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Abstract

In the present study, the numerical results of the heat transfer and flow developments in the corrugated channel under constant heat
flux conditions are presented. The test section is the channel with two opposite corrugated plates which all configuration peaks lie in an
in-phase arrangement. The corrugated plates with three different corrugated tile angles of 20�, 40�, and 60� are tested with the height of
the channel of 12.5 mm. The model was simulated for the Reynolds number and heat flux in the ranges of 400–1600 and 0.5–1.2 kW/m2,
respectively. The flow and heat transfer developments are simulated by using the k-e standard turbulent model. A finite volume method
with the structured uniform grid system is employed for solving the model. The predicted results are validated by comparing with the
measured data. There is reasonable agreement from the comparison between the numerical data and experimental data. Effects of rel-
evant parameters on the heat transfer and flow developments are discussed. Due to the breaking and destabilizing in the thermal bound-
ary zone, the corrugated surface has significant effect on the enhancement of heat transfer and pressure drop.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

As fluid flowing through the corrugated surfaces, the
breaking and destabilizing in the thermal boundary zone
are induced. The heat transfer rate (thermal performance)
of the heat transfer devices tends to increase. Therefore,
the corrugated surfaces are a suitable method to improve
the thermal performance of heat transfer devices. Sunden
et al. [1,2] experimentally and numerically studied on the
heat transfer and pressure drop in the corrugated channels
and the smooth tubes under constant heat flux conditions.
It was found that the heat transfer obtained from the cor-
rugated channel was 3.5 times higher than that from the
smooth one. Brunner and Brenig [3] calculated the scatter-
ing of molecules from the corrugated surfaces with rota-
tional energy transfer. Benilov and Yaremchuk [4]
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investigated the scattering of surface water-waves in a
channel with corrugated bottom and walls. Yalamanchili
et al. [5,6] applied the LDV to measure the velocity profiles
and normal stress of fluids flowing in a corrugated channel
with the top and bottom plates sinusoidal with and without
polymer additives. Sawyers et al. [7] numerically and exper-
imentally studied effect of three dimensional hydrodynam-
ics on the enhancement of heat transfer in the corrugated
channels. Nishimura and Matsune [8] studied on the simu-
lation and flow visualization to study the dynamical behav-
ior of vortices generated in channels with two different
geometries. Bereiziat and Devienne [9] experimentally stud-
ied the flow characteristics of the Newtonian and non-
Newtonian fluid in the corrugated channel. Gradeck
et al. [10,11] observed flow patterns and heat transfer anal-
ysis of single phase and two phase gas-liquid flowing in the
horizontal corrugated channels. Fabbri et al. [12,13] stud-
ied the laminar convective heat transfer in the smooth
and corrugated channels. The heat transfer performance
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Nomenclature

A area
Ce2 turbulent model constant
Cp specific heat, kJ/(kg �C)
h heat transfer coefficient, kW/(m2 �C)
I turbulent intensity
L turbulence characteristics length, m
Nu Nusselt number
Pr Prandtl number
Q heat transfer rate, kW
Re Reynolds number
U velocity vector
q density, kg/m3

U viscosity energy dissipation function
re diffusion Prandtl number for e
X distance from the leading edge of the corrugated

plate
r distance the leading edge of the corrugated

along the corrugated surface, m
j thermal conductivity, kW/(m �C)
Ce1 turbulent model constant
Cl turbulent model constant

Dh hydraulic diameter, m
H height of channel, m
k turbulent kinetic energy, m2/s2

