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Abstract

Research on convective heat transfer in the microscale backward-facing step (MBFS) and
microscale forward-facing step (MFFS) has been extensively conducted in the past decade. This
review summarizes numerous researches on thettiyies; the first section focuses on studying

the effect of the geometry on the fluid flow and heat transfer behavior. The second and the third

section concentrates on effect the inclination angle and the flow regime on the fluid flow and heat
transfer enhancement. The purpose of this article is to get a clear view and detailed summary of
the ifluence of several parameters such as the geometricaficgémis,type of fluids and
boundary conditions. The enhancement in the Nusselt number is the main target of such research

where correlation equations were developed in numerical and experimental studies are reported.
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1. Introduction

The flow separation phenomenon and subsequent reattachment due to a sudden expansion or
compression in the flow passages, such as backward-facing and forward-facing steps, play a
substantial role in the design of a wide variety of engineering applications where coolintingy hea

is required. The applications of heat transfer appear in such, combustion chambers, environmental
control systems, cooling systems for electronic equipment, chimerical process and energy systems
equipment, high performance heat exchangers, cooling passages in turbine blades, and flow in
valves. In many of engineering applications, the separation of flow is undesirable due to unwanted
pressure drops and energy losses which require additional pumping power to overcome them.
However, in another application, the flow separation and the reattachment region may be
encouraged to enhanced heat and mass transfer rates. Because of this fact, the laminar and turbulent
flow over backward-facing and forward-facing step geometries in mixed, natural, and forced
convection have been investigated rather extensively, both experimentally and numerically.
However, case studies such as ribs geometry, injection flow, and onset inlet flow are not considered

in the present review.



A vast numerical and experimental and studies focused on flow and heat transfer behavior of
convective flow over backward and forward facing-step geometries have been reported. These vast
information and results have dealt with different parameters, conditions, instrumentation, and
geometry dimensions, which indeed to undefined solid base for comparison purposes to

demonstrate more accurate methodology for solving the case studies.

The dispersion of these results hauls the attention of many researchers to unify the information to
general criteria. Furthermore, the Aerospace Heat Transfer Committee (K-12) of the Heat Transfer
Division of the ASME held a technical session at the 1993 ASME Winter Annual Meeting for a
benchmark heat transfer probléinand 2].In addition, due to the importance of separation and
reattachment phenomenon, Abu-Mulawglj,reviewed the results of the flow and heat transfer

of single-phase laminar mixed convection flow over different orientations of both backward and
forward facing steps for several previous works. Whil¢ reviewed the results of effect many
parameters on the flow characteristics and heat transfer of single-phase fluid flow over backward

facing step.

The objective of this chapter is to present a comprehensive review of the flow and heat transfer
results of recent studies of single-phase natural, forced, and mixed convection flow over backward
facing and forward-facing steps. The second purpose is summarized andeprgsentsults of

the effects of many parameters on the fluid flow and heat transfer characteristics such as, local
heat transfer rate and reattachment lengths, the effects of buoyancy force (assisting ang)ppposi
step height, inclination angle, Prandtl number, Reynolds number, and temperature difference
between the heated wall and the free stream on these parameters. The third purpose of this review
is to understand the function and characteristics of nanofluids, to expect their effects and heat
transfer enhancement in such geometries. The review starts with an extensive review on the flow
and heat transfer over backward and forward facing step channels. After that, a comprehensive
review for nanofluids and it is characteristics were described. At the end, the review concentrates

on the flow and heat transfer over a backward and forward facing step using nanofluids.



2. Flow Geometry

The scope of this review is to summarize the heat transfer convection flow over backward and
forward facing-steps. Figure 1 presents the configuration of backward and forward facing-step.

Both uniform wall temperature (UWT) and uniform heat flux (UHF) were considered.

