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Abstract
Computational fluid dynamic simulations were conducted to 
analysis the influences of two different deflector orientations 
on turbulent forced-convection flow and skin friction loss of 
two-dimensional horizontal rectangular cross section chan-
nels with upper and lower wall-attached corrugated baffles. 
The governing flow equations, i.e., continuity, momentum, and 
energy, were numerically solved by the Finite Volume Method 
(FVM) using the Semi-Implicit Method for Pressure Linked 
Equation (SIMPLE) discretization formulation. The help of the 
CFD code FLUENT was employed to solve the dynamic and 
thermal behavior of air in the whole domain under investiga-
tion. The flow rate in terms of Reynolds number is ranged from 
5,000 to 32,000. The obtained results show that augmenting 
the Reynolds number makes the dynamic thermo energy field 
redirect in the vicinity of deflector corners, and forces an aug-
mentation in the thermal transfer rate from baffles.

Keywords
corrugated deflector, thermal transfer, turbulent air flow, 
numerical simulation

1 Introduction
Several researcher works have examined the baffled air 

channels numerically and experimentally to enhance the per-
formance. Mokhtari et al. [1] numerically characterized and 
studied the mixed convection of a three-dimensional square 
duct with various arrangements of fins in both laminar and 
turbulent flow. This study focuses on the ability of fin arrange-
ments to enhance a heat transfer while flow is incompressible 
and the fluid is air. The numerical results are validated with 
experimental data and show good agreement. The results pre-
sented in this study showed that efficient fin arrangement 
highly influences on the cooling performance of the plate. 
Promvonge et al. [2] carried out a numerical investigation to 
examine laminar flow and heat transfer characteristics in a 
three-dimensional isothermal wall square channel with 45° 
angled baffles. Effects of different baffle heights on heat trans-
fer and pressure loss in the channel were studied and the results 
of the 45° inline baffle are also compared with those of the 90° 
transverse baffle and the 45° staggered baffle. The optimum 
thermal enhancement factor was at the 45° baffle height of 0.2 
times of the channel height for both arrays. The maximum 
thermal enhancement factor of the 45° baffle in the Reynolds 
number range studied was found to be about 2.6 or twice 
higher than that of the 90° transverse baffle. Yongsiri et al. [3] 
reported the results of numerical study of turbulent flow and 
heat transfer in a channel with inclined detached-ribs. In that 
study, the fluid flow, temperature field and thermal perfor-
mance of the inclined detached-ribs with different attack 
angles (from 0° to 165°), were examined and compared with 
those of the typical transverse attached rib with the attack 
value of 90°. The computational results showed that, at high 
Reynolds number, the inclined ribs with attack angles of 60° 
and 120° yield comparable heat transfer rates and thermal per-
formance factors which were higher than those given by the 
ones with other angles. On the other hand, at low Reynolds 
number, the effect of rib attack angle was insignificant. 
Mellal et al. [4] numerically analyzed the thermal and dynamic 
characteristics in the shell side of a shell and tube heat 
exchanger (STHE) fitted with segmental baffles and different 
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arrangements. Two primordial parameters were tested: baffles 
spacing of 106.6, 80 and 64 mm and six baffles inclination 
angles of 45, 60, 90, 120, 150 and 180°. The numerical results 
showed the important role of the studied parameters in the 
shell side thermal performance enhancement, where the case 
of baffle inclination angle of 180°, at 64 mm of baffle spacing 
was the best design that assures mixing flow, giving thus a 
highest value of thermal performance factor of 3.55 compared 
with STHE without baffles. To provide an overview of the cur-
rent state of the art of heat transfer augmentation schemes 
employed for internal cooling of turbine blades and compo-
nents, results from an extensive literature review were pre-
sented by Ligrani [5] with data from internal cooling channels, 
both with and without rotation. The overall paper was pre-
sented in three major parts. Presented first is a brief review of 
developments up to 2003, considering investigations which do 
not include the effects of rotation. An overview of more recent 
developments since 2003 (without rotation issues considered) 
is presented next. The third and final part of the paper then 
addresses the effects of rotation on heat transfer augmentation 
technologies for internal cooling. Kumar and Kim [6] pre-
sented the heat transfer and fluid flow characteristics in a 
rib-roughened solar air heater channel. The artificial rough-
ness of the rectangular channel was in the form of a thin circu-
lar wire in discrete multi V-pattern rib geometries. The effect 
of this geometry on heat transfer, fluid flow, and performance 
augmentation was investigated using the CFD (computational 
fluid dynamics). The roughness parameters were a relative dis-
crete distance of 0.69, a relative rib height of 0.043, a relative 
rib pitch of 10, a relative rib width of 6.0, and a flow-attack-an-
gle of 60°. The discrete width ratios and Reynolds numbers 
ranged from 0.5 to 2.0 and from 2000 to 20,000, respectively. 
The thermo-hydraulic performance was found to be the best 
for the discrete width ratio of 1.0. A discrete multi V-pattern 
rib combined with dimple staggered ribs also had better over-
all thermal performance compared to other rib shapes. Kumar 
and Kim [7] reported heat transfer and fluid flow characteris-
tics in a solar air heater channel with multi V-type perforated 
baffles. The flow passage has an aspect ratio of 10. The rela-
tive baffle height, relative pitch, relative baffle hole position, 
flow attack angle, and baffle open area ratio are 0.6, 8.0, 0.42, 
60°, and 12%, respectively. The Reynolds numbers considered 
in the study was in the range of 3,000 - 10,000. The re-normal-
ization group (RNG) k-epsilon turbulence model was used for 
numerical analysis, and the optimum relative baffle width was 
investigated considering relative baffle widths of 1.0 - 7.0.The 
numerical results were in good agreement with the experimen-
tal data for the range considered in the study. Kumar et al. [8] 
experimentally investigated heat transfer and fluid flow char-
acteristics in an air passage with different type of blockage 
arrangements as roughness elements employed over one wall. 
The different blockage arrangements such as transverse 

