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Abstract. This study presents the numerical results relative to the development of heat transfer and pressure drop inside a
corrugated channel, under constant heat flux conditions applied to the walls; the working fluid is air. The test section is a channel
with two plates having trapezoidal-shaped corrugations with V-folds. The corrugated plates were placed inside a 12.5 m high
channel and tested for three different inclination angles, i.e. 20°, 40° and 60°. The model was simulated for a heat flux of 0.58 kW
/m?, while the Reynolds numbers were considered within the interval ranging from 600 to 1400. The standard turbulent model (k-
¢) was employed to simulate the flow and heat transfer developments within the channel. In addition, the governing equations
were solved using the finite volume method in a structured uniform grid arrangement. Moreover, the effects of the geometric
parameters on heat transfer and flow evolution were discussed as well. It is also worth noting that the corrugated surface had a
significant impact on the enhancement of heat transfer and pressure drop due to breakage and destabilization occurring in the
thermal boundary layer.
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1. Introduction

In general, heat exchangers are used in industrial engineering applications such as heaters, oil coolers, air conditioner
condensers and air conditioner evaporator units, petrochemical industry, power plants and chemical processing. A lot of effort
has been made to develop more efficient and more compact heat exchangers using various heat transfer enhancement
techniques in order to produce cheaper heat exchange equipment. The use of corrugated plates is a worthy approach for
enhancing the thermal performance of exchangers and providing higher compactness. The breakage and destabilization of the
thermal boundary layer occur as a result of the fluid flowing over the wrinkled surfaces. Therefore, corrugated surfaces can be
used to promote the onset of turbulence and consequently increase heat transfer.

Sunden and Skoldheden [1-2] conducted an experimental study on heat transfer and pressure drop in corrugated tubes and
smooth tubes. In their experiments, they used Reynolds numbers within the range extending from 800 to 5000. These same
authors found out that the amount of heat transferred within a corrugated channel was 3.5 times higher than that obtained with
a smooth channel. Similarly, Sunden and Trollheden [3] numerically investigated laminar flow heat transferring convectors in a
two-dimensional corrugated channel whose section varies periodically, under constant heat flux. Finite difference
approximations were used to solve the governing equations. Over the last few years, a large number of researchers have
investigated the characteristics of heat transfer and pressure drop in corrugated channels. For example, Mohammed et al. [4]
conducted a numerical study on the effects of tilt angles and height of corrugated channels on the heat enhancement rate. They
recommended a wavy angle of 60 °, a corrugation depth of 2.5 mm with a channel height equal to 17.5 mm for a better heat
transfer rate. Likewise, Elshafei et al. [5-6] carried out an experimental study on the effect of phase difference in V-shaped
corrugated channels on the features of heat transfer and pressure drop. It was found that the average heat transfer coefficient
was significantly enhanced; however, the pressure drop decreased as a function of the spacing and phase difference. Similarly, an
experimental investigation was carried out by Ali and Ramadhyani [7] on heat transfer in the inlet region of the channel for a 20°
wave angle and a laminar flow; they suggested that the Nusselt number increased from 140% in the parallel plate channel to
240% in the corrugated channel; likewise, the friction factor went from 130% to 280% for the same case.

Furthermore, a numerical and experimental study was undertaken by Islamoglu and Parmaksizoglu [8] on forced convection
heat transfer and pressure drop in a corrugated channel; they noted a large difference between the minimum and maximum local
heat transfer coefficients on the corrugated walls. Moreover, these same authors found out that the Nusselt number increased as
the channel size augmented, which caused the pressure gradient to decrease. On the other hand, Zimmerer et al. [9] made an
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attempt to investigate the effects of inclination angle, wavelength, amplitude, and fold shape on heat and mass transfer inside
the heat exchanger. Similarly, Hamza et al. [10] conducted an experimental study on the effects of the parameters used on the
laminar flow forced convection heat transfer in a channel provided with a V-corrugated upper plate. All experiments were carried
out for channel inclination angles and Reynolds numbers in the ranges from 0° to 60° and from 750 to 2050, respectively. In the
same way, Pehlivan [11] performed an experimental investigation on the effect of sharp and rounded corrugation peaks on heat
transfer and pressure drop within a folded channel; his results suggested that increasing the corrugation angle and channel
height causes the heat transfer to rise.

A numerical study was conducted by Sukhmeet Singh et al [12] to investigate the heat transfer and pressure drop
characteristics in a rough pipe with periodic cross ribs in a solar heater. Four types of transverse ribs have been studied, circular,
square, trapezoidal, and saw-tooth. They found that the highest Nusselt number and the lowest friction factor are observed in the
roughened pipe with saw-tooth ribs, followed by trapezoidal ribs.