(2) (b)

Figure 1. Configuration of the step geometries: (a) backward-facing step (b) forward-facing step

[3].
2.1 Backward Facing-Step

In the last decades, the convective heat transfer and fluid flow over a backward facirgsstep h
been widely investigated, both numerically and experimentally. In the late of 1950s, the first
attempt was presented for studying the separation and reattachment flow over a baakingrd-fa
step. The revolution of technology development and the improvement of the numerical codes lead
to increase the number of new research in such problem and facilitate the complex study of three-
dimensional flow in the separation and reattachment zone. The mixed, forced, and natural flow
over backward facing-step were investigated for different geometrical parameters, boundary

conditions and fluids properties.

The numerical simulation d6] on mixed convective flow over three dimensional horizontals

backward facing step heated from below. They found that when the Richardson number (Ri)
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increased the recirculation zone was shortened due to the presence of strong buoyancy forces and
higher velocity components in vicinity of heated wall. The average Nusselt number distribution at
the entrance of backward-facing step channel had a high value and monotonically decreased. The
location of maximum spanwise average Nusselt number shifted upstream with increasing Ri

number. As Ri number increased, the vertical size of recirculation zone was reduced.

Abu-Nada[6] examined the flow over a backward facing step with various expansion ratios. He
showed that aRe number increased, the value of total Ns (entropy generation) increased. For
lower Renumbers, the value of Ns decreased as the expansion ratio increased. However, for higher
values ofRe number, the Ns decreased as expansion ratio increased. The maximum value of Ns
occurred at the step and it decreased downstream of the step until it reached a minimum value
towards the channel outlet. The maximum value of Ns occurred inside the recirculation zone, while

the minimum value of Ns took place at the step.

Abu-Nada[7] presented a numerical investigation of heat transfer over a backward facing step
(BFS), using nanofluids (water base fluid) with different concentrations and types of nanoparticles.
The results showed that, at the top wall, there was an enhancement in Nusselt number by increasing
the particles volume fraction. Nusselt number increased by increasing the volume fraction of the
nanoparticles. The maximum value of Nusselt number on the bottom wall, coincided with the point
of reattachment. As a continuous work, Abu-Nglaexplored the flow over a backward facing

step subjected to bleeding by using suction/blowing. He showed that the suction increased the
value of Ns while blowing reduced the value of Ns due to increased temperature and velocity
gradients for the case of suction compared to that of blowing. The enhancement of heat transfer at
the bottom wall was accompanied with an increase in the value of Ns. The maximum value of Ns
was at the leading edge of the top wall due to the high shear rates encountered due to the boundary
layer development. The coefficient of friction is negative inside the recirculation bubble due to the
back flow and it was zero at the point of reattachment due to the vanished velocity gradients.
Continuously, Abu-Nada et al9] illustrated that for the blowing case af#& = 800, the
reattachment length increased until it reached to its maximum value then decreased due to high
values of bleed coefficient and blowing forced the flow to detach. The blowing reduced velocity

gradients and accordingly reduced friction coefficient. The suction increased the friction



coefficient before the reattachment point due to streamlines attraction. He concluded that Nusselt

number increased by suction and decreased by blowing.

Chen et al.[10] studied the effect of step height on turbulent convection flow adjacent to a
backward-facing step. It was observed that the reattachment length increased with increasing the
step height. Higher step heights enlarged the size of the primary recirculation region adjacent to
the backward-facing step in both length and height. The magnitude of negative velocity component
and the positive velocity component decreased with the increase of step height. Besides, the
maximum temperature difference became greater as the step height increase. The values of skin
friction coefficient and shear stress were minimum at the reattachment point, and inside the
recirculation region the magnitude of peak friction coefficient did not significantly change with
step height. Downstream of the reattachment point, the skin friction coefficient approached the
fully developed channel flow and its magnitude became smaller with the increasing of step height.

Iwai et al.[11] investigated the effect of the duct aspect ratio on flows over a backward-facing step
at low Reynolds numbers. The result revealed that the highest value of Nusselt number along the
centerline of the bottom wall increased and its location moved upstream as the aspect ratio
increased. The skin friction coefficient also increased with increasing the aspect ratio. The
maximum Nusselt number appeared near to the both side walls not on the centerline of the bottom
wall in all the cases. By increasing Reynolds number, the maximum Nusselt number became larger

and its streamwise location shifted downstream.