m mass flow rate, kg/s
p pressure, kPa
P wet perimeter, m
q heat flux, kW/m2

T temperature, �C
e dissipation kinetic energy, m2/s3

l viscosity, kg/m
rk diffusion Prandtl number for k

s shear stress, kN/m2

Subscripts

a air
cr cross section
in inlet
ave average
c corrugated
out outlet
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of the corrugated channel was compared with that of a
smooth channel. Mehrabian and Poulter [14] studied effect
of corrugation angle on the performance of the flowing
between two identical APV SR3 plates. Vasudevaiah and
Balamurugan [15] theoretically studied the convective heat
transfer in a corrugated microchannel under constant heat
flux conditions. Niceno and Nobile [16] numerical studied
on the two-dimensional steady state and time dependent
fluid flow and heat transfer in the periodic and wavy chan-
nels. Hamza et al. [17] experimentally studied effects of the
operating parameters on laminar flow forced-convection
heat transfer of air flowing in a channel having a V-corru-
gated upper plate. Zimmerer et al. [18] studied effects of the
inclination angle, the wavelength, the amplitude, and the
shape of the corrugation on the heat and mass transfer of
the heat exchanger. Wang and Chen [19] applied a simple
coordinate transformation method and the spline alternat-
ing-direction implicit method for determining the heat
transfer rates for flowing through a sinusoidally curved
converging–diverging channel. Metwally and Manglik
[20] considered the laminar periodically developed forced
convection in sinusoidal corrugated-plate channels. The
control volume finite-difference method was employed to
solve the model. Islamoglu and Parmaksizoglu [21–23]
numerically and experimentally studied effect of channel
height on the enhanced heat transfer characteristics in a
corrugated heat exchanger channel. In addition, the artifi-
cial neural networks were employed to analyze the heat
transfer in corrugated channels Hossain and Sadrul Islam
[24] numerical studied on the fully unsteady fluid flow
and heat transfer in sine shaped wavy channels. Recently,
Naphon [25,26] experimentally studied on the heat transfer
characteristics and pressure drop in the corrugated channel
with different wavy angles and channel heights. The corru-
gated plates in an in-phase and out-of-phase arrangements
were tested.

The above survey, the numerous experimental and theo-
retical studies have been reported concerning the heat
transfer and pressure drop in the corrugated surface with
various configurations. However, only a few works
[17,21–23] reported on heat transfer characteristics and
pressure drop in the corrugated channel with V-corrugated
upper and lower plates. The objective of this paper is to
numerical and experimental study the heat transfer and
flow developments in the channel with V-corrugated upper
and lower plates which all configuration peaks lie in an in-
phase arrangement. The predicted results are validated by
comparing with the measured data. The temperature and
velocity distributions are simulated by the finite volume
method. Effects of various relevant parameters on the heat
transfer and flow developments are also considered.

2. Experimental apparatus and method

2.1. Test loop

A schematic diagram of the experimental apparatus is
shown in Fig. 1. The test section and the connections of
the piping system are designed such that parts can be chan-
ged or repaired easily. The open-loop wind tunnel is rectan-
gular air duct fabricated from acrylic having the length of
295 cm. The duct is insulated with 5 mm thick Aeroflex
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Fig. 1. Schematic diagram of experimental apparatus.

Fig. 3. Schematic diagram of the corrugated plate.
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standard sheet. Air in the open wind tunnel is discharged
by an axial fan into the channel and is passed through a
mixing device, straightener, test section, orifice and then
discharged to the atmosphere. The speed of the axial fan
can be adjusted by a variable speed driver. An orifice plate
based on the ISO 5167 standard is employed to measure air
flow rate. The pressure drops across the test section and
orifice plate are measured by the digital manometer (TES-
TO 400) with an accuracy of 0.02% of full scale. There are
four pressure taps on each wall upstream and downstream
of the test section and the orifice plate. The inlet and outlet
temperatures of air are measured by two and four type T

copper–constantan thermocouples with 1 mm diameter
probes with an accuracy of 0.1% of full scale extending into
the duct in which the air flows, respectively. All the thermo-
couples probes are precalibrated by dry-box temperature
calibrator with 0.01 �C precision.

2.2. Test sections

The schematic diagram of the test section is shown in
Figs. 2 and 3 which consists of two opposite corrugated
plates. The width and length of the corrugated plate are
130 and 300 mm, respectively. The details of the corrugated
plate are listed in Table 1. An AC power supply is the
source of power for the plate type heaters, used for heating
of the test section. Both rear faces of the test section are
insulated with a 10 mm thick heat-resistant mica standard
sheet, 5 mm thick aeroflex standard sheet, and then 5 mm
thick acrylic standard sheet, respectively. Three type T cop-
per–constantan thermocouples are used to measure the
temperature distribution of each corrugated wall. The ther-
Heater plate
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Air inlet 

X=300
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X=30

Fig. 2. Schematic diagram
mocouples were installed by drilling from the rear face and
fixed with special glue applied to the rear face of the corru-
gated walls.
2.3. Operating conditions

Experiments were done with various air flow rates and
heat flux entering the test section. In the experiments, air
flow rate was increased in small increments while the sup-
plied heat at both sides of the corrugated wall was kept
constant. The supplied heat into the corrugated walls was
adjusted to achieve the desired level by using electric heat-
ers. The voltage and current of electric input to the car-
tridge heaters were controlled by an AC power supply
unit. The supplied power was calculated using the supplied
Mica plate 

Aeroflex plate 

d plate 

Air outlet 

 mm

0 mm

of the test section.



