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1. Introduction

In the last decades, forward-facing step (FFS) and backwards-facing step (BFS) flow considered
one of the most essential areas of research for turbulent convective heat transfer. These types of
flows perform an significant character in the development of several engineering applications such
as electronic appliances, chemical processes, combustion chambers, heat exchangers, energy system
equipment and refrigeration systems.

According to the mixing of low and high fluid resources, the flow isolation and fluid effect in the
reattachment zone greatly affect the heat transfer in such systems. This effect depends on the
magnitude of the Reynolds number and the thickness of the boundary momentum layer at the step
[1]. Because of this, the FFS architecture is more complicated to research than the BFS, where after
the step only one recirculation zone is created.
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The effect of BFS and FFS on the turbulent natural flow convection alongside with a vertical flat
plate was experimentally investigated by Abu-Mulaweh [2]. Far step height= 22 mm and a
temperature change of 30°C was carried out for the study. The result showed that the maximum
Nusselt number obtained in the area of the reattachment zone that was approximately double in the
case of BFS and about two and a half in the item of FFS relative to the flat plat rate at identical stream
and heat operating conditions. Abu-Mulaweh et al., [3] research the mixed laminar convection flow
over a horizontal structure of the FFS applications were performed for Laser-Doppler velocimetry
LDV and wire anemometer to measure the reattachment duration for specific inlet velocity and
freestream temperature. The results showed that, as long as the flow stays steady, the buoyancy
forces related to wall heating have a marginal impact on the temperature distributions and velocity
and reattachment distances. Step height and velocity of inlet exhibit a dramatic influence on fluid
flow and thermal field. In comparison, with the change in step height and number of Reynolds, the
number of the local Nusselt and the recirculation sections decreased upstream and downstream of
the step.

The turbulent forced heat transfer was investigated numerically by Yilmaz and Oztop [4] via a
double FFS. Study the effect of step length, step height, and number of Reynolds on the fluid flow
and heat transfer. A constant temperature applied to the channel's bottom wall while other walls are
kept cooler than the bottom wall. The industrial code FLUENT is implemented using the finite-
element method. Calculating the flow simulation for double FFS is known to be the standard k — ¢
turbulence model. The results suggested that both fluid flow and heat transfer can be used as a
control tool in the second stage.

Oztopet et al., [5] expand the mathematical inquiry on the double FFS by adding a rectangular
obstacle before each step of different aspect ratio. This explores the effect of hazard aspect ratio,
number of Reynolds, and step height on heat transfer and fluid flow. As the aspect ratio increases,
the outcome observed that the pressure drop decreases. In fact, the rate of heat transfer decreases
as the obstacle aspect ratio increases and that pattern is affected by the height of step.

Most studies investigating the transfer of heat and fluid flow through FFS considered only the
turbulent flow. Nevertheless, Kherbeet et al., [6,7] research the nanofluid flow and heat transfer over
micro FFS, both numerically and experimentally.

The effect of different step height and angle of inclination of the duct on the both heat transfer
and fluid flow is mathematically examined. Where found in this review, separate step height is 350,
450, and 650 um. The test revealed that the Nu decreased as the stepping height increased. The angle
of inclination of the duct was determined to have no major effect on the fluid flow and heat transfer.

Barman and Dash [8] have recently examined numerically the turbulent flow of fluids and heat
transfer over a rectangular channel with a double FFS with cylindrical obstacles placed before each
step. The commercial code FLUENT was considered to solve the stander k — € turbulent model. It
studies the implications of different obstacle location ratio and Reynold number on fluid flow and
heat transfer. The findings also indicate that the heat transfer factor decreases as the ratio of the
obstacle location decreases while the obstacles are placed vertically with the same ratio of location.
Other related studied on the BFS and FFS can be found in the literature [9-14]. The turbulent induced
convective flow above a forward-facing phase paired with a triangular corrugated wall has not yet
been studied, to the best of the authors' data.

The main aim of the current paper is to examine the effect on heat transfer and fluid flow of
combined a triangular corrugated wall with an FFS channel. Different corrugation height 1, 2, 3, 4,
and 5 mm, corrugation width 10, 15, 20, and 40 mm, and Re in the range 5000 to 20000 are
considered. The analysis is provided with the skin friction coefficient and local Nusselt number.
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2. Methodology
2.1 Theoretical Model

The current analysis mathematical model and the configuration of the flow are shown in Figure
1. Five separate corrugation height values 1, 2, 3, 4, and 5 mm with four-corrugation width values
were considered to investigate the effect of mixing corrugated wall with FFS channel on the fluid flow
and heat transfer. Both the inlet and outlet height of the channel are 20 and 10 mm respectively.

