the 
non-dimensional frequency is defined as the Womersley number, where Wo = 1/2/2( / )H ω ν , 
and ν is the kinematic viscosity of the inlet flow. The inlet boundary conditions are given:

 in 0, 0, 293 Ku u v T= = =  (6)

The flow at the outlet is assumed fully developed and is applied following the bound-
ary conditions.

 0, 0u v T
x x x

∂ ∂ ∂
= = =

∂ ∂ ∂
 (7)

Isothermal conditions are applied at all triangular wavy channel walls. Both the top 
and bottom wavy surfaces are kept at an isothermal temperature of 330 K. The no-slip boundary 
conditions are applied along the corrugated channel walls: 

 0, 330 Kwu v T= = =  (8)

The no-slip boundary condition and adiabatic wall boundary conditions are defined 
along the unheated straight inlet and outlet section of the channel. 

 0, 0Tu v
n

∂
= = =

∂
 (9)

In this study, the problem is solved dimensionally with relevant boundary conditions, 
and the results are given as a function of the dimensionless parameters.

Numerical method and grid testing

The control volume based commercial CFD code FLUENT [26] is utilized to solve 
the governing equations. The computational domain is generated by using the preprocessing 
code GAMBIT. Un-structured cells are used to mesh the domain. For discretization of the 
momentum and energy equations, the second order upwind scheme is applied. The SIMPLE 
algorithm is selected as the pressure-velocity coupling scheme. Interpolation of pressure is 
performed by the standard scheme, which uses the coefficient from the momentum equation to 
calculate the pressure at the faces of the discretized volume. For applying the pulsating inlet 
velocity, a user-defined function (udf) is written. The under-relaxation for velocity, pressure 
and temperature is performed to achieve the convergence of the numerical solution. The con-
vergence criterion for energy equation and each variable is determined to be 10−6.

The mesh is finer near the walls to resolve the high gradients in the thermal and hy-
drodynamic boundary-layer. For grid independency, it is conducted to obtain an optimal grid 
distribution with accurate results over a minimum computational time. To test the grid inde-
pendence, the number of cells was varied, i. e., 30 × 420, 40 × 500, 50 × 600, 60 × 600, and  
60 × 720, in various steps. After 50 × 600 grids, a further increase in the cells was found to have 
less than 2% variation in the Nusselt number. Typically, the 50 × 600 grid was used in triangular 
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wavy channel. The numerical solution parameters 
are given in tab. 1.

Physical properties of the nanofluids

The working fluid is water with CuO 
nanoparticles. The thermophysical properties of 
nanofluid include thermal conductivity, viscosity, 
density and heat capacitance depending on what form the governing equations are written. By 
assuming the nanoparticles are well dispersed within the base fluid, the effective thermophys-
ical properties of the nanofluids can be evaluated using some classical appropriate formulas. 
The effective thermophysical properties of nanofluids are defined using the following formulas:

The density and specific heat of the nanofluid are calculated using the Pak and Cho 
[27] correlations, which are defined:

 nf bf pt(1 )ρ ϕ ρ ϕρ= − +  (10)

 nf bf pt(1 )C C Cϕ ϕ= − +  (11)

Dynamic viscosity of the nanofluid is calculated using the correlation obtained from 
the least square curve fitting of the experimental data of Wang et al. [28] 

 2
nf bf (123 7.3 1)µ µ ϕ ϕ= + +  (12)

The effective thermal conductivity of fluid has been determined by the model pro-
posed by Patel et al. [29]. For the two-component entity of the spherical-particle suspension, 
the model gives:
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and 
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u d
α
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where upt is the Brownian motion velocity of the particles, which is given: 

 pt 2
bf pt

2 bk Tu
dπµ

=  (16)

where kb is the Boltzmann constant. The calculation of effective thermal conductivity can be 
obtained from eq. (13). The diameter of the nanoparticles is 30 nm [17].

The subscripts pt and bf represent the nanoparticle and base fluids, respectively. Fur-
ther details about the thermophysical properties of nanofluids are available in the literature  
[30-33]. The properties of CuO nanoparticles are given in tab. 2.

