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Abstract: This paper reports a numerical study on heat transfer improvement in a double
backward-facing expanding channel using different convectional fluids. A finite volume method
with the k-¢ standard model is used to investigate the effects of step, Reynolds number and type of
liquid on heat transfer enhancement. Three types of conventional fluids (water, ammonia liquid and
ethylene glycol) with Reynolds numbers varying from 98.5 to 512 and three cases for different step
heights at a constant heat flux (q = 2000 W/m?) are examined. The top wall of the passage and the
bottom wall of the upstream section are adiabatic, while the walls of both the first and second steps
downstream are heated. The results show that the local Nusselt number rises with the augmentation
of the Reynolds number, and the critical effects are seen in the entrance area of the first and second
steps. The maximum average Nusselt number, which represents the thermal performance, can be seen
clearly in case 1 for EG in comparison to water and ammonia. Due to the expanding of the passage,
separation flow is generated, which causes a rapid increment in the local skin friction coefficient,
especially at the first and second steps of the downstream section for water, ammonia liquid and
EG. The maximum skin friction coefficient is detected in case 1 for water with Re = 512. Trends of
velocities for positions (X/H1 = 2.01, X/H2 = 2.51) at the first and second steps for all the studied cases
with different types of convectional fluids are indicated in this paper. The presented findings also
include the contour of velocity, which shows the recirculation zones at the first and second steps to
demonstrate the improvement in the thermal performance.

Keywords: heat transfer; thermal performance; double backward-facing expanding channel; finite
volume method

1. Introduction

In the last decades, heat transfer techniques have been adopted and investigated by many
researchers around the world. One of the essential methods is the modification of geometry, such as
ribbed channels, expanding or contracting channels and convergence and divergence channels.
Separation and reattachment flow, which are frequently created by flow over forward-facing steps
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(FFSs) or backward-facing steps (BFSs), have been studied by many different researchers. A variety of
applications of this research can be found in thermal systems in power plants, combustion furnaces,
nuclear reactors, heat exchangers and electronic devices. A previous study of flow over a BFS was
conducted by Abbot and Kline [1] and Goldstein et al. [2]. Experimental and numerical studies over a
backward-facing step were performed by Armaly et al. [3]. The findings showed a decrease in the
separation length for Reynolds numbers between 1200 and 5550 and a rise in the separation length
for Reynolds numbers less than 1200. Aung [4] studied laminar fluid flow over a BFS experimentally
and detected that the reduction in the Reynolds number led to the creation of small fluctuations.
Abu-Nada [5] performed an investigation on fluid flow and heat transfer with different expansion
ratios. It was found that the effect of both the Reynolds number and expansion ratio on entropy
generation was undeniable. A review report on various positions (horizontal, vertical and inclined)
for BFS-FFS channels with laminar flow was published by Abu-Mulaweh [6]. Masatoshi et al. [7]
experimentally studied fluid flow through a BFS channel through suction over a slot at the end corner
of a step. The outcomes showed an increase in the heat transfer coefficient at the separation zone and a
decrease in pressure drop. In another investigation by Terhaar et al. [8], pulsating laminar heat transfer
through a BFS channel was studied experimentally. They found a rise in the Nusselt number at specific
Strouhal numbers.

Due to the recent improvement in computational fluid dynamics (CFD) programing, efforts to
study velocity mechanisms and heat transfer features have been realized [9]. Abe at al. [10,11] adopted
RANS with a new K-¢ model for calculating the heat transfer and fluid flow in the recirculation and
reattachment zones. Their findings are significantly compatible with the results of Vogel and Eaton [12].
Chiang and Tony [13], Tylli et al. [14] and Durst and Pereira [15] reported excellent agreement between
the numerical and experimental data for fluid flow through a BFS at Re < 648. Biswas et al. [16] studied
laminar fluid flow over a BFS with different step heights. An increase in separation length was observed
with a rise in step height. This result is in accordance with the experimental data of Armaly et al. [3].
An investigation into the fluid flow and heat transfer over a DFFS (double forward-facing step) was
performed numerically by Oztop et al. [17]. Their findings revealed that the heat transfer increment
and the maximum thermal performance were reached at an aspect ratio of 1.