Hsieh et al[12] tested the 3D flow in microscal backward-facing step (MBFS). They reported that

the magnitude of velocity decreased as the cross-section aspect ratio decreased due to the
additional friction from the side walls. The results showed also that the shear stress along the wall
behind the step was proportional to the slip velocity. The results as the cross-section aspect ratio
decreased, the heating effect caused by the side walls increased and the local temperature raised

up.

Abu-Mulaweh et al[13] illustrated that the lower free stream velocity produced hijherumber
in the recirculation region due to the change in the size of the recirculation region. The
reattachment length, and hence the size of the recirculation region, increased as the free stream

velocity or the step height increase. While the results for inclined backward-facing step
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demonstrated that the local Nusselt number decresms#uk inclination angle from the vertical
increased due to a decrease in the temperature gradient at the heated wall. An increase in the
inclination angle led to increase in the location of the maximum Nusselt number and the
reattachment length due to a decrease in the stream wise buoyancy force. Continuously, the
experimental results of Abu-Mulaweh et [dl4] focused on the effect of the backward-facing step
heights on turbulent mixed convection flow along a vertical flat plate. It was observed that the
length of the recirculation region extended with increasing step height. The magnitude of the
negative mean transverse velocity component increased with increasing step height. However, the
introduction of the step height enhanced the turbulence intensity, which caused the flow to become
turbulent downstream of the step. The magnitudes of the intensities of both velocity, temperature
fluctuations and the measured local Nusselt number downstream of the step increased with
increasing the step height.

Kherbeet at al[15] explored the effect of step height of MBFS on the flow and heat transfer
characteristics using EG-Si(hanofluid. The results showed that, there was complex three-
dimensional flow developed downstream from the step with swirling and reverse flow regions

adjacent to the side wall. The flow in the separating region was impinged on the stepped wall and

it was responsible for developing maximum values in Nusselt number and a minimum in the
reattachment length. The increasing of the step height caused an increase in the reattachment
length, thus Nusselt number, and the size of the sidlexverse flow region. It was found that the

increase in the step height led to increase the skin friction coefficient and decrease the pressure
drop.

2.2 Forward Facing-Step

For a flow over forward-facing step, there is one or two recirculation regions may have developed
adjacent to the step, which is depending on the magnitude of the flow Reynolds number and the
thickness of the momentum boundary layer at the step. A separation region can develop
downstream of the step and another can develop upstream of the step. These separated flow regions
make this geometry more complicated to study than the backward-facing step in which only one
separated flow region occurs behind the step. Owing to this fact, there was very limited number of
researchers has examined the flow over a forward facing step in contrast to the backward-facing
step geometry.



Abu-Mulaweh[16] presented measurements of heat transfer and fluid flow of turbulent mixed
convection air flow over an isothermal vertical forward-facing step (FFS). They reported that the
introduction of the FFS significantly affected the flow characteristics in the recirculation region
downstream of the FFS. The magnitudes of the turbulent intensities of both velocities (streamwise
and transverse) and temperature fluctuations increase as the FFS height increases. The local

Nusselt number increased with increasing the distance from the step, reaching a maximum value
in the vicinity of the reattachment region. The Nusselt number magnitude decreased as the distance
continues to increase in the streamwise direction. The local Nusselt number downstream of the
FFS increased with increasing step heighe increasing the FFS height greatly enhanced the
turbulence intensity of both veloy and temperature fluctuations. The location of the maximum

local Nusselt number moved away from the FFS as the step height increases.

Stier et al[17] explored the separation ahead of a FFS under laminar flow conditions using the
hydrogen bubble technique to visualize and PTV for evaluating the 3D velocity field in an Eulerian
representation in the vicinity of the step. The results demonstrated that the side-walls had no effect
on the unsteady behavid\t the stagnation point, the pressure field accelerated the fluid sidewise
until it was released over the step. The new vorticity generated on the step was much larger than
the transported vorticity. The longitudinal vortices created were rather weak compared with the
newly created vorticity at the wall above the step and as this started to dominate, the longitudinal
vortices disappeared, whereupon the vorticity became largely aligned with the span-wise direction
again.

