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Abstract

The present investigation discusses the influence of obstacle configurations on the hydrothermal and irreversibility charac-
teristics of a sinusoidal backward-facing step channel. The study investigates the interplay of obstacle configuration, namely
profiles, locations, and orientations. Different obstacle profiles of identical areas, including square, rhomboid, triangular,
circular, and elliptical, are studied. Nusselt number, pressure drop, irreversibility, and hydrothermal factor are the output
parameters. Our results highlight that the reattachment length decreases because of the obstacle placed near the channel's
inlet, independent of the obstacle's geometrical configuration. Further, the recirculation zone length is found to be the smallest
for the square obstacle. The local Nusselt number is found to be greatest at the location of the obstacle, and the peak value
of the local Nusselt number is greatest for the backward-facing step channel with a rhomboid obstacle. It was observed that
the average Nusselt number, pressure drop, and irreversibility characteristics all increase with the increase in Richardson
number irrespective of the shape of the obstacle, and are greatest in the case of a triangular obstacle. However, the ellipti-
cal obstacle has a higher hydrothermal factor, indicating that it has the optimum obstacle geometry. In addition, elliptical
obstacles with step obstruction distance along the x and y axis, namely (L, =10 and L,=2.2), (L,=20 and L,=2.2), are
considered as optimal obstacle locations. The angular orientation of 0° is found to have the maximum hydrothermal factor.
These findings demonstrate the interplay of wall-obstacle architecture on hydrothermal and irreversibility performance and
highlight their importance as a design feature.
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1 Introduction systems (Warrier et al. 2012; Kannan and Kamatchi 2020).
The probing of backward-facing step channels (BFSC) has
increased in the last decade to illustrate flow separation and

reattachment. Most of the studies in this context have been

The recent past has seen an upsurge in the research on heat
transfer enhancement owing to its applications in combus-

tors (Feng et al. 2023; Zhang et al. 2022; Yan et al. 2021),
diffusers (Kumar et al. 2022; Bekhradinasab et al. 2021; Guo
et al. 2021), turbines (Jin et al. 2022; Xing et al. 2022; Shen
and Wang 2022), heat exchangers (Geng et al. 2023; Kha-
toon et al. 2022; Ali et al. 2022), and cooling of electronic
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carried out for the type of flow, orientation of BFSC (Boruah
et al. 2018; Soong and Hsueh 1993; Abu-Mulaweh et al.
1995; Barton 1998), passive modes for heat enhancement
(Nie et al. 2009; Heshmatian and Bahiraei 2017; Tropea and
Gackstatter 1985; Oztop and Al-Salem 2012; Korichi and
Oufer 2007), and entropy generation (Heshmatian and Bahi-
raei 2017; Bahiraei et al. 2017; Najafi Khaboshan and Nazif
2019) applying various boundary conditions and assump-
tions. Further, the obstacles at the channel entrance signifi-
cantly alter flow physics (Zeeshan et al. 2016; Mehrez et al.
2009; Nouri-Borujerdi and Moazezi 2018; Tzeng et al. 2007;
Yojina et al. 2010). The surface waviness also disturbs the
flow and enhances the convection mechanism to add com-
plexity. A detailed understanding of the influence of obsta-
cle configurations (geometry, orientation, and locations) and
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the waviness of the surface on thermohydraulic transport
characteristics is essential to quantify the extent of thermal
enhancement was missing in the present literature. Hence,
an attempt is made to present a detailed investigation of
obstacle configurations on hydrothermal and irreversibility
characteristics.

Several investigators have worked on thermohydraulic
characteristics related to BFSC for laminar, transitional, and
turbulent flow regimes. Soong and Hsueh (1993) studied
the effect of cold flow injection on the heat transfer rate and
reported that the injection of cold fluid enhances the rate of
heat transfer. They further proposed a bilinear correlation
for the accurate prediction of reattachment length. Xie et al.
(2017) numerically simulated vortices on the bottom wall
and their impact on heat transfer in BFSC. They reported
that heat transfer significantly enhances transitional Reyn-
olds number (Re) in the range of 6 < streamwise coordinate/
channel height < 14. Barton (1998) scrutinized the entrance
effects of the flow for low and high Re and observed that
a significant difference occurred for low Re. He also con-
cluded that low expansion numbers of channels experienced
a higher entrance effect after some interval, irrespective of
any sudden expansion stream. Avancha and Pletcher (2002)
examined the heat transfer and fluid characteristics for BFSC
through large eddy simulations and noted a temperature
increase near step geometry. The effect of the orientation of
BFSC has been studied extensively for horizontal, inclined,
and vertical directions. Taher et al. (2018) worked on capil-
lary flow in BFSC for microchannel and reported an aspect
ratio of 0.5-3. Iwai et al. (2000) analyzed the impact of pitch
and rolling angle of BFSC. They delineated that the buoy-
ancy effect appears to be insignificant for horizontal flows.
Lin et al. (Lin et al. 1990) investigated vertical BFSC and
correlated the buoyancy with reattachment length.