Table 1. Numerical solution parameters

Reynolds number Amplitude
Ao

Frequency
Wo

200 0.5, 0.8, 1 3, 4, 6, 9, 14
500 0.5, 0.8, 1 3, 4, 6, 9, 14
700 0.5, 0.8, 1 3, 4, 6, 9, 14
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Results and discussion

The present study is val-
idated by comparing the re-
sults obtained for nanopar-
ticle volume fraction of  

φ = 5% and 100 ≤ Re ≤ 800 with the numerical results of Ahmed et al. [17]. They numerically 
studied laminar forced convection heat transfer of CuO-water nanofluids in a triangular-corru-
gated channel. A similar geometry was simulated for the purpose of validating this study. In fig. 
2(a) the comparison between the two sets of results show strong agreement. Ahmet et al. [17] 
is validated with the numerical results of Heidary and Kermani [18]. Also, the present study is 
validated by comparing the results obtained with the experimental results of Naphon [19]. They 
experimentally investigated laminar forced convection heat transfer in a triangular-corrugated 
channel for the constant heat flux q” = 0.58 kW/m2 , wavy angle = 20° and 600 ≤ Re ≤ 1400. A 
similar geometry was simulated for the purpose of validating this study. In fig. 2(b) the compar-
ison between the two sets of results show strong agreement.

Table 2. Thermophysical properties of 
nanoparticles and the base fluid [17]

Material ρ [kgm–3] Cp [Jkg–1K–1] k [Wm–1K–1] μ [kgm–1s–1]
Water 996.5 4181 0.613 0.001
CuO 6500 533 17.65 -

Re(a) (b)

Nus
Nu

Re

φ = 5%

Present study
[17]

q“ = 0.58 kW/m2
Wavy angle = 20°

Present study

[19]

Figure 2. Verification of the present study, with [17], and [19]

In this section, the heat transfer mechanism is discussed using the pulsating flow in 
the wavy channel by examining the effects of various parameters. Geometric parameters of 
the wavy channel are kept constant for all cases. The three main parameters affecting the heat 
transfer characteristics in the triangular wavy channel are amplitude, Ao, frequency, Wo, and 
Reynolds number. These parameters are more important in the convection of pulsating flow. 
The simulations are focused on the behavior of the unsteadiness affecting the heat transfer 
mechanism. In this situation, due to the pulsating component, a periodic flow field was ob-
served in the channel, and heat transfer was achieved periodically. Therefore, the heat transfer 
calculations are performed according to the amount of heat transfer achieved during one pe-
riod of pulsation. In other words, the flow is assumed to be time periodic. To explain how the 
mechanisms behave over a cycle, phase angles have been used and presented by τ = ωt. The 2π 
radian or 360° indicates a cycle. The results are evaluated after the system achieved full peri-
odic state. To explain the heat transfer mechanism, the instantaneous velocity and temperature 
distributions are obtained.

It may also be important to discuss of the flow regimes in the wavy channels. The 
transition of laminar to turbulence is strongly dependent on the geometry and fluid properties in 
the wavy channels. Rush et al. [34] are given a literature survey about transition of flow in wavy 
channels. In generally, the flow will become transition from laminar to turbulent after the  
Re = 1100 while the fully turbulence occurs about Re ≥ 1800 for the wavy channel. On the 
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other hand, Das and Arakeri [35] has been investigated the criteria to ascertain the onset of 
transition in straight ducts by using Reynolds number based on the Stokes layer thickness, 

1/2 (2 / )δ ν ω= . They found that the no transition to turbulence occurs for Reδ < 1200. However, 
most work addressing the onset of transition whether through laminar unsteadiness or turbu-
lence considers only fully developed periodic flows [36, 37]. Therefore, the present study can 
be assumed fully developed laminar time periodic flow. 