Gandjalikhan et a[18] examined numerically the effect of step length and its inclination angle on
turbulent fluid flow and heat transfer distributions over a single FFS. They displayeduthat
number increased with increasiRg number for the whole range of inclined anglee variation

of Nu number for each of step length was similar to those®ari®20. The local Nusselt number

after the step surface first decreased sharply along a very short distance, then it incraased to
maximum value in the reattached point and finally it decreased along the flow direction up to the
outlet section. Finally, Nusselt number increased with increasing the step length in all parts of the
bottom wall.



Sherry et al[19] investigated experimentally the recirculation zone formed downstream of a FFS
immersed in a turbulent boundary layEne results showed that the recirculation zone downstream

of a FFS existed in a quasi-steady state due to the higher deflection of the incoming flow. The
recirculating flow within the separated region was ejected when the region can no longer sustain
the amount of entrained fluid. The results also showed that the flow over the FFS became
increasingly three dimensional with decreased in the aspect ratio. However, the higher free strea
velocity above the free shear layer counteracted the increased flow deflection and liniéysrea
expansion. The reattachment length affected significantly by an increBe@umber due to the
velocity gradient in the boundary layer. The maximum power available to a wind turbine through

a given area increased with the cube of the mean wind speed.

Taher and Adam et dl20] performed a set of simulations examining the turbulent flow over a
triple FFS configuration using standard kurbulence model. They outlined that an increase in
separation with the increase of both Reynolds number and the step height was observed. The higher
step heights ratios produced higher turbulent kinetic energy and the same was registered for
Reynolds number. Low levels of turbulence dissipation rate were monitored which corresponds to
the low values of turbulent kinetic energy. Moreover, the turbulence dissipation)rexdipited

an increase with increasing Reynolds numiddrey revealed that the pressure coefficient
decreased significantly with increasing Reynolds number as implied by the inverse proptyrtionali
between the pressure coefficient and the square of the velocity magnitude. The maximum vorticity

over each step changed linearly with Reynolds number increase.

Hattori and Nagan@1] presented investigation of the detailed turbulent structure of a boundary
layer over a FFS. They showed that in the casteef 3000, there was smallest separation region

in front of the step observed. ARe= 1900 and for two values of step height, there was tiny second
recirculation region on the step near the corner which caused the decrease in friction coefficient.
When Reynolds number increased, the vortex structure clearly became fine, and the step caused
production of a finer vortex than that in front of the step. As the step height increased, the vortex
structure was promoted more than in the cas®ef 900. The effect of the step obviously
influenced the redevelopment of the boundary layer in the downstream region.



3. Inclination angle

Hong et al[22] studied numerically the effect of inclination angle and Prandtl number on laminar
mixed convection flow in an inclined duct with backward-facing step for both buoyancy assisting
and buoyancy opposing flow conditions. It was revealed that the inclination angle variation
influenced the magnitude of the buoyancy parameter in both x- and y-directions. As the inclination
angle increased from°@o 180, the buoyancy force in the x-direction decreased reaching its
minimum value ay= 18C°. The reattachment length increased with increasing inclination angle
for O° <y > 180 and decreased with increasing inclination angle fof 80> 360°. This made

Nusselt number to increase and then decreased, respectively.

Ilwai et al.[23] presented 3D numerical simulation of the effect of two inclination angitest

angle (the angle between the stream-wise direction and vertical upward direction) and rolling angle
(The angle between normal direction and vertical direction) of mixed convective flow over
backward-facing step in rectangular duct. The results illustrated that the positions of secondary
recirculation, peak Nusselt number and reattachment point on the center line of the heated wall
shifted with pitch angle. The maximum Nusselt number appeared at the most upstream position in
the case of pitch angle of &nd rolling angle of 90and takes the highest value. However, rolling

anglehas little effect on the spanwise position of maximum Nusselt number.