Several researchers in the literature focused on the type
of flow, such as natural, mixed convection, and forced,
with BFSC. Boruah et al. (2018) analyzed different baffles
mounted on an adiabatic wall and reported that an ellipti-
cal baffle has superior performance compared to other baf-
fles, namely square or triangular, for thermohydraulic and
entropy generation characteristics. They further worked
on step distances and concluded that total irreversibility
is smaller for a larger step distance between the baffle and
axis. Tropea and Gackstatter (1985) compared a fence flow
with blockage flow and reported that low blockage ratios
generated longer reattachment lengths consistently in the
fence geometry. They also noted that the obstacle results in
longer reattachment lengths at higher blockage ratios. Oztop
et al. (2012) numerically analyzed double forward-facing
steps with obstacles in the turbulence model. They noted that
the heat transfer rate is a function of the obstacle's aspect
ratio and step height. Abu et al. (2006) investigated natural
convection in vertical BFSC and noted a relation between
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temperature gradient and friction coefficient. Saldana et al.
(2005) studied a 3D numerical study in BFSC for mixed
convection. They concluded that the average Nusselt number
(Nu) peak moves upstream with an increase in Ri. Al-aswadi
et al. (2010) worked in laminar forced convection and noted
that the reattachment region shifts downstream as the mag-
nitude of Re increases. Applying various passive modes in
fluid flow has been instrumental in enhancing heat transfer
since it results in a variation of the flow field. In this context,
several geometrical configurations include the insertion of
baffles, porous cavities, and obstacles. Selimefendigil and
team worked on the interplay of convection and backward-
facing steps using nanoparticles and a magnetic field for
thermohydraulic characteristics. Selimefendigil et al. (2019)
noted that heat transfer improved by 14% once pulsating
flow and the magnetic dipole were used. In another work,
Kolsi et al. (2021) reported an improvement in local and
average heat transfer using nanoparticles and an inclined
magnetic field. The average Nusselt number acts as the
decreasing function for the Strouhal number (Chamkha and
Selimefendigil 2018). Moreover, the nanoparticle improved
heat transfer performance by 52% at its maximum fraction
(Selimefendigil and Oztop 2020). Additionally, heat transfer
performance is highest for circular shapes, which is 7.45%
higher when nanoparticles are used (Selimefendigil and
Oztop 2016). The sinusoidal wave channel improves ther-
mal performance mixing and other characteristics, making it
suitable for mixing applications and energy conversion tech-
nology such as fuel cell devices (Chang et al. 2009; Beig-
zadeh and Ozairy 2019; Ma et al. 2021; Zhou et al. 2022;
Ghasemi et al. 2021; Anyanwu et al. 2019). Ghasemi et al.
(2021) studied sinusoidal channels and reported an increase
in thermophoresis and temperature distribution. Chang et al.
(2009) concluded that wave channels improved heat perfor-
mance owing to the generation of vortices.

In a thermal system, irreversibility deteriorates the system
performance, which can be quantified through the rate of
entropy generation (Bejan 1998). Hence, several investiga-
tors studied entropy generation to optimize system effec-
tiveness. In this context, Zeeshan et al. (2016) studied the
shape effect of nanoparticles over entropy generation. They
concluded that proper nanoparticle choice could controls
velocity profile and heat transfer, and irreversibility could
be reduced by utilizing the property of nanofluids contain-
ing spherical particles. Mahian (2013) examined the entropy
generation in nanofluids, concluding that nanofluids con-
tribute to decreasing entropy generation and overall system
optimization. Baytas (1999) worked with porous cavities and
entropy generation in natural convection. He found that heat
transfer irreversibility dominated over friction irreversibility
as the Rayleigh number (Ra) decreased.

Despite numerous investigations, as outlined above, the
irreversibility aspects are largely missing in the literature.
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Moreover, the interplay of sinusoidal wave and BFSC has
not been studied explicitly for thermohydraulic and irrevers-
ibility characteristics. Furthermore, there are no comprehen-
sive studies wherein the implication of fundamental obstacle
geometries, namely triangular, square, rhomboid, circular, or
elliptical configurations, are compared in a sinusoidal wave
integrated backward-facing step channel for hydrothermal
and irreversibility characteristics to obtain the optimal obsta-
cle. Additionally, a detailed study on the influence of obsta-
cle location and angular inclination has not been conducted.
Therefore, to bridge this literature gap, the present investiga-
tion aims to conduct a thorough analysis and investigate the
implication of obstacle shape, space, and angular inclination
for a sinusoidal integrated backward-facing step channel.
These findings demonstrate the interplay of wall-obstacle
architecture on hydrothermal and irreversibility performance
and highlight their importance as a design feature.

2 Formulation

This study investigates the effect of different obstacle
geometries on heat transfer and fluid flow characteristics
for mixed convection in a backward-facing step channel
(BFSC). A sinusoidal heat wall is configured after BFSC

for fully developed flow, as depicted in Fig. la. Figure 1b
illustrates the different obstacle configurations at point A,
and the angular orientation of the elliptical obstacle is shown
in Fig. lc.