perforated blockage, angled perforated blockage, V-type solid 
blockage, V-type blockage with gap and V-type perforated 
blockage have been careful in this study. During the experi-
mental examination air was passed through the test passage 
under a uniform wall heat flux of the heated wall plate. During 
the experimental study author found that the V-type perforated 
blockage provides better thermal hydraulic performance as 
compared with other type blockage air passage. Demartini et 
al. [9] investigated air flow through a rectangular channel with 
two plate baffles. Hot wire anemometry and the Finite Volume 
Method, by means of Commercial program Fluent 5.2 were 
applied, and a comprehensive analysis of the velocity profiles 
and pressure gradients was carried out in that work. Other 
authors studied in detail the effect of the size of baffles and 
orientations on the heat transfer enhancement in the tubes heat 
exchangers. Nasiruddin and Kamran Siddiqui [10] examined 
numerically three different orientations of baffles; the first 
case is a vertical baffle, the second inclined towards the down-
stream side, and the third inclined towards the upstream side. 
Menni and Azzi [11] carried out a computational fluid dynamic 
analysis of thermal and aerodynamic fields for an incompress-
ible steady-state flow of a Newtonian fluid through a two-di-
mensional horizontal rectangular section channel with upper 
and lower wall-attached, vertical, staggered, transverse, cas-
caded rectangular-triangular (CRT), solid-type baffles, using 
the Commercial, Computational Fluid Dynamics, software 
Fluent. The impact of the cascaded rectangular-triangular 
geometry of the baffle on the thermal and dynamic behavior of 
air was shown and this in comparing the data of this obstacle 
type with those of the simple flat rectangular-shaped baffle. 
This CFD analysis can be a real application in the field of heat 
exchangers, solar air collectors, and electronic equipments. 
Amraoui and Aliane [12] presented the study of fluid flow and 
heat transfer in solar flat plate collector by using Computational 
Fluid Dynamics (CFD) which reduces time and cost. 3D model 
of the collector involving air inlet, the collector was modeled 
by ANSYS Workbench and the grid was created in ANSYS 
ICEM. The results were obtained by using ANSYS FLUENT 
and ANSYS CFX. The outlet temperature of air was compared 
with experimental results and there was a good agreement in 
between them. Other works can be found in the literature, i.e, 
Fodor [13], Rábai and Vad [14], Hegedus et al. [15], Füle and 
Hernádi [16], Goda and Bánhidi [17], Bidar et al. [18], Khrabry 
et al. [19], and Fenyvesi and Horváth [20]. 