In the present study, laminar forced convection flow of CuO-water nanofluid in a 
wavy channel under pulsating flow conditions is numerically investigated. The geometric pa-
rameters and nanoparticle volume fraction (φ = 5%) are fixed, and the Reynolds number and 
pulsating parameters are changed. Due to the agglomeration and sedimentation problem, the 
volume fraction of nanoparticles has been selected as the maximum value of 5% [32, 33]. The 
frequency of pulsating flow is varied in the range of 3 ≤ Wo ≤ 14 for three pulsating amplitudes 
of Ao = 0.5, 0.8, and 1. The Reynolds number is set as 200, 500, and 700. 

The temperature contours and vorticity magnitudes for different Reynolds numbers at 
a constant frequency (Wo = 6), constant amplitude (Ao = 1) and constant nanoparticle volume 
fraction (φ = 5%), with a 90° phase angle are shown in fig. 3(a) and 3(b), respectively. The tem-
perature fields and flow structure are changed along the wavy channel by pulsations with vary-
ing Reynolds numbers. It is observed that the temperature and vorticity contours are symmetric 
about the axial direction for all values of Reynolds number. Additionally, it is observed that 
from the vorticity contours, reversal flow occurs in cavities of the wavy channel. The increase 
of pulsating inlet velocity increases the flow oscillations into the channel. This leads to the for-
mation of the re-circulation regions near the upper and lower walls of the cavities. The pulsating 
effect contributes to the occurrence of a strong vortex in the cavities, which causes the increase 
of fluid mixing and improves the convective effect. It can be observed from the temperature 

 

 
 Re = 200, Ao =  1, Wo = 6, φ = 5%, ωt = 90° Re = 200, Ao =  1, Wo = 6, φ = 5%, ωt = 90°

Re = 500, Ao =  1, Wo = 6, φ = 5%, ωt = 90° Re = 500, Ao =  1, Wo = 6, φ = 5%, ωt = 90°

Re = 700, Ao =  1, Wo = 6, φ = 5%, ωt = 90° Re = 700, Ao =  1, Wo = 6, φ = 5%, ωt = 90°
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Figure 3. (a) Temperature contours for different Reynolds numbers at a fixed frequency, 
amplitude and specific phase angle, (b) vorticity magnitude for the conditions in fig. 3(a) 
(for color image see journal web site)
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contours that the thickness of the thermal boundary-layer decreases and the temperature gra-
dient at the walls of channels increase with increasing Reynolds number. This is because the 
re-circulation regions generated in such channels can improve the mixing of cold fluid in cores 
with hot fluid close to the walls of the corrugated-channels. The cold fluid had better contact 
to the wavy wall surfaces at high Reynolds numbers, which caused it to cool more quickly and 
therefore, the heat transfer enhancement increased.

The temperature contours and vorticity magnitudes for one cycle at a fixed Reynolds 
number (Re = 700), pulsating amplitude (Ao = 1), pulsating frequency (Wo = 6), and nanoparti-
cle volume fraction (φ = 5%) are presented in figs. 4(a) and 4(b). In these figures, the tempera-
ture fields and vorticity structures change significantly depending on the phase angles. The fluid 
mixture improves due to contact between the heated wavy walls and cold fluid, which repeats 
periodically and causes an increase in the heat transfer enhancement.

The temperature contours and vorticity magnitudes for different frequencies at a fixed 
Reynolds number (Re = 700), pulsating amplitude (Ao = 1), and nanoparticle volume fraction 
(φ = 5%) with a phase angle of 270° are presented in figs. 5(a) and 5(b). The pulsating fre-
quency substantially affected the temperature and flow fields, these flow structures were more 
pronounced, especially at low frequency, but this effect was reduced at high frequencies. The 

Figure 4. (a) Temperature contours at fixed amplitude, frequency and volume fraction 
over a cycle for Re = 700, (b) vorticity magnitude for conditions in fig. 4(a)  
(for color image see journal web site)

 

 

 

 

 

 

Re = 700, Ao =  1, Wo = 6, φ = 5%, ωt = 0° Re = 700, Ao =  1, Wo = 6, φ = 5%, ωt = 0°

Re = 700, Ao =  1, Wo = 6, φ = 5%, ωt = 90° Re = 700, Ao =  1, Wo = 6, φ = 5%, ωt = 90°

Re = 700, Ao =  1, Wo = 6, φ = 5%, ωt = 180° Re = 700, Ao =  1, Wo = 6, φ = 5%, ωt = 180°