Obstacles of different geometrical configurations with
equal surface area are placed at the inlet of the BSFC. The
surface of the bottom wall and obstacle is kept at a high
temperature (7;,), and the temperature of the fluid is equal to
T, (<T}). The top wall of the channel is assumed to be adi-
abatic. Air is taken as the working fluid for the investigation
with a Prandtl number equal to 0.71. Two-dimensional, lami-
nar, incompressible, and Newtonian fully developed flow are
considered. Viscous dissipation and radiation heat transfer
are neglected. The operating range Richardson number (Ri)
is 0.05—-1, and the Reynolds number (Re) is constant at 100.
It can be noted that the Reynolds number is the ratio of iner-
tial force to viscous force, whereas the Richardson number
is the ratio of the buoyancy term to the flow shear term. The
non-dimensional parameters used in the current study are
shown in Table 1. A separate investigation is carried out to
understand the effect of the location and orientation of obsta-
cles on heat transfer characterized using elliptical obstacles.
In this context, the obstacle-to-step obstruction distance is
varied. The obstacle is placed at Lx=(1, 5, 10, 20, 30, and
39) and Ly=(0.7, 1.0, 1.3, 1.6, 2.2, and 2.5) for the study.

Adiabatic Wall

L L A L

Point A

T s T
\ e

I - LS — < _ - = _
, Lz -
(a)
Point A acts as centre of axis for each geometry
Triangular Square Trapezoidal Circular Elliptical

4d B e o

(b)

Angular orientation of obstacle

Fig. 1 Schematic of the BFSC with the sinusoidal bottom heated wall for (a) no obstacle configuration, (b) different geometrical configurations

at point A, and (c) angular orientation of elliptical obstacle
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Table 1 Non—dimepsional d E L L s
parameters and their values

L, L CN

3 15 2 12.33D

0.886

1,5,10,20,30,39  0.7,1,1.3,1.6,1.9.22  0°,30°,60°90°120°,150°

The elliptical obstacles are positioned at inclination angles
(6,)o0f0°, 30°, 60°, 90°, 120°, and 150° to understand the
influence of the angle of obstacles on heat transfer char-
acteristics. It can be noted that the inclination angle is the
obstacle orientation with respect to the flow axis, as shown
in Fig. 1c. The pre-expansion length (L) and post-expansion
length (L,) are shown in Table 1 (refer to Fig. 1a).

It can be noted that d, E, and S are dimensionless height,
expansion ratio, and step height, respectively.

2.1 Governing Equations

The three governing equations involved in the present study
are continuity, momentum, and energy and are presented
below.

Mass conservation:

V-V=0 9]
Momentum conservation:

1 2 Gr
V.-VV==-VP4+ —VV+—0

Re R 2
Energy conservation:

L v
PrRe

V.-Vl =

3

where the following non-dimensionalized parameters are
used.

(X,y)=w’v=L’ =L’
S U, pUg @
T-T, U,S uC e fATS?
0= 0 Re= Y00 pro B0, SPATS
T, -T, k v2

where X, Y, U, are Cartesian coordinates and average inlet
velocity, respectively. All other notations have their usual
meaning (Boruah et al. 2018).

System irreversibility (Np,) is expressed as

Ntotat = Ntnermat + Nviscous )]
N =[(%)2 + (%)2]
2 2 2
a2 (G0 +G))+ G5}

The Bejan number (Be) is the ratio of thermal entropy to
total entropy (Boruah et al. 2018)

. @ Springer

N. :
Be = Thermal (7)

N. Total

2.2 Boundary Conditions

The boundary conditions consist of defined parametric val-

ues for the computational domain, which comprises a chan-

nel inlet, channel outlet, geometric wall, and obstacle wall.
Channel inlet

U=15%xU,« (Y -1)3-Y) 8)
Channel outlet

U _ov _d _,

X X oX ©)
Geometric wall
Upper wall
20
U=V=—=0
oY (10)
Sinusoidal wall
U=V=00=1 (11
Obstacle wall
00
on (12)

3 Numerical Method and Grid
Independence

The numerical methods represent the computational meth-
odology adopted herein. First, mass, momentum, and energy
conservation equations are computed using the finite ele-
ment method. Laminar flow and heat transfer in fluids are
used together as solutions in the present study. The Galer-
kin weighted residual method is used to solve the govern-
ing equations with boundary conditions. The independent
variables, temperature, pressure, and velocity profiles, are
analyzed. Conjugate gradient iterative methods in the form
of a PARDISO direct solver is considered with convergence
criteria of 1078,

Before starting the analysis, it is essential to select an
optimized mesh size through a grid sensitivity test for all
geometrical configurations. Each geometry has four grid
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sizes for this study. The average Nusselt number is calculated
for the studied obstacle configurations for various elements
at Ri=0.05, Re=25, as shown in Table 2. It can be noted
that Nu does not change significantly from mesh elements
151,831 to 363,747 for circular obstacles, resulting in a vari-
ation of 0.09%. Therefore, a trade-off is considered between
computational accuracy and time. Hence, mesh elements
of 151,831 are chosen for the circular obstacle. Similarly,
channels with elliptical, triangular, square, and rhomboid
obstacle mesh sizes with 151,745, 157,277, 158,187, and
157,705 elements, respectively, are chosen.