Lin et al.[24] investigated the effects of inclination angle on the mixed convection heat transfer
with backward-facing step numerically. They reported that an increasing of inclination angle
caused a decrease in the streamwise buoyancy force and an increase in the reatsaatment

The temperature of fluid increased with increasing the inclination angle due to the change in the
velocity distribution and the required energy balance. By increasing the angle, the skeat stre

the heated wall decreased, where it increased at the unheated wall, with increasing observed in the

reattachment length and the recirculation region behind the step.
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4. Flow regime

4.1 Natural convection

In this field, there was just one paper presented by Abu-Muld@2ghn which the effects of
macroscale backward-facing and forward-facing steps on turbulent natural convection along a
vertical heated flat plate was experimentally investigated. The experimental investigation was
carried out in an existing low turbulence, open circuit tunnel that was oriented vertically. Both of
the steps geometries consist of backward-facing step or forward-facing step. The measurements
revealed that the effect of the steps and the thermal conditions of the wall on the mainstream
diminished at distances beyond ten times of step height in the transverse direction away from the
heated wall. These observations established that a reverse flow existed in the upper part of the

tunnel in a small and very narrow region adjacent to the unheated wall. In addition, when the
backward-facing step was introduced it was found that only one recirculation region developed
and located behind the stepwis thicker and longer than the recirculating region associated with
the forward-facing step. The effect of the backward-facing/forward-facing step decreahse as
streamwise distance increases downstream from the step. Nusselt number increased with
increasing distance from the step, reaching a maximum value in the vicinity of reattachment region
of almost twice that of flat plate for case of backward-facing step. The local Nusselt number for

the case of backward facing step was much less than that of forward-facing step.

4.2 Mixed convection

In many flowsof practical interest, the phenomenon of flow separation, due to a sudden expansion
in geometry, and the subsequent reattachment, is a common occurrence. The existence of a flow
separation and a recirculation region has a substantial effect on the performance of thermal devices
such as in cooling passages of turbine blades, electronic cooling equipment, combustion chambers,
and many other heat exchanger surfaces that appear in engineering designs. So that, a
comprehensive research on the fluid flow with mixed convection over backward facing-step were

published.
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Hung and Kuei26] presented a numerical study of transient mixed convection of a backward-
facing step flow. The results showed that the separation occurs at the lower concave corner of the
step in the early development of flow. The separation bubble grows with increasing the time until
the quasisteady state was reached. There exists a small secondary recirculation reJmnet the
corner of the step, and the separation point was not right at the corner tip but at some lover point
of the upper corner. The results revealed that the periodically heated wall has no dffedtam

field. In this study, and the oscillatory wall temperature did not affect the distribution of isotherms
for high Prandtl number fluid.

Khanafer et al[27] investigated numerically the mixed convection laminar pulsatile flow and heat
transfer past a back-ward-facing step. They demonstrated tRatrasnber increased (decrease

Ri number), the impact of forced convection was observed and the recirculation zone along the
heated surface increased. The average Nusselt number and the length of recirculation zone were
decreased with an increaseRinnumber. Moreover, &enumber increased, the local variation of
Nusselt number increased within the recirculation region as well as the region right after the
recirculation bubble. The results also illustrated that when buoyancy force increases, the velocity
gradient near the heated wall and consequently increased the wall skin friction coeffieient. A
number increased, the intensity of convection intensified within the cavity due to the increase in
buoyancy effect. Moreover, the average Nusselt number increased along the heated wall. In
contrast, whemRe number increased, the thermal boundary layer along the heated wall decreased
and therefore the heat transfer increadédreover, the average wall skin friction coefficient
decreased with an increaseRe number due to the decreased in the buoyancy force with an

increase irRe number.

Kung et al.[28] studied the transient mixed convection of a second-grade viscoelastic fluid past
an inclined backward facing step to study the effects of Reynolds number, the elastic effect, and
the inclined angle of the flow channel on the reattachment length. They stated that the second
recirculation zone could retain even at the steady state with Revermber because of the elastic
effect which can sustain the pull of the main stream and the viscous dissipating effect. In the main
recirculation zone, the vorticityas positive and it was negative downstream the plate. The
buoyancy of the x-direction influenced the reattachment length significantly due to the inclined

backward facing step. The loclu number increased rapidly from the concavity of the step,
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reachedts maximum value near the reattachment point, then, slightly decreased and maintains
constant value up to the exit. It is also reported that increasirigetheamber, the reattachment

length increased.