On the other hand, a numerical analysis was performed by S. Rashidi and M. Akbarzadeh [13] for the purpose of studying the
thermal-hydraulic performance and entropy generation of a turbulent flow inside a corrugated channel. The numerical
simulation was performed with the Reynolds number varying within the interval from 5000 and 50 000. In this analysis, it was
decided to consider three different wave amplitude values (a = 0.1, 0.2 and 0.3) and three wavelength values for the corrugated
wall (k = 1, 2 and 3). It turned out that the global thermal performance was significantly enhanced through the use of a corrugated
channel, where A = 0.1 for all Reynolds numbers. It was therefore found that the total entropy production had a minimum value
at Re = 20,000, for all values of wave amplitude and wavelength of the corrugated wall.

R.K. Ajeel et al [14-16] performed a series of numerical investigations, on corrugated channels to study the impact of
geometric parameters on the thermo-hydraulic performance of corrugated channel heat exchangers. the simulation results
proved that the height / width (H/L) ratio was more efficient than the height / length (H/W) ratio, from the point of view
performance.

The forced turbulent flow of the SiO,-water nanofluid, through different corrugated channels is studied numerically and
experimentally by the same authors, R. K. Ajeel et al.[17]. Two corrugated channels namely, the semi-circular corrugated channel
and the trapezoidal corrugated channel were studied. The results show that the ripple profile has a significant effect on
improving heat transfer. In addition, the use of nanofluids further promotes the improvement of heat transfer compared to the
base fluid. The comparison shows a good agreement between the two numerical and experimental results.

H. Ameur [18] carried out a numerical study on a rectangular channel heat exchanger, equipped with corrugated baffles. The
influence of the corrugated baffles on the thermohydraulic behavior of the exchanger was discussed.

The results showed that the overall performance factor increased from 1.27 to 1.53 as the ripple angle increased from 0° to 45°.
Contrary to the case with the smooth channel without baffles.

In another work, M. Akbarzadeh and S. Rashidi [19] undertook a numerical investigation on the entropy generation and

thermohydraulic performance of a corrugated channel with three corrugation profiles, i.e. triangular, sinusoidal, and trapezoidal.
The simulations were performed for Reynolds numbers within the range from 400 to 1400 and the results found indicated that
the triangular channel offers the highest generation rate of thermal entropy; it is followed by the sinusoidal and trapezoidal
channels. In the end, it may be said that a channel with sinusoidal walls is recommended to have high performance and low
entropy generations.
A large number of experimental and numerical studies have been conducted on topics related to heat transfer and pressure drop
for various corrugated surface configurations. The purpose of this paper is to study the thermo-hydraulics characteristics in
corrugated trapezoidal plate channels for different spacing angles 8 = 20°, 40°, and 60°, as only a limited number of related studies
have been reported in the literature so far.

Constant heat flux s Corrugated channel
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Fig. 1. (a) Geometry of the problem under study, and (b) General diagram of various corrugations.
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Table 1. Geometric dimensions of the studied section. [20]

8 (°) H (mm) a (mm) 1 (mm) Hs (mm) L (mm) Ripple number
0 12.5 -- -- 2.5 323 --
20 12.5 5 5 2.5 323 10
40 12.5 5 5 2.5 323 19
60 12.5 5 5 2.5 323 33

2. Physical model

Figure 1 illustrates the geometry of the problem. It includes a rectangular channel provided with two trapezoidal upper and
lower corrugated plates and traversed by a stationary turbulent air flow. A number of hypotheses must be satisfied, namely (i) The
physical properties of the fluid are assumed to be constant, (ii) The velocity and flux profiles is uniform, (iii) The applied
turbulence model is (k-¢), and (iv) The flow is fully developed at the inlet.

3. Mathematical model

Continuity equation

0
ox oy (M
Momentum equation
u ou op u | d'u
U puo =2 2
Plox TPy~ ox " Mox T oy @)
v v op v oM
U=+ pUu—=— S+
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Energy equation
For fluid:
ox dy ox*> oy’
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For solid:
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—+-—5=0 5
ox’> oy’ ©)

Furthermore, the standard turbulence model (k-¢) proposed by Launder and Spalding [21] was also applied in this simulation.
This model, which may be employed to predict the secondary flow movement [24], consists of two equations, namely the
equation for turbulent kinetic energy k and the equation for dissipation rate e.

The two equations are given below:

Equation for the turbulent kinetic energy k:

0 0 u, | Ok
—|pky, | =—||p+ L |=—|+G, — 6
o, 1PRU] o G e ©)
Equation for dissipation rate &:
0 0 i, | Oe € e
— =— Ll —|+C |=|G, +C,.p|—|—
rria ox [/Hra x|t 1‘[k] L +Cop k] pe ?)

