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Abstract

This work presents the dynamic behavior of the laminar hydrothermal flow of nanofluid through
a sudden expansion channel with the variations in the normalized length, height, and pitch to
width ratio of the intermediate step. The governing equations have been discretized using the
finite volume method, and the SIMPLE algorithm has been applied to solve the system of
algebraic equations. The effect of the variations in the Reynolds number (Re), normalized height
(B/C), normalized length (A/C), and step pitch-width ratio (A/B) on the enhancement of heat
transfer has been studied. For different values of A/C, A/B, and B/C, this work indicates that the
average Nusselt number (Nuavg), thermal resistance factor (R), and performance number (PN)
increase with the increase in Re. In the case of the hydrothermal flow phenomena, the
configuration associated with B/C provides better results than those associated with A/B and
A/C. As an important outcome, we see that the presence of an intermediate step enhances the
average Nusselt number and thermal resistance factor. This will become very much helpful for
various realistic circumstances for triggering additional thermo-mechanical loads on the surface.

Keywords: Friction factor; intermediate step; laminar flow; performance number; thermal
resistance factor.

1. Introduction

Transport of nanofluid flow and heat transfer phenomena through sudden expansion channels
and rectangular channels have wide applications in different engineering appliances [Al-Ashhab
(2019); Al-Hajri et al. (2020); Saha et al. (2020); Wei et al. (2020); AL-Jawary (2020); Saha et
al. (2021a); Kiran et al. (2021); Saha et al. (2021b)]. Several authors have studied different
characteristics of HT phenomena through various types of the channel in the presence of porous
media [Joibary & Siavashi (2019); Norouzi et al. (2020); Rashidi et al. (2019)]. Generally,
porous media is used in the channels to increase the rate of HT. Flow through a sudden
expansion channel is a well-known phenomenon [Mostafavi & Meghdadi (2017)]. Many authors
[Menouer et al. (2019)], experimentally and numerically, have shown that the increase in Re
causes the existence of two or more flow separation zones at the lower and upper corner walls,
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which causes a substantial heat loss [Galuppo & De (2017)]. Hilo et al. (2020) studied different
properties of the hydrothermal phenomena of flow over a suddenly expanded channel. To
enhance the rate of HT, many researchers [Rashidi ef al. (2019); Boudiaf et al. (2020)] have
investigated the hydrothermal phenomena using nanofluid and stated that the rate of HT can be
enhanced using nanofluid instead of the base fluid. In a sudden expansion channel with porous
suction, Terekhov & Terekhov (2017) discussed the flow separation region and stated that an
increase in the strength of transverse mass flux shortens the separation region in suction and
lengthens the same in blowing. Dyachenko et al. (2019) investigated the profiles of Ap in the
separation zone forms after the expanded section of a suddenly expanded channel with vortex
generators. They stated that the rate of HT increases with the enhancement of vortex lengths.
Naphon (2007) experimentally investigated the different characteristics of heat transfer through a
V-shaped sudden expansion channel. It is demonstrated that after the recirculation zone the
mixing of the fluid in the boundary layer intensifies, which increases convective HT. In addition,
he studied that the breaking of the thermal boundary layer could increase the rate of HT when the
flow past the corrugated surfaces. Through various types of corrugated channels, Ajeel et al.
(2019) studied the thermal enhancement of nanofluid flow phenomena. They concluded that the
pressure drop and recirculation characteristics depend on the shape of the teeth. It has also been
shown that the value of Nuaye increases with the increase in Re. In an abruptly changed channel,
Maghsoudi & Siavashi (2019) showed that the value of Nuay found in the case of a smooth
channel increases by 8.3% for the presence of porous insert. In the presence of a porous floor
segments in a sudden expansion channel, Abu-Hijleh, (2000) investigated the reattaching flow
characteristics. They concluded that the value of Nuay found in the case of a smooth channel
increases by 16% for the existence of porous media. Martin et al. (1998) numerically analyzed
the hydrothermal phenomena through a sudden expansion channel with a porous medium. They
concluded that thermal behavior enhances with the increase in the height of the porous medium.

In this work, we have studied the effect of the variations in A/B, B/C, and A/B on flow
phenomena, and this will be helpful to form thermo-mechanical machines at low production
costs. Nanofluid has better heat transfer enhancement compared to any base/Newtonian fluid for
having a higher thermal conductivity of the nanoparticles and is used in many engineering
equipment. From the above literature survey, it has been found that no work has been done on
nanofluid flow and the rate of HT phenomena through sudden expansion channel with
intermediate step. This provides us enough confidence to carry forward the current work. The
present work is an extension of the studies of Ternik et al. (2006). They studied the flow
phenomena of power-law fluids without considering HT phenomena and the effect of the
intermediate step. In this work, we have investigated the water-Al>O3 nanofluid flow phenomena
and HT characteristics including streamlines, F, Nuavw, R, and PN with the variations of A/B,
B/C, A/B, and Re in a two-dimensional sudden expansion channel with intermediate step.
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2. Geometry of the problem

The flow geometry of the physical domains has been presented in the figures. 1(a-b), where the
flow enters through the inlet with velocity, ui, at the temperature, Tin. Figure. 1(a) presents the
flow geometry of the suddenly expanded channel and figure 1(b) presents the computational
domain with an intermediate step. The flow is assumed viscous, incompressible, steady, single
phase, laminar, and the particles have no inertia and the radiation of HT has been neglected.
Constant heat flux has been assigned to the lower wall only, and other walls have been kept
insulated.
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Fig. 1. Geometry without (a) intermediate step and with (b) intermediate step.