Re = 700, Ao =  1, Wo = 6, φ = 5%, ωt = 270° Re = 700, Ao =  1, Wo = 6, φ = 5%, ωt = 270°
(a) (b)
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temperature field is changed along the wavy channel by pulsating flow compared to the steady 
flow case. Because of the fluctuation effect of pulsating flow and the wavy channel geometry, 
strong vorticity is produced. This causes the large circulation region in the cavities, and which 
leads to the strong mixing in the flow field along the channel. The cold fluid is diffused to the 
heated wavy wall region and thus, heat transfer is enhanced remarkably. From these figures, the 

 

 
 

 

 

 
  

 

 

 

 

Re = 700, φ = 5%, steady flow Re = 700, φ = 5%, steady flow

Re = 700, Ao =  1, Wo = 3, φ = 5%, ωt = 270° Re = 700, Ao =  1, Wo = 3, φ = 5%, ωt = 270°

Re = 700, Ao =  1, Wo = 4, φ = 5%, ωt = 270° Re = 700, Ao =  1, Wo = 4, φ = 5%, ωt = 270°

Re = 700, Ao =  1, Wo = 6, φ = 5%, ωt = 270° Re = 700, Ao =  1, Wo = 6, φ = 5%, ωt = 270°

Re = 700, Ao =  1, Wo = 9, φ = 5%, ωt = 270° Re = 700, Ao =  1, Wo = 9, φ = 5%, ωt = 270°

Re = 700, Ao =  1, Wo = 14, φ = 5%, ωt = 270° Re = 700, Ao =  1, Wo = 14, φ = 5%, ωt = 270°
(a) (b)

Figure 5. (a) Temperature contours at different frequencies at a fixed amplitude,  
phase angle and volume fraction for Re = 700, (b) vorticity magnitude for conditions  
in fig. 5(a)  (for color image see journal web site)
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velocity field is significantly affected at low frequency (Wo = 3, Wo = 4, Wo = 6) compared to 
that in steady flow. The higher frequencies do not contribute to enhancement of heat transfer.

Heat transfer calculation

To calculate the heat transfer, the flow and temperature fields are obtained, which 
are then used to calculate the Nusselt number as follows. The local and instantaneous Nusselt 
number for the corrugated wall is defined [25]:

 nf
,

bf ,

Nu x t
x t

k T
k y

∂
= −

∂
 (17)

In this case, the time-averaged local Nusselt number is obtained by integrating the 
local Nusselt number over the walls of the corrugated channel as follows:

 ,
0

1Nu Nu dt x t t
τ

τ
= ∫  (18)

where τ is the time of the cycle, and L is the heated wall length. The space-averaged local Nus-
selt number is defined:
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1Nu Nu d
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The overall heat transfer coefficient is obtained by an integration of the local and in-
stantaneous Nusselt number over a cycle for a heated wall of wavy channels. For this purpose, 
the time-averaged Nusselt and space-averaged Nusselt numbers are combined with each other, 
and the total or cycle-averaged Nusselt number is defined:

 p
0

1Nu Nu( , )d d
o

o

x L

x

x t t x
L

τ

τ

+

= ∫ ∫  (20)

where xo is the unheated initial straight section of the channel. The effectiveness of the heat 
transfer is obtained by the heat transfer enhancement factor, ε, which is defined by eq. (21): 

 p

s

Nu
Nu

ε =  (21)

where Nup is the cycle-averaged Nusselt number, eq. (20), Nus is the Nusselt number for steady 
flow (no pulsating flow for φ = 5%). Thus, a value of ε over 1.0 denotes enhanced heat transfer. 
The variations of heat transfer performance with the dimensionless parameters in the wavy 
channel for fixed nanoparticle volume fracture (φ = 5%) are shown in fig. 6.