4 Model Validation

Before presenting the results of the present study, the in-
house codes must be compared with the available literature
to check the code’s accuracy. The literature selected to com-
pare numerical codes is the work of Boruah et al. (2018), as
the author worked on different baffle configurations in back-
ward-facing step channels and determined the hydrother-
mal and irreversibility features for Re =100 and Ri between
0.05 and 1. Boruah et al. (2018) analyzed different baffles
mounted on an adiabatic wall and reported that an elliptical
baffle performs superior to other baffles, namely square and
triangular, for thermohydraulic and entropy generation fea-
tures. They further worked on step distances and concluded
that total irreversibility is smaller for a larger step distance
between the baffle and axis. The Nusselt number is com-
pared between in-house codes, and the plot of Boruah et al.
(2018) is shown in Fig. 2a. Furthermore, the experimental
data of Abu-Mulaweh et al. (1993) is also compared to eval-
uate the computational accuracy, as illustrated in Fig. 2b. It
can be spotted that there is no significant difference found
in plots and thus validated the codes for the current study.

5 Results and Discussion

The present study discusses the influence of the obstacle's
configuration and orientation on the hydrothermal and irre-
versibility characteristics in a backward-facing step chan-
nel (BFSC). In the current work, obstacles with triangular,
square, rhomboid, circular and elliptical shapes have been
placed near the inlet of the BFSC. The Reynolds number is
kept constant at 100, whereas the Richardson number var-
ies from 0.05 to 1. In the subsequent sections, the results
are expressed in streamline contour, isotherms, Nusselt
number, pressure drop, Bejan number, and irreversibility
characteristics. The inference obtained from streamlines
and isotherms, Nusselt number, and Bejan number over the
entire length of BFSC illustrate the impact of using differ-
ent obstacles on these parameters. Furthermore, the aver-
age Nusselt number, pressure drop, irreversibility against
Richardson number (0.05-1), and Reynolds number (100)
demonstrate the effect of obstacle geometry, orientation and
location characteristics.

5.1 Effect of the Obstacle Geometry

It is already well known that the insertion of obstacle geom-
etry generates recirculation and flow reattachment, which
ultimately enhances heat transfer (Tropea and Gackstatter
1985). Hence, a comparative analysis has been conducted
to gain insight into the influence of the geometrical configu-
ration of obstacles on Nu, AP, and Ny,..- The obstacles at
the inlet of the channel with triangular, square, rhomboid,
circular, and elliptical shapes have been considered for the
present investigation.

Table 2 Average Nusselt number comparison for grid independence study

Circular obstacle Elliptical obstacle

Triangular obstacle

No. of elements Nu % error No. of elements Nu % error No. of elements Nu % error
26,223 1.966 1.32 26,389 1.803 1.27 27,776 1.657 4.38
63,510 1.982 0.53 63,510 1.819 0.44 66,422 1.702 1.80
151,831 1.990 0.09 151,745 1.826 0.03 157,277 1.727 0.34
363,747 1.992 0.00 281,655 1.827 0.00 371,705 1.733 0.00
Square obstacle Rhomboid obstacle

No. of elements Nu % error No. of elements Nu % error

28,011 1.663 3.72 27,989 1.823 3.92

66,832 1.705 1.30 66,754 1.871 1.39

158,187 1.727 0.04 157,705 1.896 0.07

289,061 1.727 0.00 288,435 1.897 0.00
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Fig.2 Model validation: Nusselt number comparison with (a) Boruah et al. and (b) Abu-Mulaweh et al.

5.1.1 Flow and Temperature Fields

Streamline flow and temperature fields are important for
understanding thermohydraulic transport characteristics
in a BFSC. Hence, the streamlined distribution and veloc-
ity magnitude for five different obstacle shapes is shown in
Fig. 3, and for Ri is 1 and Re is 100.

Figure 3 shows the recirculation zone near the backward-
facing step along the bottom wall. The insertion of obstacle
geometry significantly reduces the length of the recircula-
tion zone near the step. The number of smaller recircula-
tion zones is observed with decreasing length as the flow
proceeds downstream. However, the size and vorticity of
the recirculation zone are greatest in the case of rhomboid
obstacles. The rhomboid geometry has higher symmetric
geometry along the axis of flow, which leads to a maximum
Nusselt number in the case of flow over the thomboid obsta-
cle (refer to Fig. 5). On the contrary, the size and number of
recirculation zones formed is lowest in the case of the ellip-
tical obstacle. Because a strong vorticity field is generated
at the downstream side of these geometries, the vorticity
field compresses the streamlines up to the local peak of the
sinusoidal wall, which develops a weakened vortex near the
heated wall.