Lin et al.[24] studied numerically the effect of buoyancy flow of laminar mixed convection heat
transfer in vertical backward-facing step channel. They have reported that increasinig) of wa
temperature (buoyancy force) led to decrease the reattachment length and increase the size of the
secondary inner recirculation region that developed at the corner between the heated wall and the
step. An increase in the buoyancy force led to increase the friction coefficient. Nusselt number was
increased as the wall temperature increased and the peak Nusselt number distribution continued

even after the disappearance of the reattachment point from the heated wall.

Abu-Mulaweh et al[29] presented measurements and predictions of velocity and temperature
distributions in buoyancy-assisting, laminar, mixed convection boundary layer flow over a vertical
backward-facing stedt was evident that the buoyancy force significantly affected the flow
characteristics in the recirculation region. As the wall heat flux increased, the size of the
recirculation region and hence the reattachment length was decreased. The local Nusselt number
at the heated wall increased with increasing distance from the step, to a maximum value at some
distance downstream of the reattachment point, and then decreased slowly as the distance
continues in the increase in the streamwise direction. In addition, as the buoyancy force increased

(with increasing wall heat fluxjhe local Nusselt number increased.

Abu-Mulaweh et al[30] conducted that the buoyancy-induced flow adjacent to the heated wall
was in a direction opposite to the main forced flow. The main flow and the buoyancy-induced flow
interact with each other. The length of the recirculation region for laminar regime downstream of
the backward-facing step increased rapidly as the buoyancy level increasedtrast, the heat
transfer decreased as the buoyancy force increased. For a fixed wall temperature, asttharitee

velocity increased, the temperature gradient at the wall increased.

The 2D numerical study of Kherbeet et[all] concentrated on laminar mixed convection flow
over a horizontal microscale backward-facing step (MBFS) using nanofluids with different
concentrations, diameters and types of nanoparticlesr Témults referred that there was no

recirculation region noticed for all nanofluids behind the step with 0.48um. Furthermore, it was
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found that the nanofluid with lowest density provided the highest velocity for corresponding
conditions. The maximum and minimum absolute peak velocities were found foaRIGCuO
nanofluid, respectively. The increaseR&number led to increase the Nusselt number and the skin
friction coefficient. The higher volume fraction and/or smallest particle diameter provided the
higherNu number. The Si®nanofluid showed the highest Nusselt number while CuO nanofluid
was the last effective nanofluid. There was no effect of the nanofluid type, nanoparticle volume

fraction and nanoparticle diameter observed on the skin friction coefficient.

Abu-Mulaweh et al.[32] reported experimental and numerical measurements for buoyancy-
opposing laminar mixed convection flow over a vertical, two-dimensional forward-facing step.
They outlined that as the buoyancy opposing force increased, as a result of increase in the wall
temperature of the downstream plate, the recirculating flow region moved closer to the step and
its length decreased. The length of recirculating flow region and the length of non-circulating flow
region, decrease rapidly as the buoyancy level increased due to decrease & stredrewise

velocity and/or an increase in the downstream wall heating. The thickness of the recirculating flow
region increased as the free stream velocity decreases and that region moved closer towards the
step. On the other hand, the temperature gradient at the heated wall increases with increasing
temperature difference. The results also showed that local Nusselt number decreased as the
buoyancy force increased, while this trend was observed to reverse inside the recirculating flow

region.

Recently Kherbeet et al33] performed a set of numerical simulations of 3D laminar mixed
convection fluid flow over a horizontal microscale forward-facing step (MFFS) using nanofluids
with different concentrations, particle diameters and particle types. They monitored that the
velocity in the streamwise, transverse, and spanwise directions increased with increasing volume
fraction. The maximum and minimum absolute peak velocities were found fon&mOfluid and

pure EG, respectively. The Si@anofluid had the higher Nusselt number, which increased with
increasing volume fraction and/or decreasing particle diameter. In contrast, the static pressure

increased with increasing volume fraction and decreasing particle diameter.