In fig. 6(a), heat transfer performance vs. pulsating frequency with varying pulsating 
amplitude is presented at a fixed Reynolds number (Re = 200) and nanoparticle volume fraction 
(φ = 5%). It is observed that there is an optimum Womersley number at which heat transfer en-
hancement is maximized. The maximum heat transfer enhancement is close to 40% according 
to steady flow at Wo = 4. The results reveal that the heat transfer performance decreases as fre-
quency increases after the peak value of frequency for all amplitudes of pulsation. Heat transfer 
performance remained constant after a specific frequency (Wo = 6). 

In fig. 6(b), the heat transfer performance vs. pulsating frequency with varying pul-
sating amplitudes is presented at a fixed Reynolds number (Re = 500) and nanoparticle vol-
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ume fraction (φ = 5%). The results show that the heat transfer performance increases with the 
specific parameters of pulsation. As shown in the figure, the best heat transfer performance is 
found at low frequency and high amplitude. There is an optimum frequency at which the heat 
transfer enhancement is maximized. This is because when the flow frequency is low, the ratio of 
fluid residence time over the hot cavity to the heat diffusion time is high, allowing more heat to 
diffuse per unit of volumetric flow. The depth of heat penetration into the fluid increases during 
this period. The interaction of re-circulation with the core flow influences the temperature field 
and contributes to the increase of heat transfer. It is observed that the maximum heat transfer 
enhancement is close to 50% according to the steady flow at Wo = 6. The results reveal that the 
heat transfer performance decreases as frequency increases after the peak value of frequency 
for all amplitudes of pulsation.

In fig. 6(c) heat transfer performance vs. pulsating frequency with varying pulsating 
amplitude is presented at a fixed Reynolds number (Re = 700). The results show that the heat 
transfer performance increases as the pulsating amplitude increases. This is because there is 
sufficient time for growth of the vortex in cavities at low frequency, and the mixing of fluid 
in the wavy channel is improved. Therefore, the heat transfer is increased high amplitude and 
low frequency. A peak occurs at a specific value of frequency for each of pulsating amplitude. 
It is found that the maximum heat transfer enhancement is close to 60% for Wo = 6 according 
to the steady flow. The results show that the heat transfer performance decreases as frequency 
increases after the peak value of frequency for all amplitudes of pulsation.

It can be summarized that, the Reynolds number significantly affected the heat trans-
fer performance. A peak occurs at a specific value of frequency for each of Reynolds number. 
As the Reynolds number increases, this peak shifts to the right. Heat transfer performance 
decreased after the peak value for each of Reynolds number. The best performance is obtained 
at a frequency of Wo = 6, for Re = 700. The results reveal that the heat transfer is significantly 
affected by pulsating flow parameters and the Reynolds number according to the steady flow 
case. There is an enhancement in heat transfer for all pulsating flow conditions compared with 
steady flow. This research is performed to verify the effect of pulsating flow with nanofluids on 
heat transfer enhancement and to investigate the mechanism of heat transfer by pulsating flow 
agitation in a triangular shaped wavy channel.

Wo Wo(a) (b)
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Figure 6. The heat transfer 
performance varying with  
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Pressure drop calculation

Although there have been satisfactory results for heat transfer enhancement, the effects 
of pressure drop are an important subject in wavy channels under pulsating flow. The wavy walls 
and particle concentration contribute to a significant increase in the shear stress because of the 
interaction and collision among particles, fluid and the flow passage surfaces. It has been clearly 
shown in the literature that the addition of nanoparticles into a base fluid has produced an adverse 
effect on the wall shear stress. The nanoparticles increase the viscosity of the suspension. This is 
due to the nanofluids having a higher viscosity value in comparison with base fluids. 

For the evaluation of pressure drop in the present wavy channel, the relative skin 
friction ratio is defined as r = fp /fs, where fp is the average friction of the pulsating flow and 
fs is the steady flow friction. The variation of friction for the dimensionless pulsating parame-

ters at a fixed Reynolds number (Re = 700) 
and volume concentration with respect to 
the dimensionless amplitude and frequen-
cy is plotted in fig. 7. In this study, the skin 
friction results exhibit different behaviors 
depending on the heat transfer performance.