Table 1
Dimensions of the test section

Wavy
angle (�)

Height of
channel (mm)

Height of
wavy (mm)

Height of
base (mm)

Width of corrugated
channel (mm)

Length of corrugated
channel (mm)

Number
of wavy

Length of corrugated
surface (mm)

Total surface
area (m2)

20 12.5 5 2.5 130 300 11 320 0.043
40 12.5 5 2.5 130 300 25 389 0.052
60 12.5 5 2.5 130 300 52 600 0.073

Table 2
Accuracy and uncertainty of measurements

Instruments Accuracy Uncertainty

Thermocouple type T, data logger, (�C) 0.1% ±0.1
Differential pressure transducer 0.02% ±0.02
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voltage and current to the heaters. The supplied voltage
and current to the heaters were measured by the digital
clamp meter (3PK-2002 A). The steady-state sensible heat
gain by the air flow can be calculated from an energy bal-
ance. In the present study, only the data that satisfy the
energy balance conditions; jQheater � Qaj/Qave is less than
10%, are used in the analysis. The average heat transfer,
Qave, is averaged from the supplied heat to the heater
and the removed heat by cooling air. The temperature at
each position and pressure drop across the test section were
recorded three times. Data collection was carried out using
a data acquisition system (DataTaker, DT800). Tempera-
tures at each position and pressure drops across the test
section were averaged over the time period. The uncer-
tainty and accuracy of the measurement are given in Table
2.

The average heat transfer coefficient along the corru-
gated channel, hc, can be calculated from the average heat
transfer rate obtained from
Qave ¼ hcAcðDT Þ ð1Þ
where Ac is the surface area of the corrugated plate.
In general, an average heat transfer coefficient is pre-

sented in term of average Nusselt number (see Wang and
Chen [19]) as follows:
Fig. 4. Schematic diagram of the st
Nu ¼ hcH�r

jX
ð2Þ

where H is the half distance of the channel height, j is the
thermal conductivity of air, X is the distance from the lead-
ing edge of the corrugated plate, and r is the distance the
leading edge of the corrugated along the corrugated
surface.

3. Mathematical modelling

By considering the geometry and physical problem as
shown in Figs. 2 and 4, the k–e standard turbulence model
[27,29] is employed to simulate the turbulent heat transfer
and flow characteristics. The main governing equations
[27,29] can be written in the following form:

Continuity equation:

oq
ot
þ divðqUÞ ¼ 0 ð3Þ

Momentum equation:

x�momentum : q
Du
Dt
¼ � op

ox
þ divðl grad uÞ þ SMx ð4Þ

y �momentum : q
Dv
Dt
¼ � op

oy
þ divðl grad vÞ þ SMy ð5Þ

Energy equation:

q
Di
Dt
¼ �pdivU þ divðC grad T Þ þ Uþ Si ð6Þ

Turbulent kinetic energy (k) equation:

oðqkÞ
ot
þ divðqkUÞ ¼ div

lt

rk

grad k
� �� �

þ 2ltEij � Eij � qe

ð7Þ
ructured uniform grid systems.
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Fig. 5. Comparison of the measured data with the predicted result.
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Turbulent kinetic energy dissipation (e) equation:

oðqeÞ
ot
þ divðqeUÞ ¼ div

lt

re
grad e

� �
þ C1e

e
k

2ltEij � Eij

� C2eq
e2

k
ð8Þ

The empirical constants for the turbulence model are ar-
rived by comprehensive data fitting for a wide range of tur-
bulent flow of Launder and Spalding [28,29]:

Cl ¼ 0:09;Ce1 ¼ 1:47;Ce2 ¼ 1:92; rk ¼ 1:0; re ¼ 1:3 ð9Þ
Boundary conditions:
In the present study, noslip and constant heat flux

boundary conditions are applied on the test section as
follows:

u ¼ 0; v ¼ 0; q ¼ qwall ð10Þ
where u, v are the velocities.