The isotherms are plotted in Fig. 4 for different obsta-
cle geometries in BFSC at Ri=1 and Re=100. It can be
observed from Fig. 4a that the bottom heated wall has a
dense magnitude of contours at pre-expansion length (L)),
as described in the literature (Feng et al. 2023). The inser-
tion of obstacles generates a much denser contour near the
upstream sides of obstacles, resulting in high heat transfer
in that region (refer to Fig. 5). The combined contours of 0.7

32
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and 0.5 revealed different contoured areas in different cases,
depending on the obstacle sizes. The area mentioned above
is greater in the case of triangular and rhomboid geometry,
which can be attributed to the fact that these geometries have
minimum cross-sectional area for the flow of fluids. The
variation of contour lines in the case of an elliptical obstacle
is very minimal because the elliptical profile has the lowest
fluid resistance.

5.1.2 Hydrothermal Characteristics

The local Nusselt number (Nu) with respect to the sinusoidal
channel is plotted in Fig. 5 for different obstacle configura-
tions. Figure 5 depicts the model variation of Nu with axial
direction (0 <X <40) of the channel for Ri=1 and Re = 100.
It can be observed from Fig. 5 that the insertion of obstacles
generates local maxima in Nu before the obstacle location
and depressed Nu lines after the obstacle location. It can be
seen that an abrupt change in the cross-sectional area causes
higher inertial dominance, as also observed in Fig. 3. It can
also be noted that the variation among different obstacle
configurations is significant to a channel length of 15. After
that, a similarity in curves is observed among various obsta-
cle configurations, which can be explained by the fact that an
obstacle's insertion created a difference in plots for distinct
obstacle configurations. However, when the initial impact
of the obstacle diminishes, all flows find similarities in the
flowing conditions and reach a steady curve for different
obstacles. It can also be observed from Fig. 5 that rhomboid
and triangular geometries generate the highest local maxima
among different cases. Therefore, rhomboid and triangular
geometry have far better local heat transfer.
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Fig. 3 Distribution of streamlines and velocity magnitude for the sinusoidal channel with different obstacle profiles: (a) without obstacle, (b) tri-
angular obstacle, (c) square obstacle, (d) rhomboid obstacle, (e) circular obstacle, and (f) elliptical obstacle at Ri=1 and Re=100

Figure 6a is plotted for different obstacle configurations
for the average Nusselt number (W) with variation in Ri. It
can be noted from Fig. 6a that the value of Nu is found to be
higher for all obstacle configurations than the reference case
which can be explained by the fact that Nu in the upstream
region for BFSC with an obstacle is significantly higher than
the channel without an obstacle. Figure 6a shows that the
triangular obstacle has maximum Nu for most of Ri. This
is because triangular configurations have the lowest side
number for the equal area that is in direct contact with the
fluid. Hence, most triangular circumferences are in contact
with fluid flow.

The literature establishes that higher pumping power
makes heat transfer increase possible (Boruah et al. 2018).
The pressure drop (AP) for different obstacle cases with
further Ri are plotted in Fig. 6b. It can be seen in Fig. 6b that
the incorporation of obstacle geometries in BESC generates
a higher pressure drop irrespective of the type of obstacle

geometry as compared to BESC without obstacles. It can be
seen that the insertion of an obstacle causes recirculation,
which is a key parameter in generating higher irreversibility.
It is also seen that as AP increases with an increase in Ri
irrespective of obstacle shapes and configurations. Figure 6b
also shows that the pressure difference for triangular obsta-
cle configurations is the highest, as it generates the highest
fluid resistance.

5.1.3 Irreversibility

System irreversibility is presented as entropy generation,
which dictates design performance. Thus, an efficient
designer must clearly understand irreversibility and its
different types (Boruah et al. 2018); therefore, two types
of irreversibility are studied in the present investigation.
The different obstacle geometries are presented for system
irreversibility due to heat transfer (Nypermar)> System irre-
versibility due to viscous dissipation (Ny;s.q,)» and total
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Fig.4 Isotherm contours for the sinusoidal channel with different obstacle profiles: (a) without obstacle, (b) triangular obstacle, (¢) square
obstacle, (d) rhomboid obstacle, (e) circular obstacle, and (f) elliptical obstacle at Ri=1 and Re =100