From this investigation, it is found 
that the relative friction ratio increases with 
an increase in amplitude of pulsation. The 
increasing amplitude also increases the fluc-
tuation effect in the flow, and as a result, the 
friction increases. In particular, the friction 
increases at low frequencies in the range of 
3 < Wo < 6, and when Wo = 6, the relative 
friction slightly changes with frequency at 

low pulsating amplitude. However, the relative friction also increases considerably as pulsat-
ing amplitude increases with the increase of frequency. It can be concluded that the pulsations 
and cavities contribute to the fluctuation effect in the flow, which causes the increase of the 
relative friction. The maximum heat transfer is obtained at low frequency (Wo = 6) and the 
highest Reynolds number (Re = 700), while there is a slight increase in pressure drop. For this 
frequency, the relative friction is more than two times that of the steady flow for higher ampli-
tudes, as shown in fig. 7. It is reasonable for this parameter because the obtained heat transfer 
performance is greater than 60%. 

In addition, it is interesting the note that, the pulsating flow and triangular wavy chan-
nel have an advantage in preventing the sedimentation of nanoparticles in nanofluid suspen-
sions. This can be very important when using high volume concentrations of nanofluids in 
practical applications.

Conclusions

In this study, the effect of CuO-water based nanofluids on heat transfer in a triangu-
lar wavy channel under laminar pulsating inlet flow conditions is investigated numerically by 
using a control volume based CFD solver. For a specific nanoparticle volume ratio (φ = 5%) 
the effects of the Reynolds number, pulsation frequency and amplitude on the heat transfer 
enhancement are analyzed. In addition, the frictional pressure drop results are presented. The 
results show that the heat transfer performance considerably increased with increasing pulsat-

Wo

r Re = 700, φ = 5%
Ao

Figure 7. The relative skin friction varying with 
pulsating parameters (Re = 700)
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ing amplitude at low frequencies compared with that in steady flow. The combined effect of 
pulsations and nanoparticles in the wavy channel is favorable for increasing the Nusselt number 
compared to the steady flow case. This causes strong mixing between the hot fluid near the 
wavy wall and cold fluid in the main flow. As a result, the pulsating velocity of nanofluid has a 
considerable influence on the flow structure and thermal fields in the wavy channel, which may 
lead to heat transfer enhancement. The best heat transfer performance is obtained at Wo = 6, 
Ao = 1 and Re = 700. Substantial heat transfer enhancement can be obtained (ε up to 60%) 
in pulsating flows with low pulsating frequency, high amplitude and high Reynolds number. 
Therefore, these conditions can be proposed to achieve better performance and design more 
compact thermal devices.

Nomenclature 
Ao – dimensionless pulsation amplitude 
a – wavy wall amplitude, [m]
C – specific heat, [Jkg-1K-1]
Cp – specific heat, [Jkg-1K-1]
d – particle diameter, [m]
f – skin friction
H – channel height (characteristic length), [m]
k – conductivity, [Wm-1K-1]
L – heated wall length, [m]
Nu – Nusselt number.( = hL/k)
p – pressure, [Pa]
Pr – Prandtl number
Pe – Peclet number. ( = RePr)
Re – Reynolds number. ( = Udh/ν)
r – pressure drop ratio
T – temperature, [K] 
Tw – wavy wall temperature, [K]
u, v – velocity components, [ms-1]
Uo – average inlet velocity, [ms-1]
uin, Uin – instantaneous inlet velocity, [ms-1]
Wo – Womersley number, [ = H ⁄ 2(ω/ν)1/2]
t – time, [s]
x, y – Cartesian co-ordinates, [m]

xm – amplitude of pulsation, [m]
xo – unheated starting length, [m]

Greek Symbols

α – thermal diffusivity, [m-2s]
ε – enhancement ratio
λ – corrugated cavity length, [m]
µ – dynamic viscosity, [kgm-1s-1]
ν – kinematic viscosity, [m2s-1]
ρ – fluid density, [kgm-3]
τ – cycle time, (τ = ωt)
φ – volume fraction of particles, [%]
ω – angular frequency, ( = 2πf), [rads–1]
ωt – phase angle

Subscripts

bf – base fluid
nf – nanofluid
p – pulsating
pt – particle
s – steady
w – wall
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