Barton [34] presented investigation of predicts a variety of laminar flow with heat transfer;

particle-laden flow; particle-laden flow with heat transfer, and particle-laden flow with heat
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transfer and associated thermal effects for a BFS configuration. The thermal effects considered
were thermophoresis and buoyancy effect. They found that the reattachment length increased
almost linearly with the increasing 8 number. The center of the recirculation region moved
downstream with increasinge number due to adverse pressure gradient increased, and its size
increased. The strength of the buoyancy effects decreaseBeavittmber becaudei number was
proportional to the inverse dReé’. As Re number increased, the hot fluid was successfully
transported downstream, and the buoyancy force significantly affects the lower reattachment
length.

4.3 Forced convection

There were many researchers considered the forced fluid flow over backward facing-step to study
the varying in the fluid characteristics and reattachment length due to it is importance in many
applications. For instance, Armaly et [@5] presented experimental and numerical investigation

for laminar, transitional and turbulent flows of air in BFS channel. The velocity profile indicated
that the flow separated at the step, resulting in one, two or three recirculation regions behind the
step, and then redeveloped to a fully developed parabolic velocity profile in the large channel. The
numerical results indicated that the length of the primary separated flow region was predicted to
increase nonlinearly with Reynolds number upRtor 420. The longitudinal dimensions of this
additional region of separated flow wenedicted to increase with Reynolds number up to Re ~

980, while above this two more regions of recirculating flow are predicted.

Ruck and Makiold36] presented experimental investigation of flow with particle dispersion in a
sinde-sided BFS. The results illustrated that the reattachment length of the particle velocity field
was effectively shortened with increasing particle diameter. The cross-sectional volume flux
values based on larger particled to an increase in measured volume flux (a contradiction to the
continuity law) behind the step and deviations of more than 40% from the upstream vRlges at

> 45,000 and 7Qum particle diameter have been registered. The results for particle size
distributions were given in the cumulative percentage curves showed that in the separation region

significantly fewer bigger particles exist when compared to the distribution of the approach flow.
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The numerical study of Gaber et @7] examined the laminar flows with recirculation regions.

The results demonstrated that the decrease of the expansion ratio led to decrease the length of the
recirculation region. The laminar reattachment length was relatively functi@e mimber, and

the reattachment length increased with increasing Re number in the range of 100 to 400. The
recirculation region for the inner-radius annular BFS was least sensitive to chaRgesimber

The length of the recirculation region was intense functiolR@fand transverse curvature.
However, the effect of transverse curvature was more than that associated with the expansion ratio
because of the role of vortex stretching in axisymmetric geometries. In all their cases, the
recirculation region increased in length wRbwhen the flow was laminar. Reynolds number was

based on the maximum velocity upstream of the step and the outer radius of the annulus.

Another numerical investigation presented by Park ef38l. of three-dimensional backward-
facing step with both laminar and turbulent flow. The results demonstrated that for the Reynolds
number range of -®00, the reattachment length increases with the Reynolds number. The
reattachment length in three-dimensional flow was slightly shorter than in two-dimensional flow.
In case of turbulent flow, it was demonstrated that the standard model predicts slightly larger
velocities in the shear layer. In the three-dimensional case, the reattachment lengidausitig

the non-linear model did not differ greatly from the one with the standard model. The reattachment
length was much shorter in three-dimensional case than in the corresponding two-dimensional

caseHowever, the location of corner vortices changed sensitively witRemeimber.

Chiang et al[39] examined the effect of incompressible fluid in 3D channels having BFS with
different spans. They concluded that the flow separation-attachment occurred on the roof of
channel with regardless of the values of ReEenumbers, but was confined only to the end wall
region. Interior saddles were also detected. A collection of them forms a global line of separation
which suggested a mechanism for the development of truly three-dimensional flow to the
subsequent flow instabilities on increase R& numbers. Chiang and Shé0] presented a
numerical investigation of laminar transient flow over a BFS. They statedehamber increased

the longitudinal vortices can evolve to the extent that the two dimensional character of the flow
was largely destroyed. The reattachment length on theptade has a marked variation with the
coordinate y. The secondary separation bubble on the roof of the channel, it was only visible near

the end-wall. The secondary flow patterns were provided the evidence of the complex interaction
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of the end-wall induced spiraling vortices with the flow through the three-dimensional channel

expansion.