Over the last several years, many studies have focused on using nanofluids with separation
flow in BFSs and FFSs, which have been considered by various researchers [18-30] with similar
conclusions. Recently, the modeling of turbulent heat transfer over a microscale BFS was presented by
Sadeq et al. [31]. They found that ethylene glycol had higher heat transfer augmentation in comparison
to water. Tuqa et al. [32] have numerically studied turbulent TiO,-based nanofluid flow in an annular
pipe with a sudden reduction. A rise in the surface heat transfer coefficient was found with growing
nanoparticle volume fractions and Reynolds numbers. Laminar fluid flow over a BFS and FFS with
three obstacles was studied by Shujit Kumar Bala et al. by implementing the lattice Boltzmann method
(LBM) [33]. It was noticed that heat transfer could rise up to 80% with a Reynolds number increase of
100. Additionally, Yuan et al. [34] conducted a study on heat transfer for MWCNT (Multi-Walled Carbon
Nanotube)-Fe;O4/water hybrid nanofluid flow over forward- and backward-facing step channels with
a baffle fixed on its top wall. The results showed an increase in the average Nusselt number as the
length of the baffle increased or as the baffle moved towards the backward-facing step. Fetta et al. [35]
performed a numerical investigation into the influence of Bingham fluid flow over a backward-facing
step to enhance the thermal performance. They found that increases in the Bingham number led to
the reduction of recirculation zones, and increases in the Richardson number intensified recirculation
zones. Large-eddy simulation (LES) and its comparison with direct numerical simulation (DNS) were
reported in an investigation by Jure et al. [36]. LES data were in good agreement with the DNS data for
predictions of temperature fluctuations.

Based on previous studies, the numerical investigation of laminar water, ammonia liquid and
ethylene glycol flow through a DBFS (double backward-facing step) channel has not yet been studied.
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Therefore, this research can be considered the first. The current research aims to find the impacts of the
step, Reynolds number and type of liquid on the thermal performance of the DBFS.

2. Numerical Approach

2.1. Physical Model

The two-dimensional DBFS of the expanding passage used in this study is presented in Figure 1.
Three types of conventional fluids are considered as the base fluids, represented by water, ammonia
liquid and ethylene glycol (EG). Three cases of dimensional geometry with different step heights are
presented in Table 1. The upstream wall length (a) is 2000 mm, while the entry height (H) is 9.8 mm.
The first (b) and second (c) downstream wall lengths are 500 mm with variable step heights. The
top wall of the passage and the bottom of the upstream section are adiabatic, while the walls of both
the first (b) and second (c) steps downstream are heated with a constant heat flux (q = 2000 W/m?).
Four different velocities are used in this simulation, and the Reynolds numbers are 98.5, 190, 343
and 512.
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Figure 1. Schematic diagram.

Table 1. Dimensions of geometry.

Cases H (cm) H; (cm) H; (cm) a (cm) b (cm) ¢ (cm)
1 0.98 1 1 200 50 50
2 0.98 2 1 200 50 50
3 0.98 1 2 200 50 50

2.2. Governing Equations

In the present model, the flow is assumed to be laminar, steady-state and incompressible. According
to this hypothesis, Equations (1)—(4) are solved with the control volume method in this simulation.

Ju Jvu
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The Reynolds number can be calculated by using Equation (5):

D

Re = 2 5)

U

while the values of the Nusselt number and the skin friction coefficient are determined by the use of
Equations (6) and (7), respectively:

Nu = HDy (6)
k
2Tw
_Zw 7
Cr puZ )

where Dy, is the hydraulic diameter, H is the step height and 7, is the wall shear stress.

The thermophysical properties of the convectional fluids (water, ammonia liquid and ethylene
glycol) are presented in Table 2 for a constant temperature. The second-order upwind scheme is
utilized for the discretization of equations. The convergence scales for the continuity, energy and
momentum equations are selected as 107%, 1077 and 1077, respectively.

Table 2. Thermophysical properties of the working fluids.

. 0 u k Cy
Fluid Type (kg/m®) (N 5/m?) WmK  (/kgK)
Ammonia (liquid) 650 0.000152 0.493 4758
EG 1111.4 0.0157 0.252 2415
Water 998.2 0.001003 0.6 4182

3. Grid Independence Study and Data Validation

Computational fluid dynamics (CFD) based on ANSYS software was used to analyze the data
obtained. It was used to create the configuration of the current model with the meshing process that
was performed by ICEM and then exported to Fluent. The independent grid study was performed
by boosting the number of elements [37,38]. The total grid numbers were varied between 94,681,
46,741 and 28,471. However, at the grid number of 28,471, the velocity variation was less than <4% in
comparison to the finer grids. The validation of the model was performed by comparing the velocity
profile in the expanding section of the passage at Re = 343 with those carried out by Armaly et al. [39] in
similar circumstances, as presented in Figure 2a—d, where the data appear to be in excellent agreement.
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Figure 2. Velocity profile at different positions for (a) X/S =1, (b) X/S =3, (¢) X/S=5and (d) X/S=7.
4. Results and Discussion

The present simulations were conducted for three cases at various step heights, three types of
conventional fluids (water, ammonia liquid and ethylene glycol), a constant and uniform heat flux
value (q = 2000 W/m?) and four variations of the Reynolds number (98.5, 190, 343 and 512).