Initial conditions:
At the inlet boundary condition, the uniform profiles for

all the properties are as follows:

u ¼ uin; v ¼ 0; T ¼ T in; k ¼ kin; e ¼ ein ð11Þ
The turbulent kinetic energy, kin, and the turbulent kinetic
energy dissipation, ein, at the inlet section are approximated
from the turbulent intensity, I, and a turbulent characteris-
tics length, L, as follows:

kin ¼
3

2
ðuinIÞ2; ein ¼ C3=4

l

k3=2

L
ð12Þ

In the present study, the turbulence characteristics length,
L, is set to be 0.07rh. The factor of 0.07 is based on the
maximum value of the mixing length in the fully developed
turbulent flow [29]. The turbulent intensity level, I, is de-
fined the ratio of the root-mean-square of the velocity fluc-
tuation, u

0
, to the mean flow velocity, u, as follows:

I ¼ u0

u
� 100% ð13Þ

To represent the results and characterize the heat transfer
and flow in the corrugated channel, the following variables
and parameters are presented:

T a; b ¼
R Acr

0
uT adAcrR Acr

0
udAcr

ð14Þ

Nu ¼ ðQave=AcÞ � dh

jðT s; ave � T a; bÞ
; T s; ave ¼

1

r

Z r

0

T s;xdx ð15Þ

where u is the axial velocity, Ts,x, Ts,ave are the local and
average surface temperatures, respectively, Ta,b is the bulk
temperature of air, dh and rh are the hydraulic diameter and
hydraulic radius, respectively.

4. Numerical computation

The governing equations (3)–(13) are a set of convection
equations with velocity and pressure coupling. Based on
the control volume method, SIMPLEC algorithm of Van
Doormal and Raithby [30] is employed to deal with the
problem of velocity and pressure coupling. Second-order
upwind scheme and structured uniform grid system are
used to discretize the main governing equations as shown
in Fig. 4. In order to obtain the satisfactory solutions,
the grid independence is carried out in the analysis by
adopting different grid distributions of 60,000, 120,000,
and 210,000. The grid independence test indicated that
the grid systems of 120,000 ensure a satisfactory solution.
This is verified by the fact that the difference of the com-
puted results of outlet air temperature, corrugated plate
temperature and the Nusselt number with grid finer than
the 120,000 (e.g. 210,000) within 1%. At the inlet, fluid with
turbulence intensity, I, and temperature, Tin, enters the test
section at the velocity of uin. Velocity boundary condition
is applied at the inlet section while the pressure boundary
condition is used at the outlet section. The commercial pro-
gram NASTRAN/CFDsign has been employed as the
numerical solver. The numerical computation is ended if
the residual summed over all the computational nodes sat-
isfies the criterion (10�5).
5. Results and discussion

Because there is almost no data as in the open literature
[1–23] on the heat transfer and flow characteristics in the V-
corrugated channel, the predicted results are compared
with the present experimental data as shown in Figs. 5–7.
Fig. 5 shows the comparison between the predicted outlet
air temperature and the measured ones. It can be clearly
seen from figure that the values obtained from the model
are consistent with the experimental data and lie within
±10%. Figs. 6 and 7 show the comparison between the pre-
dicted plate temperature, the predicted Nusselt number and
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the measured data, respectively. The average plate temper-
ature and average Nusselt number are calculated from Eq.
[15]. It can be noted that the values obtained from the
model are consistent with the experimental data and lie
within �5% to +20% for the average plate temperature
and �20% to +30% for the average Nusselt number.

Fig. 8 shows the variation of the average plate tempera-
ture with air Reynolds number for different wavy angles at
heat flux of 1.08 kW/m2. It can be seen that the heat trans-
fer rate depends on the cooling capacity rate of air. There-
fore, the average plate temperature decreases as air
Reynolds number increases. However, this effect tends to
diminish as Reynolds number further increases. In addi-
tion, for a given air flow rate, average plate temperatures
at higher wavy angle are lower than those from lower ones.
Due to higher surface area and higher fluid mixing in the
boundary layer zone, heat transfer from the surface to
the air also increases. Therefore, the higher wavy angles
give lower plate temperatures as shown in Fig. 8. The pre-
dicted results are compared with the measured data. In
general, the shape of the predicted and observed average
corrugated plate temperature profiles agree well.