3. Formulation of the Problem

The following non-dimensional equations have been used to analyze the hydrothermal
phenomena of fluid flow in the Cartesian coordinate system [Aminossadati et al. (2011); Akbari
et al. (2015); Behnampour et al. (2017)].

ou | av _

Continuity equation: x T or = 0 @Y
The momentum of X equation: UZ—E + Vg—g = %é ‘;ZTI; + 432721 — g—i (2)
The momentum of Y equation: n UZ—X + VZ_X = %i (z% 327‘2/) - Z—z 3)
Energy equation: U % + V% = %ii (2272 + %). (4)

Where the following non-dimensional parameters have been used:
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3.1 Boundary conditions

At the inlet section: X = -2, -1 5<Y <15, U=1, 6 =0, and at the outlet section: Outflow
boundary conditions; a_ =0, & =0a %= 0 have been imposed and finally, at the wall
section: No slip (Ux= 0, Vx=0) and no penetration (Uy= 0, Vy = 0) boundary conditions have
been implemented at the walls and a constant heat flux has been applied at the lower wall but

the other walls remain insulated (g =0).

4. Characteristics of Nano fluid

The following equations have been used to calculate the p,,r and (pCp ), [Behnampour ez al.
(2017)].

Pny = (1 - D)pf + Dps (5)
(pcp)nf =1- D)(pcp)f + D(pcp)s (6)

The following mean empirical correlation [Patel et al. (2005); Behnampour et al. (2017)] is used
to evaluate the ker.

ker = kg + ky 1= [1 + 36000 Pe] 7)

kg (

Thermo-physical properties of nanofluid have been taken from the studies of Corcione (2010)
and Akbari et al. (2016).

5. Computational procedures, the test of grid and validation of the model

The computational fluid dynamics solver, Fluent [Soueid et al. (2020)] has been utilized for
simulation and visualization purposes. FVM has been utilized to solve the governing equations
(equation 1-equation 3) with the aid of a second-order upwind scheme. In addition, the SIMPLE
algorithm [Corcione (2010); Akbari et al. (2015); Behnampour et al. (2017)] has been used to
discretize the pressure-velocity coupling. The convergence criteria have been set as 106, 107,
and 10~ for continuity, momentum, and energy equations respectively.

The whole computation domain has been segregated into two parts (figure. 2). To study the
effect of mesh size, three different mesh studies and grid tests have been performed at Re = 30,
as illustrated in figure. 3. Figure. 3(a) presents the variation in the pressure coefficient along the
x-axis with the variations in the length of the channel. It is clearly shown in figure. 3(a) that the
mesh 2 can be taken for future analysis and from figure. 3(b), it is investigated that 91,260 cells
are sufficient for further analysis. The code validation has been done with the studies of
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Fig. 2. Geometry of mesh.
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Fig. 3. Plots of (a) P. vs. axial position and (b) average P. vs. the total number of elements.
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Fig. 4. Plots of (a) primary vortex length and (b) normalized vortex length vs. Re.

Oliveira (2003) and Ternik et al. (2006) by comparing the results of primary and normalized
vortex lengths, and shows a good agreement with the present model, as can be seen in the
figures. 4(a-b).
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6. Results and discussions

This section describes the effect of various parameters, viz., Re, Nuay, PN, and different
geometrical parameters of intermediate steps (A/B, B/C, and A/B) on the hydrothermal
phenomena of flow.

6.1 Effect of B/C, A/C, and A/B on flow phenomena at D= 0%

The flow is separated from the lower corner of the suddenly expanded channel and creates a
primary weak zone in the clockwise direction. At Re= 100, the profiles of velocity streamlines
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Fig. 5. Velocity streamlines for different configurations at Re = 100 and D = 0%.

have been shown in the absence of intermediate step, i.e., for A/B = 0, B/C = 0 and A/C =0
(figure. 5a), and in the presence of intermediate steps, i.e., for A/C=0.05 (figure. 5b), A/C=0.2
(figure. 5¢c), B/C=1 (figure. 5d), B/C = 5 (figure. 5¢), A/B = 5 (figure. 5f) and A/B = 30 (figure.
5g). It is observed that the presence of intermediate step at higher values of B/C, and A/C allow
the fluid to flow smoothly, which causes the existence of weak zones after the intermediate step.
In addition, the size of recirculation zones is found to depend on the configurations of
intermediate step. Moreover, just after the step, a weak zone of small length appears and
becomes stronger as the fluid passes the steps. Furthermore, the rate of heat transfer enhances
due to the existence of a second weak zone, as a result, isotherms become denser. It has been
investigated that with the increase in the value of B/C, the first weak zone disappears and the
length of the second weak zone increases. It has also been observed that the second weak zone
disappears as the value of A/B increases. In addition, the length of the flow reattachment point
increases with the increase in Re.
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6.2 Effect of Re and PN