The purpose of the current study is to investigate the tur-
bulent forced-convection flow of air inside a two-dimensional 
horizontal rectangular cross section channel, containing two 
upper and lower wall-attached corrugated solid-type baffles 
as presented numerically and experimentally in more detail in 
Demartini et al. [9]. Two differently shaped baffles, i.e., cor-
rugated-upstream and corrugated-downstream shaped, with 
the same cross-sectional areas were compared in a staggered 
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manner. The effects of corrugated shape geometries of baffles 
as well as flow rates are investigated and analyzed numerically 
using the CFD Fluent software. In particular, plots contours of 
stream function, profiles of axial velocity, friction loss, heat 
transfer and thermal enhancement factor are obtained. 

2 Mathematical formulation
2.1 Geometry of the present problem

The physical geometry considered in this study is shown in 
Fig. 1a, b and c. The system consists of airflow moving through 
a two-dimensional horizontal rectangular cross section channel 
provided with two upper and lower wall-mounted staggered 
corrugated transverse baffles (see Fig. 1a). Two different mod-
els of corrugated baffles were considered in this study, which 
are referred as cases A and B. In case A, a baffle corrugated 
towards the upstream end was considered (see Fig. 1b) and in 
case B, a baffle corrugated towards the downstream end was 
considered (see Fig. 1c). 

2.2 Governing equations
The numerical model for fluid flow and heat transfer in the 

channel was developed under the following assumptions: (i) 
steady two-dimensional fluid flow and heat transfer, (ii) the 
flow is turbulent and incompressible, (iii) constant fluid prop-
erties, (iv) the body forces and viscous dissipation are ignored, 
and (v) the standard k-epsilon (ε) turbulence model of Launder 
and Spalding [21] is used to simulate the fluid flow and heat 
transfer.

The governing flow equations, i.e., continuity, momentum 
and energy equations, used to simulate the incompressible 
steady fluid flow and heat transfer characteristics in the given 
computational domain are given as 
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where ρ is the fluid density, P the pressure, μ dynamic viscosity, 
ui and uj are mean velocity components in xi and xj directions.
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where Γ and Γt are molecular thermal diffusivity and turbulent 
tharmal diffusivity, repectively and are given by

Γ Γ= =µ µPr Pr and t t t

In Eq. (2), ρ ′ ′u ui j �  is the Reynolds stresses defined by the 
Boussinesq hypothesis as 

− ′ ′ =
∂
∂

+
∂

∂









 − +

∂
∂









ρ µ ρ µ δu u

u
x

u
x

k
u
xi j t

i

j

j

i
t

i

j
ij

2

3

where δij is the Kroenecker delta and μt the eddy viscosity de-
fined as

µ ρ
εµt C k

=
2

The flow Reynolds number (Re) based on channel aeraulic 
diameter 

D HW H Wh = +( )2

is given by 

Re = ρ µUDh

The skin friction coefficient (Cf ) is given by

C Uf w= 2 2τ ρ

The friction factor (f) is evaluated from the pressure drop 
(ΔP) as

f P L D Uh= ( )2
2∆ / ρ

where presents the average axial velocity of the section, and τw 
is the shear stress to the wall. 

For determining the heat transfer rate inside the channel, the 
heat transfer is measured by the local Nusselt number (Nux) 
which can be written as 

Nu h D kx x h f=

and the average Nusselt number (Nu) can be obtained by 

(1)

(2)

(3)

(4)

(7)

(5)

(6)

(8)

(9)

(10)

(11)

Fig. 1 a) The geometry of the system under investigation, b) Corrugated-upstream baffle: case A, c) Corrugated-downstream baffle: case B.
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Nu
L
Nu xx= ∂∫

1 �

The following expression represents the thermal enhance-
ment factor (TEF):

TEF Nu Nu f f= ( ) ( )0 0

1 3

The quantities Nu0 and f0 are the average Nusselt number 
and the friction factor of the smooth channel, respectively. 

The Dittus and Boelter correlation has the form [22]: 
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The Petukhov correlation has the form [23]: 
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In this study, CFD modelling is performed using the com-
mercial CFD software FLUENT.