5
~~~~~~~~~~~ No obstacle —=— Circular obstacle
—=— Square obstacle —=— Elliptical obstacle
44 —+— Rhombus obstacle ~—— Triangular obstacle
34
X
Z
24

Fig.5 Nusselt number variation for obstacle configurations with
respect to the sinusoidal channel at Ri=1 and Re=100
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irreversibility Ny, in Fig. 7, respectively, for different Ri.
It can also be observed that the triangular geometries share
the highest irreversibility of all investigated cases, which can
be explained by the triangular case having the highest differ-
ence in obstacle cross-sectional areas in the flow direction.
It can also be observed that the irreversibility generated for
all obstacle cases has higher values than without obstacle
cases. An increase in Ri leads to an increase in temperature
and velocity gradient, collectively affecting the increase in
N Thermal and N Viscous,? respectively,

Figure 8 depicts the variation of the Bejan number
(Be) for Ri=1 and Re=100 for the entire channel length (
0 < X <40). Figure 8 shows that the variation of different
obstacles for Be plots is insignificant after a channel length
of 20, which can be attributed to the fact that flow exhibits
similar geometries for post-obstacle length. The variation
among lines reached the highest difference in obstacle loca-
tions due to the higher inertial dominance near the obstacle
region. After the obstacle location, the variation started to
diminish, and at 40, the variation reached its minimum level.
Local minima for Be downstream of the channel for all the
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Fig. 8 Bejan number variation for sinusoidal BFSC wall at Ri=1 and
Re=100

obstacle configurations is the same as without an obstacle.
Figure 8 also depicts that triangular and rhomboid obstacles
share the highest variation in the obstacle region, which can

(b)

be noted as Ny,,,,. These outperformed the other cases pre-
sented in Fig. 7c.

The Be contours for different obstacle geometries are
illustrated in Fig. 9. The insertion of obstacles shifts denser
contour lines near the adiabatic wall, as shown in Fig. 9.
Because of the insertion of obstacles reducing the cross-
sectional area for flow generating inertial dominance near
the obstacle region. The bottom wall and obstacle are kept at
a higher temperature. The adiabatic upper wall causes lower
magnitude contours due to a lower temperature gradient. The
peak value of the local Nusselt number was maximum for
the BFSC with a rhomboid obstacle (refer to Fig. 5). It has
been observed that both pressure drop and total irreversibil-
ity increase with the increase in Ri irrespective of the shape
of the obstacle and are found to be maximum in the case of
a triangular obstacle (refer to Figs. 6 and 7).

5.1.4 Selection of the Optimal Obstacle Geometry

The selection of optimal obstacle geometry is essential for
conducting an in-depth investigation of obstacle location

0.9
0.8
0.7
0.6

0.5

Fig.9 Bejan number contours for BFSC with different obstacle configurations: a without obstacle, b triangular obstacle, ¢ square obstacle, d
rhomboid obstacle, e circular obstacle, and f elliptical obstacle at Ri=1 and Re=100
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and orientation study. Hence, a hydrothermal factor is intro-
duced, i.e., the ratio of the Nusselt number to pressure dif-
ference, as shown in Fig. 10. It can be noted that an elliptical
obstacle has the highest hydrothermal factor. Although the
elliptical configuration has a moderate Nusselt number, its
corresponding pressure difference is so low with an increase
in Richardson number that it leads to the highest hydrother-
mal factor. Hence, elliptical obstacle configurations are fur-
ther analyzed for obstacle location and orientation analysis.

5.2 Effect of Elliptical Obstacle Location

After establishing that the elliptical obstacle is optimal with
hydrothermal and irreversibility characteristics, the influence
of an obstacle to step obstruction distances (L, and L) on
the hydrothermal and irreversibility are analyzed, obstacles
are placed at different L, namely, 1, 5, 10, 20, 30, and 39
and Ly, namely, 0.7, 1.0, 1.3, 1.6, 2.2, and 2.5. An optimum
elliptical obstacle location with favorable characteristics is
expected. The analysis is presented in the following sections.

5.2.1 Hydrothermal Characteristics

The effect of an obstacle-to-step obstruction distances (L,
and L) is studied for hydrothermal performance is shown
in Fig. 11 for Ri=0.5 and Re 100. The different locations
for the study are L,=1, 5, 10, 20, 30, and 39, whereas Ly is
presented on the y-axis. It is clear from Fig. 11a that as L,
increases, the magnitude of Nu gradually increases up to
Ly= 2 and then decreases, except for the case of Lx=1. This
means that the increase in obstacle to step distance along the
y-axis compresses the fluid to pass by the hot bottom wall,

Hydrothermal Factor

Circular

Elliptical Rhombus Triangular Square

Obtsacle Configurations

Fig. 10 Hydrothermal factor for different obstacle shape configura-
tions

and the recirculation length also decreases for these cases.
Moreover, as L, increases, the Nu value linearly increases.
This means that at lower L, and Ly combinations, the effect
of BFSC is insignificant, and with the development of recir-
culation zones, the heat transfer increases for higher L, and
L, combinations.

Figure 11D illustrates the effect of an obstacle-to-step
obstruction distances (L, and L) at Ri=0.5 and Re =100