In the above equations, Gk represents the generation of turbulent kinetic energy due to the mean velocity gradient; ox and o.
are the effective Prandtl number for turbulent kinetic energy and the dissipation rate, respectively; Cic and Cz. are constants and p
is the turbulent viscosity which is expressed as:

®)

[pC,Lkz
=
&

Patankar [22] suggested that the empirical constants for the turbulent model can be determined by the complete fitting of
data for a range of turbulent flows. They are given as:

Cu=0.09, Cie= 1.47, Ce= 1.47, Ok = 1.0, 0:= 1.3 ©)

3.1 Boundary conditions
At the inlet:

U= UnV=0,T=Tn= 300K, k = kin, € = €in (10)
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The turbulent kinetic energy kinand turbulent dissipation &inin the inlet section of the channel are estimated in terms of the
turbulent intensity I as follows:

Nlw

3
Ry = (1], & = c:k (11)
2 "L
[=0.16Re ¥ (12)
At the outlet:
Mg W o 0T o0k o 0 (13
ox ox 0x ox ox
At the wall we have q,, =580 w/m’.
Symmetric condition: x=0
OT Ou _0v
=—-=-—-=0 (14)

ay oy oy

3.2. Characteristic parameters

The present numerical simulation is aimed at investigating the impact that the channel angle may have on heat transfer
characteristics and pressure drop for an entirely developed flow inside narrow corrugated channels. The average velocity at the
inlet of the channel was calculated in terms of the Reynolds number and the hydraulic channel diameter; it is defined as:

_ Rev

Upse D, (15)
The hydraulic diameter is defined as:
D, =35 _on (16)
P
Dimensional analysis of the system shows the following dimensionless magnitudes:
Local friction coefficient
The local friction coefficient at the wall Csis given by:
__Tw
Cr=1, (17)
E/’uaue
Average friction coefficient
f= (Ap/L)D,
1 (18)
2 p ave
The pressure drop within the corrugated channel may be calculated as:
Ap = pave,in - pave,uut (19)
An approximation of the local heat transfer coefficient h(x) can be obtained by:
Q, ()
h(x)=—"—""2%— 20
AR 0

where Qu is the heat flux density at the wall, Tw and T» represent the average temperature of the wall and bulk flow temperature.
Average heat transfer coefficient

1 pL
h= Ifo h(x)dx (1)
Local Nusselt number
h(x) = D n(x) (22)
Average Nusselt number
1 pL
Nu= f\/; Nu(x)dx (23)

As for the Performance evaluation criterion (PEC), it is given as:

N N
( Ugye / uave,s) (24)

=TT
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4. Numerical solution

The governing equations are a set of equations that govern the phenomenon of forced convection in a channel with

velocity/pressure coupling, based on the finite volume method, SIMPLE algorithm of Patankar [22] is used to treat the problem of
coupling velocity/pressure. A second order scheme (Upwind) and a structured uniform grid system are used to discretize the main
governing equations, as shown in Fig. 2. In order to evaluate the accuracy of these calculations, the independence of the mesh is
analyzed by adopting different grid distributions of 25 000, 65 000, 80 000 and 95 000 for Re = 1100. The test of independence of the
mesh showed that the systems mesh of 80 000 nods guarantee a satisfactory solution. This is verified by the axial velocity profile
in the corrugated channel with a mesh size greater than 80,000 (for example 95,000) in the 1% indicated in Fig. 3.
At the inlet, the fluid with an intensity turbulent [24], the inlet temperature, Tin, enters the studied section at the velocity of uin.
The velocity boundary condition is applied to the input section while the pressure boundary condition is used at the output
section. The commercial code ANSYS/Fluent has been used as a numerical solver. The numerical computation is completed if the
residual added on all the computation nodes satisfies the criterion (10).
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Fig. 2. Grid distribution for structured mesh inside the computational domain.
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Fig. 3. Axial velocity profile for different number of elements at Re = 1100, and x = L/2, for inclination angle 8 = 20°.

5. Validation of simulation results

For the purpose of validating the numerical results of the present study, the predicted outcomes for the average Nusselt number
were compared with the previous experimental and numerical ones of Naphon [23], [24], as shown in Figs. 4 and 5.

Figure 4 illustrates a comparison between the average Nusselt numbers of the present numerical study and the values
previously obtained by Naphon [23]. Likewise, Fig. 5 displays a comparison between the average Nusselt number of air in the
corrugated channel and the numerical result attained by Naphon [24]. One may distinctly note from these two figures that the
results of the present study are consistent with those reported in previous articles.