2.3 Boundary conditions
The aerodynamic boundary conditions are set according to 

the numerical and experimental analysis of Demartini et al. [9] 
while the thermal boundary conditions are chosen according to 
the numerical investigation of Nasiruddin and Kamran Siddiqui 
[10]. A uniform one-dimensional profile of fluid velocity (u = 
Uin, v = 0) at 27 °C (Tin = 300 K) is introduced as the aeraulic 
boundary condition at the start of the whole domain investi-
gated while an atmospheric pressure (P = Patm) outlet con-
dition is applied at the channel outlet, as shown in Fig. 1. The 
inlet turbulence intensity was kept at I = 2%. Impermeable 
boundary and no-slip wall conditions were implemented over 
the surfaces of the channel as well as the corrugated-baffle sur-
face. A constant temperature of 102 °C (Tw = 375 k) was applied 
on the top and bottom surfaces of the channel as the thermal 
boundary condition. 

3 Numerical solution
A non-uniform grid system with a large concentration of 

nodes in regions of steep gradients, such as those close to the 
walls and corrugated baffles was employed, see Fig. 2. The 
grid independence tests were performed by realizing CFD 
simulations in the whole domain investigated, using different 
structured quadrilateral-type grid systems with the number of 
mesh nodes ranging from 35 to 145 along the pipe depth and 
95 to 370 along the length (95 × 35; 120 × 45; 145 × 55; 170 
× 65; 195 × 75; 220 × 85; 245 × 95; and 370 × 145), for Re = 
8.73 × 104. The grid system with the number of nodes equal to 
245 × 95 (in X and Y directions respectively) performs around 
0.300 %, and 0.353 % deviation for the Nu, and f, respectively, 
in compared with the grid of size 370 × 145. Therefore, the 
grid cell of 245 × 95 is selected for the rest of our study.

The governing flow equations obtained with the associ-
ated boundary conditions is numerically solved by the Finite 
Volume Method (FVM) developed by Patankar [24] and the 

velocity-pressure coupling is treated using the SIMPLE-
algorithm, details of which can be found in Patankar [24]. Terms 
corresponding diffusion equations of momentum and turbulence 
are discretized using the QUICK scheme in the form given by 
Leonard and Mokhtari [25] and a Second Order was used for the 
pressure terms [24]. For closure of the equations, the standard 
k-epsilon model of Launder and Spalding [21] was used in the 
present study. The criterions of convergence are set as: relative 
residual of 10-6 for the flow and 10-9 for the energy equation.

To attain the accurate aerodynamic prediction in the chan-
nel, the predictive ability of four different turbulence models, 
including, the standard k-ε turbulence model, the Renormalized 
Group (RNG) k-ε turbulence model, the standard k-ω turbu-
lence model, and the Shear Stress Transport (SST) k-ω turbu-
lence model, were investigated by Eiamsa-ard and Promvonge 
[26]. The predicted results from using several turbulence mod-
els reveal that the RNG and the k-ε turbulence models generally 
provide better agreement with available measurements than 
others. Therefore, the k-ε model is selected to use in prediction 
of this complex flow.

(a)

(b)

Fig. 2 Mesh generated on the computational domain for both the corrugated 
baffle cases under study: a) Corrugated-upstream baffles: case A, b) 

Corrugated-downstream baffles: case B.

To validate the precision of the numerical model, the axial 
velocity profile distribution profile obtained from the current 
study was compared with the one obtained from the numerical 
and experimental analysis of Demartini et al. [9] for the turbu-
lent flow of air inside a horizontal rectangular channel, where 
two baffle plates were placed in opposite walls. 

Fig. 3 shows the quantitative comparison between both 
numerical and experimental profiles of axial velocity after the 
lower wall baffle, near the channel outlet at the position given by 
x = 0.554 m, 0.029 m before the exit. Both the experimental and 
numerical velocity profiles are computed for a Reynolds number 
equal to Re = 8.73 × 104. As seen in this figure, there is a good 

(13)

(12)

(14)

(15)
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agreement between both the numerical and experimental veloc-
ity profiles, indicating that the present numerical simulation can 
accurately predict fluid flow and pressure loss characteristics.

Fig. 3 Validation of the axial velocity profile with reported data [9].