4.1. Nusselt Number

Figure 3a—c display the profile of the local Nusselt number versus different Reynolds numbers
for three types of fluids (water, ammonia liquid and EG) for case 1. The results show that the local
Nusselt number increases with rising Re. The critical effects are seen at the entrance area of the first and
second steps, which are represented by sudden increments in value, with two peaks on the curve. The
influences of the step height on the local Nusselt number for all the types of studied fluids at Re = 512
are depicted in Figure 4a—c. The findings indicate that the local Nusselt number is higher in cases 1 and
3 in comparison to case 2. The profile of the average Nusselt number for several cases and Reynolds
numbers and all the working fluids is shown in Figure 5a—c. In general, the results demonstrate that
the average Nu is higher in case 1 compared to the other cases. Additionally, as evident from Figure 6,
the maximum average Nusselt number, which represents the thermal performance, can clearly be seen
in case 1 for EG, in comparison to water and ammonia.
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Figure 3. Distributions of Nu at different Re for (a) water, (b) ammonia and (c) EG.
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Figure 6. Variations of average Nu with different Re.
4.2. Flow Characteristics

The effects of using the three types of carrying fluids (water, ammonia liquid and EG) with
different Reynolds numbers on the local skin friction coefficient for case 1 are represented in Figure 7a—c.
A rapid increase in the local skin friction coefficient is observed, especially at the first and second
steps of the downstream section, due to the expansion of the passage, which produces the separation
flow. Moreover, the results of the present research show that an increase in the Reynolds number
can affect the skin friction coefficient. The same trend for the skin friction coefficient is observed in
the three studied cases and studied fluids at Re = 512, as depicted in Figure 8a—c. Figure 9a—c show
the average skin friction coefficient profile on the downstream wall for the three cases and different
Reynolds numbers. The findings specify that the maximum skin friction coefficient is acquired in case
1 for all three carrying fluids. A comparison of the average skin friction coefficient for all the cases with
different Reynolds numbers and working fluids is presented in Figure 10. Generally, rises in the rate of
the skin friction coefficient are observed with Reynolds number decrements. However, the maximum
value is obtained in case 1 for water flow and a Reynolds number of 512.

Skin Friction Coefficient
[=]

)
o
N

X (m)
(@

Figure 7. Cont.
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Figure 7. Distributions of C¢ with different Reynolds numbers for (a) water, (b) ammonia and (c) EG.
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Figure 8. The effect of the step height on C¢ at Re = 512 for (a) water, (b) ammonia and (c) EG.
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Figure 9. Comparison of average C; with different Re and step heights for (a) water, (b) ammonia and

(c) EG.
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4.3. Velocity Profile

Velocity profiles with positions (X/H; = 2.01, X/H, = 2.51) at the first and second steps for all the
studied cases are plotted in Figures 11a—c and 12a—c, respectively. It is noted that velocity diminishes at
the first and second steps sharply and then increases due to recirculation flow, which is generated at the
regions after the first and second steps. The velocity contours at the first and second steps for a Reynolds
number of 512 and case 1 are represented in Figures 13 and 14, respectively. The figures demonstrate
the recirculation zone at the first and second steps, which show the heat transfer augmentation.
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Figure 11. Cont.
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Figure 11. Velocity profile at the first step for (a) water, (b) ammonia and (c) EG.
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Figure 12. The velocity profile at the second step for (a) water, (b) ammonia and (c) EG.
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Figure 13. Velocity contour at the first step and Re = 512 for (a) water, (b) ammonia and (c) EG.
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Figure 14. Velocity contour at the second step and Re = 512 for (a) water, (b) ammonia and (c) EG.

5. Conclusions

This paper investigates the impacts of the step size, Reynolds number and type of liquid on heat

transfer enhancement. From the achieved results, the conclusions can be summarized as follows:

1.

An increase in the local Nusselt number is detected with rises in the Reynolds number, while the
critical effects are seen at the start region of the first and second steps.

The results show that higher local Nusselt numbers occur in cases 1 and 3, compared to case 2,
for all types of fluids.

The maximum average Nusselt number, which represents the thermal performance, can clearly
be seen in case 1 for EG, in comparison to water and ammonia.

A rise in the local skin friction coefficient is apparent at the first and second steps of the downstream
section due to the expansion of the passage, which produces the separation flow.

The velocity decreases rapidly at the first and second steps and then increases. This is due to the
recirculation flow, which is generated at the zones after the first and second steps.
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Nomenclature

A Length of the bottom wall before the first step
B Length of the bottom wall after the first step
C Length of the bottom wall after the second step
Gy Specific heat

H Width of the channel at the entrance

H; The step height of the first step

H, The step height of the second step

L The total length of the channel

Nu Nusselt number

P Pressure

Pr Prandtl number

Re Reynolds number

T Temperature

u,v Axial velocity

X,y Cartesian coordinates

Greek symbols

P Water density

n Dynamic viscosity
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