6. Results and discussion

The evolution of the average Nusselt number as a function of Reynolds number of air for various corrugated corners is depicted
in Fig. 6. It is easy to observe that the Nusselt number rises as the Reynolds number of air increases, which may be attributed to
the fact that the Nusselt number depends on the heat transfer rate. The average Nusselt number attains greater values for all
corrugated corners as compared to a smooth channel. This same Fig. 6 shows the effect of a corrugated angle on the Nusselt
number. Note that for larger corrugated angles, the Nusselt number is more important as compared to that obtained at smaller
angles. Therefore, when the corrugation angle increases, i.e. the spacing decreases, there is a higher fluid recirculation with a
larger eddy flow, which results in a greater intensity. Therefore, the number of Nusselt should grow as the corrugated angle goes

up.
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Fig. 5. Comparison
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Fig. 6. Average Nusselt number for different inclination angles.
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Fig. 8. Thermal-hydraulic performance factor vs. Reynolds number, for various angles.

The variation of the pressure drop as a function of the Reynolds number, for different inclination angles, is illustrated in Fig.7.
This figure clearly suggests that the pressure drop keeps rising as the Reynolds number augments, for all inclination angles,
which may be assigned to the turbulence effect and recirculation zones, which in turn leads to increased pressure drop. Therefore,
it is possible to say that the inclination angle has a significant effect on the pressure drop which increases as the inclination
angle rises. The heat transfer enhancement is always accompanied by a pressure drop increase.

The performance evaluation criteria (PECs) were used to assess the thermal-hydraulic performance, as illustrated in Fig. 8. It is
noted that the highest wavy angle gives the best performance. One may readily observe that the performance over the entire
range of Reynolds numbers is more or less constant for all wavy angles, while it starts decreasing beyond the wavy angle of 60°, as
depicted in fig. 7.

Figure 9 shows the temperature contours and stream function for a channel with height H = 12.5 mm, and for different
inclination angles. It can clearly be noted that the corrugated wall has a high impact on the temperature distribution and flow
structure inside the channel.

It is therefore possible to conclude from the above figures that further increasing the channel angle 6 leads to the appearance of
swirling flows which continue to grow in a large part of the flow field, particularly in the narrow passage, due to the vortices and
flow field along the corrugated wall. As a result, a higher temperature gradient appears near the corrugated wall. Fig. 9 distinctly
indicates that the heat transfer rate between the wall and the fluid increases.

It is also worth noting that the onset of the swirling flow and its development encourage the mixing of the cold fluid from the
core with the hot fluid from the region near the boundary layer. Furthermore, the corrugated geometry, with low wavy angles, has
a slight effect on the flow across the channel. However, higher wavy angle values, i.e. smaller pitches, induce fluid recirculation or
swirl flows in the corrugated troughs, which can therefore lead to higher momentum transfer.
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Fig. 9. Variation of (a) stream function, (b) temperature contour, at heat flux = 580 w/m?, for 8 = 20°, 40° and 60°, with Re = 1100.

7. Conclusion

The present study aimed at presenting the features of heat transfer and pressure drop within a channel with trapezoidal
corrugations. Consequently, some interesting conclusions were drawn as:

- The heat transfer and pressure drop can be significantly enhanced by the corrugated surface as compared to the smooth
surface.

- The average Nusselt number increases as the wavy channel’s inclination angle rises.

- The average Nusselt number for the corrugated channel can be 4.5 times higher than that of a smooth channel.

- The breaking and destabilization of the thermal boundary layer occurs as the fluid flows near the corrugated surfaces.

- Corrugated plates can help to increase the thermal performance rate; it also allows for higher compactness of the heat
exchanger.

- Considering the performance factor, it may be stated that a corrugated channel with a wavy angle of 60° gives the best
outcomes with regard to energy saving, as compared to other configurations.
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Nomenclature
Symbols Greek symbols
a Wave amplitude, [mm)] a Thermal diffusivity [m%s],
Cp specific heat, [kJ/kg. K] P density, [kg/m™]
Dn hydraulic diameter, [mm)] k thermal conductivity of the fluid, [W/m.K]
f friction factor 6 wavy angle
h heat transfer coefficient, [kW/m?2.C°] U dynamic viscosity of the fluid, [kg/m.s]
H height of channel, [mm] € dissipation kinetic energy, [m?s?]
Hy height of base [mm)] T wall shear stress
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K turbulent kinetic energy, [m?%/s?] v kinematic viscosity of the fluid, [m?%s]
Nu Nusselt number ¢ Stream wise gradients, u, u, k, T, €
P wet perimeter, [m] .

q heat flux, [kW/m?] Subscripts

Re Reynolds number ave average

S surface, [m?] b base

Pr Prandt number eff effective

PEC performance evaluation criteria in inlet

P pressure, [pa] s smooth

T temperature, [K] t turbulent

u Fluid velocity in x coordinate, [m/s] 0 outlet

v Fluid velocity in y coordinate, [m/s] W wall
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