Fig. 9 shows the variation of average Nusselt number
with air Reynolds number. It can be seen that with increas-
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ing air Reynolds number, the Nusselt number tends to
increase. In generally, as fluid flowing through the corru-
gated surface the fluid re-circulation or/and the swirl flows
are generated in the corrugation troughs. The onset and
growth of recirculation zones promote the mixing of fluid
in the boundary layer thereby enhancing the convective
heat transfer. Fig. 9 also shows effect of wavy angle on
the Nusselt number. It can be clearly seen from figure that
the Nusselt numbers at higher wavy angle are higher than
those at lower ones. Increase wavy angle, higher of fluid re-
circulation or/and higher swirl flows intensity in the corru-
Fig. 10. Variation of (a) temperature contour, (b) velocity vector for different
gation troughs, and larger surface area, therefore the Nus-
selt number also increases with increasing wavy angle.

Fig. 10 shows the temperature contour and velocity vec-
tor for different wavy angle at q = 1.08 kW/m2, Re = 1395.
It is clearly seen from the Fig. 10a that the onset and the
growth of the swirl flow promote the mixing of the cold
fluid from the core with the hot fluid near the boundary
layer. These results induce higher temperature gradient
near the wavy wall. Therefore, the net heat transfer rate
from the wavy wall to the fluid also enhances as wavy angle
increases. Fig. 10b also shows the variation of the velocity
wavy angles (20�, 40�, 60�) at q = 1.08 kW/m2, Re = 1395, 2H = 12.5 mm.
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vector for different wavy angle at Re = 1395,
2H = 12.5 mm. It is can be seen that the wavy geometry
has insignificant effect on the core flow. In addition, at
low wavy angle, the wavy geometry has slightly effect on
the flow, and the fluid moves undisturbed through the
channel with no re-circulation. However, as further
increasing wavy angle (decreasing pitch), fluid re-circula-
Fig. 11. Variation of (a) temperature contour, (b) velocity vector for different
tion or swirl flows are induced in the corrugated troughs,
and consequently higher momentum transfer.

Fig. 11 shows the temperature contour and velocity vec-
tor for different channel heights (12.5, 7.5, 5.0 mm) for
wavy angle of 40�, constant heat flux of 0.83 kW/m2, and
constant air flow rate (Re = 9138). It is can be seen that
the wavy wall has a significant effect on the temperature
channel heights at the same Re (918), wavy angle = 40�, q = 0.83 kW/m2.
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distribution, especially in the narrow channel. From
Fig. 11a, due to the growth of the swirl flows in the wall
troughs as lower channel height, the temperature gradient
between the fluid near the wavy wall and the fluid in the
core increase. Therefore, the lower channel height gives
the heat transfer rates higher than higher channel height.
The change flow structure for the fixed air flow rate
(Re = 9138) with varying severity of the channel height is
shown in Fig. 11b. It can be seen from figure that channel
height have significant effect on the dynamic behavior of
the fluid flow fields. At the channel height of 12.5 mm,
the wavy wall has not significant effect on the flow structure
in the core. However, as further decreasing in the channel
height, the onset and the growth of the swirl flows encom-
pass much of the bulk flow field, especially in the narrow
passage. In addition, the turbulent intensity also increases.

6. Conclusion

New experimental data on the heat transfer and pressure
drop characteristics in the channel with double V-corru-
gated surfaces are presented. Breaking and destabilizing in
the thermal boundary layer are occurred as fluid flowing
through the corrugated surfaces. Using corrugated plates
is a suitable method to increase the thermal performance
and higher compactness. The effects of wavy angle and chan-
nel height have significant effect on the temperature distribu-
tion and flow development. The predicted results obtained
from the model are validated with the measured data. There
is reasonable agreement from the comparison between the
predicted results and the measured data. It can be found that
the corrugated surface has significant effect on the enhance-
ment of heat transfer and pressure drop.
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