Due to the adverse pressure gradient in the sudden expansion zone, it has been noted from figure.
5(a) that the weak zone appears at both the lower and upper walls. From the figure. 5, it has been
observed that velocity streamlines become slightly sparse just after the sudden expansion and
also found that as it proceeds towards the outlet section, it becomes scattered indicating that due
to low velocity, heat transfer rate decreases. The permeability of the streamlines near the walls
reduces and heat transmission increases. As a result, the thickness of the thermal and
hydrodynamic boundary layer increases. As the step height increases, the length of the weak
zone also increases, as a result, the rate of heat transfer enhances slightly. Moreover, as the value
of A/C increases to some specific value, the length of the weak zone continuously reduces and
the same lies completely within the step. This mechanism destabilizes the heat transfer by itself,
but the heat transfer is usually improved by having higher thermal conductivity. The effects of
Re, A/B, A/C, and A/B on Nuay,, F have been shown in the figures. 6(a-e). In all the considered
cases, it has been found that the increase in Re, B/C, A/C, and A/B causes an increase in Nuayg
[figures. 6(a-c)] and decrease in F (figures. 6(d-e)). The profile of F depends on the values of Ap.
Due to the effect of viscous dissipation, Ap increases monotonically and causes enhancement of
heat transfer. The value of Nuayg attains its maximum at the zone surrounding the attachment
point, and these points move the downstream with the increase in Re. Generally, the increased
values of Re are correlated with the increased shear stress. At Re = 300 and D = 0%, it has been
revealed that the value of Nuayg enhances by 56% at B/C = 0.33 of that at B/C = 0. At Re= 300
and D=4%, it has also been studied that the value of Nuayg reaches approximately 1.46 times at
A/C =15 of that at A/C = 1, and at A/B = 50, the value of Nuavg increases up to 1.438 times of
that at A/B = 10, as can be seen from the figures. 6(a-c). It has also been investigated that the
plots of Nuave, and F become more pronounced with the increase in D%. At Re = 300, the figure.
7 shows the variation in R with D for different configurations of the intermediate step. The
profile of R has been described as an efficient parameter of thermal enhancement. It is noted that
the value of R increases with the increase in the values of B/C (figure. 7a), A/C (figure. 7b), and
D%. The value of thermal enhancement factor starts to increase due to the enhancement in the
cooling effect by reducing the wall temperature at the downstream section. Consequently, the
boundary-layer thickness decreases. At Re = 300, B/C = 0.33 and D = 4%, it has been found that
the value of R increases up to 1.2 times of that at D = 0%, while at A/C = 7, it becomes 1.12
times of that at D = 0%. Effects of different geometric parameters of intermediate steps on the
performance number have been shown in the figures. 8(a-c). For the values of B/C, the boundary
layer of the lower wall occupies a significant portion of the step, particularly at a low velocity.
As the value of B/C increases, a large portion of the fluid tends to flow through the intermediate
step. The use of a porous medium can prevent the sudden increase in Nuay, at the reattachment
point, which is unacceptable in many realistic contexts for triggering additional thermo-
mechanical loads on the material surface. Moreover, the thickness of the step, rather than the
porosity or permeability of the porous material, has a greater effect on the flow and heat transfer
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characteristics. In all the considered cases, it has been noted that the performance number
reaches greater than one, implying a greater thermal enhancement.
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Fig. 6. Variations of (a-c) Nuay and (d-e) F at Re = 100, 300 for D= 0% and 4%.
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Fig. 7. Variations of R for different configurations at various D.
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Fig. 8. Bar diagrams of PN for different configurations at Re = 100 and 300 and D= 4%.
7. Conclusions

A numerical study has been performed to investigate the influence of intermediate step with
limited length, height, and pitch-width ratio on the enhancement of heat transfer phenomena. The
major findings of the present work are as follows:

(a) Enhancement of heat transfer causes the enhancement in Re, percentage of volume fraction
of nanoparticles, normalized step height, normalized step length, and pitch-width ratio. An
increase in Re causes an increase in the average Nusselt number and performance number. In the
case of thermal enhancement, the following configurations have been followed:

B/C (normalized height of intermediate step) > A/C (step pitch to width ratio) > A/B (normalized
length of intermediate step).

(b) A porous medium can prevent the sudden increase in Nuayg at the reattachment point, which
is unacceptable in many realistic contexts for triggering additional thermo-mechanical loads on
the material surface.

(¢) To enhance the heat transfer, the use of a porous block or the use of bell surface in a thermo-
mechanical model is too expensive, but the present study suggests that the presence of the
intermediate step in a sudden expansion channel reduces the cost, which becomes very much
helpful for the engineering communities related to flow phenomena.
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