on pressure drop. It can be noted that L, =1 has the highest
pressure drop for Ly=1.9. It can be depicted from the fact
that L,=1 for 1*" two locations of L, (0.7 and 1) received
the flow after BES, and no direct flow is obtained. However,
L, (1.3 and above locations) receives direct flow and is first
obstructed by its front part.

5.2.2 Irreversibility Characteristics

Figure 11c illustrates the influence of obstacle-to-step dis-
tances on irreversibility performance. Figure 11c shows that
Nror increases with an increase in L, to step distance. It is
expected as an increase in L, leads to an increase in thermal
and frictional irreversibility.

It can also be observed that except when L, =1, all plots
share the same pattern, with some deviation. This can be
explained by the fact that L =1 is the closest to BFS, with
the greatest impact; however, the flow of other configura-
tions is influenced by their geometry.

5.2.3 Selection of the Optimal Location for an Elliptical
Obstacle

The selection of the optimal location for elliptical obstacle
configurations is essential for conducting an in-depth inves-
tigation for angular orientation study. Hence, a hydrothermal
factor is investigated for different L, and L, locations of ellip-
tical obstacle configurations as illustrated in Fig. 12. It can
be noted that the highest hydrothermal factor is achieved for
Ly greater than 2, and an L, range between 10 and 20. Hence,
elliptical obstacle configurations with locations (L, =10 and
L,=2.2), (L,=20 and L,=2.2) are further analyzed for ori-
entation analysis.

5.3 Effect of Angle of Elliptical Obstacle

After establishing that elliptical obstacles with locations
(Ly=10and L,=2.2), (L,=20 and L,=2.2) are considered
optimal geometry and location, the effect of obstacle incli-
nation angle (6,), i.e., the orientation angle of the obsta-
cle from the x-axis on the hydrothermal and irreversibility
characteristics, is analyzed. Obstacles are varied for dif-
ferent orientations of 6, including 0°, 30°, 60°, 90°, 120°,
and 150°. It is expected that an optimum inclination for the
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Fig. 11 Influence of the obstacle to step distance (L,) on Nu, AP and Ny at Ri=0.5 and Re=100

best-performing location cases of elliptical obstacles with
favorable characteristics will be found. The analysis is pre-
sented in the following sections.

5.3.1 Hydrothermal Characteristics

The hydrothermal characteristics illustrating the average
Nusselt number (@), pressure drop (AP) with an angle
of obstacles for both optimum cases of elliptical obstacle
(Ly=10 and L,=2.2), (L,=20 and L,=2.2) are shown in
Fig. 13 at Ri=0.5 and Re=100. Figure 13(a) illustrates the
effect of angles of obstacles on Nu. It can be observed that
obstacle orientation significantly affects Nu. Moreover, a
cyclic performance is found as Nu increases when obstacle
orientation is varied from 0° to 90° and Nu decreases when
obstacle orientation varies from 90° to 150°. As the angle
increases to 90°, the fluid inertial force is primarily diverted

Fig. 12 Hydrothermal factor for different elliptical obstacle locations
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Fig. 13 Effect of an obstacle to obstacle inclination (6,) on Nu AP and Nrota at Ri=0.5 and Re=100

to the sinusoidal BFSC wall and improves heat transfer. The
later decrease can be justified because as the angle increases
from 90°, the fluid generates larger recirculation zones near
the step. The obstacle-oriented direction of fluid inertial
force also decreases towards the sinusoidal BFSC wall. It
can also be observed that the optimum case (L, =20 and
L,=12.2) results in higher Nu. It can be depicted that the
optimum case (L, =20 and L,=2.2) directs the fluid inertia
to reach the sinusoidal BFSC wall after a considerable dis-
tance from the BFSC step, and thus generates a higher Nu.
It is revealed from Fig. 13b that variation in pressure drop
also follows the same trend (up to 90°, the pressure drop
increases and then decreases) because angular orientation
varies inertial dominance in a cyclic manner. Figure 13b also

shows that (L, =10 and L,=2.2) have lower pressure drop
than (L, =20 and Ly= 2.2), which is because (L, =10 and
L,=2.2) have geometrical proximity to the BFSC step and
obstacle introduction near (L,=20) directs fluid inertia to
move quickly to the sinusoidal BFSC channel.

5.3.2 Irreversibility Characteristics

Figure 13c illustrates the influence of different orienta-
tions of obstacles on the total irreversibility at Ri=0.5 and
Re=100. It is observed from Fig. 13c that both cases have
higher values than the reference cases, as before, and also
have the same pattern of increase and decrease of about 90°,
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which is because viscous entropy generation follows the ori-
entation cyclically.

5.3.3 Selection of the Optimal Orientation for Elliptical
Obstacle Configuration

The selection of the optimal orientation for elliptical obsta-
cle configurations is essential to conclude the results. Hence,
a hydrothermal factor is investigated for different orienta-
tions (8,) of elliptical obstacle configurations, as illustrated
in Fig. 14. The highest hydrothermal factor is achieved
for angular orientation (8,=0°). It is expected as the low-
est pressure drop is recorded for this orientation (refer to
Fig. 13b). Hence, elliptical obstacle configurations with
locations (L, =10 and L,=2.2), (L,=20 and L,=2.2) have