The upstream and downstream wall-length was 300 mm to ensure a complete construction area
in the inlet and outlet of the channels. All walls regarded as adiabatic walls except 200 mm from the
bottom wall adjust to a uniform heat flux= 4000 kW/m?2. The purified water is used as a fluid and
works.
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Fig. 1. Schematic diagram of physical problem; (A) forward-facing step channel,
(B) Facing step forward associated with corrugated wall.

2.2 Conservation equations

Under the conditions of a Newtonian and incompressible fluid, steady-state flow, 2D, and
constant flow the equations of continuity, energy, and momentum are estimated for the case
turbulent flow. The conservation equations are written as follows [15];

The equation of continuity:

d(pu) , 9(pp) _
ox Ty =0 (1)

The x-Momentum equation:
o, __ o, ) ou a ou
oz (PTW) + 5= (puv) = —a+g[(u+ut)5] +@[(u+ut)@ (2)

The y- Momentum equation:
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The conservation of energy equation:
O oiT) + 2 (opT) = 2 [( 4 B\ OT] 4 O [(k 4 me)oT
5 (puT) + 5 ('DUT) T ox [(Cp + Prt) ax] + dy [(Cp + Prt) By]
where

k2
Uy = pCufu (?)

At the inlet, section of corrugated wall the boundary conditions taken as:
The inlet velocity equal (u = u;,) and the velocity at the wall (V = 0) and T;,, = 300K

K/2
Lt

3 3
kin = E(I uin)zrgin = Cu4

At the outlet, section of corrugated wall the boundary conditions taken as:

ok _ 0¢ oTy ou _ v
6x_6x_0'6x_0'and 6x_6x_0
The wall:

u=V=0q= dcorrugated
Heat transfer coefficient

Tw=To i
In ( min
Tw=Tm,out

' (Tw_Tm,in)_(Tw_Tm,out)

h=gq

q=m Cp (Tw — Tm,out)/A

Inlet velocity
__Reypu
Uin = ——
p Dy

The average Nusselt number:

hD
Nu=—="
k
4A
th_
p

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

where Dy, ,P and A are hydraulic diameter, the channel perimeter and the cross-sectional area

respectively.
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2.3 Solution Procedure

The numerically calculated and solution of continuity, energy, and momentum using the CFD
Ansys FLUENT V.19 based on the finite element method. The k — &€ model with RNG was assumed
and the concept of diffusion in the energy and momentum equations was addressed by the
discrepancy between the second order and the upwind. The grid is optimized down the bottom wall
and for correct tests the scaled velocity and energy residual are set at 10~°. A uniform and non-
uniform mesh generations scheme has been adopted in the Figure 2.

Many grid sizes were tested to ensure the exactness and feasibility of the solution scheme.
70,000; 130,000; 270,000; and 400 thousand. Grid size 270,000 has been adopted for the present
study depending on the relative error of the result as shown in Table 1.

i 0015 0.03(m)
]

0.0075 0.022

Fig. 2. Micro forward-facing computing grid

Table 1

Grid independence test

Grid element  Average Nu e% Cr e%
70,000 104.25 - 0.0425 -
130,000 105.95 1.125 0.0395 1.325
270,000 106.12 0.096 0.0354 0.098
400,000 106.52 0.152 0.0332 0.089

2.4 Code Validation

The algorithm is verified by comparing flow and heat transfer data by Hilo et al., [11] over the
backward-facing step and Elshafei et al., corrugated channel, [16] with simulated results. The
validation for the fluid turbulent flow over a backward-facing step through the average Nusselt
number and skin friction factor showed good agreement and is presented in Figure 3.
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Fig. 3. Validation of the present result of (A) average skin friction and (B) The Nusselt number with the
study Hilo et al., [11] (C) Nusselt number Elshafei et al., [16]

3. Result and Discussion

A forward-facing step channel collective with a triangular corrugated wall was considered by the
current numerical investigation. The effect on skin friction factor and the Nusselt number of the
corrugated wall and the parameter such as corrugation height, corrugation distance, and Reynolds
number was discussed. Figure 4 shows the surface Nusselt number along the X-axial direction with
different corrugated height at Re = 5000. The calculation shown, the rise in Nusselt number decreases
with the increase in corrugated height. A significant augmentation in the Nusselt number observed
at corrugated height = 5 mm compared to corrugated height = 1 mm. However, the increasing
presence in the Nusselt number starts to decline after corrugation height = 3 mm. Moreover, the
increase in the Nusselt number could be due to the vortex that generated at each corrugated diverge
section and its growth and developed as the corrugated height increase. The pattern of the surface
Nusselt number is the same for each corrugated value. The velocity increases in the diverging region,
due to a decrease in the thickness of the boundary layer and resulting from finding the highest value
of Nusselt number in the diverging segment when the lowest in the coverage region is collected.