4 Results and Discussion
The tow-dimensional structure of the near wall flow in the 

presence of upper and lower wall-mounted corrugated trans-
verse baffles could be easily discerned by considering the 
stream-function field distribution plots in Fig. 4. The plots in 
Fig. 4 present the stream-function fields of turbulent channel 
flow through corrugated baffles using the standard k-ε model 
for both the investigated cases (A and B). In case A, a staggered 
corrugated-upstream baffle pair is considered (see Fig. 1a) and 
in case B, a staggered corrugated-downstream baffle pair is 
considered (see Fig. 1b). Here the streamlines in the corrugated 
baffled channel are presented for different Reynolds number 
values (Re = 5,000, 10,000, 15,000, and 20,000), as shown in 
Fig. 4 (a-d), respectively. The plots reveal the existence of three 
main regions. In the first region, just upstream of the corrugated 
baffle, the fluid is accelerated and arrives with an axial speed. 
At the approach of the corrugated baffles, the current lines are 
deflected. In the second region, located between the top of 
each corrugated baffle and the walls of the channel, the flow is 
accelerated due to the effect of cross-sectional reduction. In the 
third region, downstream of the corrugated baffles, the current 
lines are generated by the effect of flow expansion, thus leav-
ing the section formed by the corrugated baffles and the walls. 
The most important phenomenon occurring in this zone is the 
formation of a recirculating flow whose extent is proportional 
to the Reynolds number. 

Fig. 5 (a-d) presents the axial velocity profile plots for airflow 
in the channel with corrugated-upstream and corrugated-down-
stream baffles for four different transverse locations, x = 0.189 
m, 0.255 m, 0.345 m, and 0.525 m, measured downstream of 
the entrance, respectively. In the figure, the results of the cor-
rugated-upstream baffles (case A) are compared with those of 

the corrugated-downstream baffles (case B). It is clearly noted 
that the fluid velocity values are almost negligible near the two 
obstacles, particularly in the downstream areas; this is caused 
by the presence of the recirculation zones. Far from these 
regions, the current lines become parallel, which leads to the 
progressive development of the flow. It is also worth noticing 
that the axial velocity increases in the region extending from 
the end of each corrugated baffle to the wall of the channel. 
This rise in velocity is caused by the presence of the corrugated 
baffles and also by the presence of recycling; hence, an abrupt 
change in the direction of the flow comes out. One can also 
notice that the largest velocity values are found near the top of 
the channel. The flow starts accelerating just after the second 
baffle, to finally reach values of the order of 4-20 times of the 
intake velocity, depending on the baffle model and Re values.

It is clear that changing the corrugated baffle model has a 
more reasonable impact on the upper side of the first corru-
gated baffle and on the upper left side of the second one; this is 
due to the deviation of the flow direction. The use of corrugat-
ed-downstream baffle shows better axial velocity distribution 
values over the corrugated-upstream baffle at all locations by 
increasing the size of the recirculation zone. 

An axial representation of numerical results of velocity 
profiles as a function of Reynolds number is also presented in 
Fig. 5 to examine the two models of corrugated baffles. The 
Reynolds number is ranged from 5,000 to 20,000. The axial 
velocity for air flowing in the corrugated baffled channel with 
larger flow rate is found to be higher than that with smaller 
flow rate. The axial velocity augments with the augmentation 
of Reynolds number and thus, the Re = 20,000 provides 
maximum speed.

In addition, the graphs indicate that the flow rate impacts sig-
nificantly the recirculation magnitude behind the insulated baf-
fle. As expected, the graphs show that the recirculation length 
augments with the flow Reynolds number. Consequently, the 
recirculation zones with longer streamwise extent and higher 
vorticity have higher contribution to the mixing and hence to 
the heat transfer, as reported and confirmed by Nasiruddin and 
Kamran Siddiqui [10].

The impact of the Reynolds number on the profiles of the 
thermal enhancement factor (TEF) along the upper wall for both 
the model cases of corrugated obstacles is shown in Fig. 6 (a-e). 
Changes for Reynolds numbers ranging from 12,000 to 32,000, 
we noted that the increase in Reynolds number changes the 
thermal performance significantly. These results are obtained 
because the increase in the Reynolds number increases the flow 
rate of introducing large areas of recycling, which leads to an 
acceleration of the air flow and also the intensity of the turbu-
lence and consequently the heat transfer. The comparison of 
the plots in this same diagram indicates that the reconfiguration 
of the baffled channel has an impact on the thermal enhance-
ment. The result analysis reveals that the channel case with two 
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Fig. 4 Variation plots of stream-function fields with Reynolds number for both the corrugated baffle cases (case A with corrugated-upstream baffles, 
and case B with corrugated-downstream baffles) and: a) Re = 5,000, b) Re = 10,000, c) Re = 15.000, d) Re = 20,000. Flow is from left to right. 