the optimal orientation as (6,=0°).

2.6
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- Optimal Obstacle Location 2

N
N
1

e
o
1

Hydrothermal Factor
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o >
1 1
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=)}
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Angle (0p)

Fig. 14 Hydrothermal factor for two elliptical obstacle orientations
for optimal locations

5.4 Comparison of Optimum System
with the Reference Case

The interplay of obstacle geometry, obstacle angle, and
obstacle-to-step obstruction distances is investigated, and
recommends an optimum system consisting of best-perform-
ing obstacle geometry, best-performing obstacle angle, and
best-performing location as per hydrothermal factor is com-
pared with the reference case (no obstacle configuration).
The two optimum systems considered for the present study
are elliptical obstacles with an inclination angle of 0°. The
obstacle location (L,=10 and L,=2.2), (L,=20 and L,=2.2)
is compared with the no-obstacle reference case. The analy-
sis is presented in the next section.

5.4.1 Hydrothermal Characteristics

Figure 15 shows the streamlines and velocity distributions
for two optimal cases with the best obstacle geometry, best-
performing obstacle angle, and best-performing location. It
can be noted that the introduction of an elliptical obstacle
at (L,=10 and L,=2.2) reduced the primary recirculation
zone after the backward-facing step channel, which reduces
heat transfer. Figure 16a illustrates the comparison between
optimum and reference cases for Nu across Ri. It is worth
mentioning that both optimum systems have a greater mag-
nitude of Nu as compared to the reference case. It can be
attributed to the fact that changing locations and orientation
of obstacles generate favorable transport and heat transfer
characteristics by placement and size of recirculation zones
and reattachment length. The optimum system 1 has a lower
Nu value at low Ri; as Ri increases, there is a comparatively
higher increase than system 2.

Both optimum systems of obstacles on pressure drop
characteristics are illustrated in Fig. 16b for Re=100. Fig-
ure 16b shows that AP increases with an increase in Ri for
both cases. It can also be observed that optimum system 2
has a higher pressure drop than case 1. It can be seen that
case 1 has geometrical proximity with inflow and causes

14

1.2

0.8

0.6

0.4

0.2

Fig. 15 Distribution of streamlines and velocity magnitude for the sinusoidal channel with different obstacle profiles: a elliptical obstacle at
L,=10,L,=2.2, and b elliptical obstacle at L, =20, L,=2.2 at Ri=0.5 and Re=100
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Fig. 16 Comparison of two optimum cases with reference case on a Nu, b AP and ¢ Nypy at Re=100

a significant reduction in the recirculation zone along the
sinusoidal BFSC channel.

5.4.2 Irreversibility Characteristics

The total irreversibility obtained in BFSC due to two obsta-
cles containing optimum systems is plotted in Fig. 16¢ along
with the reference case without obstacle. It can be observed
that both systems have significantly higher irreversibility in
comparison to the reference case, which can be explained
by the fact that there is a cross-section reduction with the
insertion of an obstacle.

This generates inertial dominance causing irreversibility
due to thermal and overall contributed to Ny,,,;. The average
assessment shows that optimum systems 1 and 2 has 34.95%
and 36.15% higher average Nusselt number (Nu) value,
33.44% and 35.29% higher irreversibility (Npy,), 70.49%
and 81.47% higher pressure drop (AP), respectively, when
compared to without obstacle reference case.
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6 Conclusions

The present investigation discusses two-dimensional, steady,
laminar, incompressible, and mixed convective flow and
highlights the impact of obstacle configuration on thermo-
hydraulic and irreversibility characteristics for a sinusoidal
backward-facing step channel. In this context, the interplay
of the obstacle configurations, namely profile, step obstruc-
tion distance (Lx and Ly), and obstacle orientations, are
studied. Some of the noble conclusions extracted from the
present investigation are pointed out below.

e The length of the reattachment region decreases with
obstacle inclusion, irrespective of the investigated pro-
file. Square obstacle configuration generates the shortest
reattachment among different obstacle geometries.

e The local Nusselt number is greatest at the obstacle loca-
tion irrespective of the cases. Moreover, the value of the
local Nusselt number is the greatest for the rhomboid
obstacle.

e Total irreversibility increases with the increase in the
Richardson number and is found to be greatest for the
triangular obstacles.

e Elliptical obstacle configuration is found to be optimal,
with higher heat transfer, lower pressure drop, and total
irreversibility.

e The best-performing combination for making optimum
cases was considering an elliptical obstacle with an
orientation of 0° and having locations of (Lx=10 and
Ly=2.2), (Lx=20and Ly=2.2).

e The average assessment shows that optimum systems 1
and 2 have 34.95% and 36.15% higher average Nusselt
number (W) values, 33.44% and 35.29% higher irrevers-
ibility (N1, and 70.49% and 81.47% higher pressure
drop (AP), respectively, when compared to the reference
case without obstacle
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