38



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences

Volume 67, Issue 1 (2020) XX-XX

400

o Corrugated height = 1 mm
375 F — — — Corrugated height =2 mm
- e Corrugated height mm
350 = £ — — — Corrugated height =4 mm
325 F 1 t e Corrugated height = 5 mm
wk i i i
5 °F A il i il
< sy i i il
5 = "1’ ’ !J“ !‘i H
ERETT S )i 5 i
= F ;"/" 1,"j f,r] ’H
0 225F] i -'t’,ll f] 1
AN I i 10\
Z 200 _l.ﬁ ! I ,l“l llll!
g sl ‘ NI 30 oy
SR N e ) e L
5 OBy i Yonjmd i) Ky K
“ sk !{l'_’ v N i N 5{*{ !
iV il = Y
= S T Y YA
75 1 i 7 ]
50 ‘
- ‘ C 1 . 1
0.3 0.325 0.35 0.375
X(mm)

Fig. 4. Surface Nusselt number with differents

corrugation height at Re = 5000

Figure 5 presents the surface Nusselt number alone the X-axial with different corrugated width
ar Re = 5000. The surface Nusselt number distribution has the highest value at the first wave and the
overall trend of the surface Nusselt number shows an increase as the corrugated width increases.
However, this enhancement in the Nusselt number reach the pick at corrugated width = 20 mm and
stay to drop after that. This decreasing in the Nusselt number is due to the decreasing the strength
of the vortex at the diverging section of each corrugation.
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Fig. 5. Surface Nusselt number with different

corrugation width at Re = 5000

The friction coefficient skin beside corrugated wall of the forward-facing step channel with
different corrugated height at Re = 5000 is present in Figure 6. The figure shows an increase in skin
friction by way of the corrugated height rises. The increasing percentage of skin friction between
corrugated height 2, 3, and 4 mm is smaller compared with the one between corrugated height 4 and
5 mm and that may occur as a result of the sharp pressure drop that happens at the corrugation
section of 4 and 5 mm. Moreover, the distribution of skin friction shows that the highest and lowest
value obtained from the converging and diverging section of the corrugation wall.
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Fig. 6. Skin friction coefficient with different corrugated
height at Re = 5000

Figure 7 shows the coefficient of skin friction as a variable of the corrugated width (10, 15, 20, and
40 mm), where Re = 5000 over FFS channel with a corrugated wall. The effect on the corrugated
width on the skin friction increases with the increasing of corrugated width. the skin friction
coefficient distribution has the highest value at the first corrugation and took almost the same
pattern for all waves at a practical Reynold number The maximum increase in the skin friction where
observed at corrugated width = 20 mm and it is decreasing at corrugated width = 40 mm.
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Fig. 7. Skin friction coefficient with different corrugation
width at Re = 5000

Figure 8 and 9 show the distribution of average Nusselt number and friction coefficient skin for
the forward-facing step channel with and without the corrugated wall at the Reynolds number. The
enhancement for average Nusselt number and the forward-facing step with a corrugated wall are
clear compared to the normal forward-facing channel. As the number of Reynolds increases the
number of Nusselt and reduces the skin friction when the number of Nusselt increases where the
number of Reynolds decreased for 5000 to 20000. This change in the Nusselt number is due to the
increasing size of each corrugated diverge in the recirculation area.
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The coefficient of skin friction has the maximum value at Re = 5000, and decreases as the Re
increases where the coefficient of skin friction is inversely relational with the velocity. Both forward-
facing step and corrugation displays a greater coefficient of skin friction relative to the forward-facing
step without corrugation.
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Fig. 8. Average Nusselt number with Reynolds number varies.
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Fig. 9. Differences of Average coefficient of skin friction with
Reynolds number

4. Conclusion

In the present paper, both the heat transfer and fluid flow over the FFS channel with and without
corrugated walls have been numerically investigated. The effect of the corrugated wall parameter
(corrugated height and corrugated width) and Reynold number, Nusselt number and skin friction
coefficient are presented. The result shows that integrating the corrugated wall with FFS has
significantly improved the Nusselt number with an improvement in the coefficient of skin friction.
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Moreover, all parameters of the corrugation wall have affected the heat transfer and fluid flow,
whereas the corrugation height and the corrugation width increase the heat transfer increased untile
reach aspecific value. the enhancement of average Nusselt number at corrugated length =4 mm and
width = 20 mm reach approximately 50%. While the increase of average skin friction coefficient
reaches 53% at Reynolds number range of 5000 to 2000. The highest value of surface Nu and skin
friction coefficient were obtained at the fist corrugation of the corrugated surface. Further study on
the velocity streamline and the laminar flow characteristics could be extended for future work.
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