Stream function values in Kg/s

corrugated-downstream baffles provides higher TEF values of 
about 22 - 19 % than the one with two corrugated-upstream 
baffles, at a given Reynolds number.

5 Conclusion
A detailed analysis of fluid flow and heat transfer through 

two wall-mounted corrugated solid-type baffles was carried 
out. The Finite Volume Method (FVM), by means of FLUENT 
was used to simulate the computational domain. QUICK-
scheme was used to solve the convection term, while SIMPLE-
algorithm was adopted for velocity-pressure coupling. The 
effects of corrugated shape geometries (corrugated-upstream 
and corrugated-downstream) as well as Reynolds numbers 

were examined. In general, the corrugated-downstream baffles 
are thermal aeraulically better to the corrugated-upstream baf-
fles at the same flow and temperature conditions. The thermal 
enhancement performance of corrugated-upstream baffles is 
upper than that of corrugated-downstream baffles, which indi-
cates that the corrugated-downstream baffle is more advanta-
geous than the corrugated-upstream baffle. 

Further studies are recommended to determine the best posi-
tion of the corrugated baffle on the channel walls. The best 
geometry parameters of the channel, such as the width, thick-
ness, inclination, orientation (corrugated-upstream and corru-
gated-downstream), etc, must be determined.
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Nomenclature
Cf Skin friction coefficient
C1ε Constant used in the standard k-ε model
C2ε Constant used in the standard k-ε model
Cμ Constant used in the standard k-ε model

Dh Aeraulic diameter of the channel, m
f Friction factor
G Production rate of the kinetic energy (m2/s2)
H Height of air tunnel in channel (m)
h Corrugated-baffle height (m)
hx Convective heat transfer coefficient (W/m2 K)
k Turbulent kinetic energy (m²/s²)
L Channel length (m)
L1 Distance upstream of the first baffle (m)
L2 Distance downstream of the second baffle (m)
P Fluid pressure (Pa)
Patm Atmospheric pressure (Pa) 
Pi Corrugated-baffle distance (m)

Pr Prandtl number
Re Reynolds number 
Uin Inlet velocity (m/s)
U Channel average velocity (m/s)
u Fluid velocity in the x-direction (m/s)
v Fluid velocity in the y-direction (m/s)
w Thickness of corrugated-baffles (m)
x, y Cartesian coordinates (m)

Greek symbols 
ε Turbulent dissipation rate (m²/s3)
Γϕ Coefficient of turbulent diffusion
μ Dynamic viscosity (Kg/m s) 
μe Effective viscosity (Kg/m s)
μl Laminar viscosity (Kg/m s)
μt Eddy viscosity (Kg/m s)
ν Kinematics viscosity (Kg/m s) 
ρ Fluid density (kg/m3) 

(a) (b)

(c) (d)

Fig. 5 Variation of axial velocity profiles with Reynolds number for both the baffle cases (case A: corrugated-upstream baffles, and case B: corrugated-
downstream baffles) at different axial stations: a) x = 0.189 m, b) x = 0.255 m, c) x = 0.345 m, d) x = 0.525m, measured downstream of the entrance.
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(a) (b)

(c) (d)

(d)

Fig. 6 Variation of thermal enhancement factor with Reynolds number for both the baffle cases (case A: corrugated-upstream baffles, and case B: corrugated-
downstream baffles) at a) Re = 12,000, b) Re = 17,000, c) Re = 22,000, d) Re = 27,000, and (e) Re = 32,000.

σk Constant used in the standard k-ε model 
σε Constant used in the standard k-ε model 
τw Wall shear stress (Pa)
ϕ Stands for the dependent variables u, v, T, k, ε
ΔP Pressure drop (Pa) 

Subscript 
atm Atmospheric 

e Effective
f Fluid
in Inlet of the computational domain
l Laminar 
s Solid
t Turbulent
w Wall
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