Nie and Armaly[41] presented a simulation of 3D laminar forced flow adjacent to BFS in
rectangular duct to study the effects of step height on the flow and heat transfer characteristics.
They confirmed that the primary reattachment length isetewith increasing step height. The

results showed as the step height increases the maxXiaummber increased and its location on

the stepped wall moved further downstream. The 3D feature inside the primary recirculation region
became more pronounced with the increasing in step height. A maximum friction coefficient
developed along the centerline of the duct and its magnitude increased as the step height increased
and its position moved further downstream as the step height increases. The friction coefficient
downstream from reattachment line and outside the primary recirculation flow region decreased
along the centerline with increasing step height. The friction coefficient on the stepped wall inside

the primary recirculation region became greater as the step height increased.

Tylli et al. [42] investigated numerically and experimentally the effect of sidewalls on flow
structure of three-dimensional laminar flow over a BFS.irTé&eperiments showed that the flow

was steady for Reynolds numbers less than 800. At Re < 400, the sidewall effects did not affect
the structure of laminar flow in the channel midplane. The two-dimensional midplane showed that
at higher Reynolds numbers, laminar flow was characterized by sidewall separation and the
formation of a recirculation zone, which, however, did not penetrate up to the channel midpalne.
In the region close the sudden expansion, fluid elements close to the sidewalls were engulfed in
the primary recirculation region and follow a spiraling motion toward the channel midplane finally

exciting the recirculation zone.

Armaly et al.[43] reported a measurement for 3D laminar separated airflow adjacent to BFS using
two-component laser Doppler velocimeter. The results showed that farde5, there was no
recirculation flow region adjacent to the sidewall. HoweveReat 190, a small recirculation flow
region was detected in the upper corner of the sidewall. The size of sidewall recirculation flow
region increased &enumber increased. The measurements of Nie and Afélgenoted that
the velocity distribution at the upstream section of BFS starts to deviate from laminar fully

developed flow distribution @&enumber increased indicating transition from laminar to turbulent
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flow regime at the upstream section of the step. In comparison with the reattachment point for 2D
flow the 3D flow results at the center of the test section were slightly higher in the laminar flow
regime, significantly lower in the transition flow regime and slightly lower in fully turbulent flow
regime. The results pointed out thatResnumber increased, the size of the reverse flow region
adjacent to the sidewall and the flat wall in this geometry increased and moved further downstrea

in the laminar flow regime and remained constant or diminished in the turbulent flow regime.

Saldana et al45] focused on forced convection flow over 3D BFS. The results referred that the
higher value of shear stress was associated with hiRgreumber. The peak of spanwise average
Nusselt number distribution was moved further downstream of the backsRgpnasnber was
increased. The maximum spanwise average Nusselt number eacdnside the primary
recirculation zone adjacent to the backstep. A small recirculation zone was located in the vicinity
of the bottom wall and this zone become largdR@aumber increased. The negative zone for u-
velocity profile in the vicinity of the bottom wall was associated with the effects of primary
recirculation zone. This zone being more pronounced and the recirculation was also larger as the

Re number increased.

Lan et al[46] simulated a 3D turbulent forced convection in a duct usingeadrbulence model

with a BFS. They illustrated that the convective heat transfer was enhanced bsimgcttea fluid

velocity. The increase iRe number caused an increase in both local wall Nusselt number and
spanwise velocity component on that plane. The aspect ratio influenced significantly the
magnitude of the spanwise velocity component at the near-wall plane but has only small influence
on local wall Nusselt numbeReynolds number has little effect on reattachment length and it has
significant effect on the heat transfer, the bulk air temperature and the bottom wall temperature.
The effect of aspect ratio on the local Nusselt number was neglected at the center of the duct but

it became significant near the side wall.

Numerically,Al-aswadi et al[47] investigated a 2D laminar forced convection over a horizontal
backward facing step in duct using various types of nanofluids. They displayed that there was
recirculation region developed behind the step and the size of the recirculation region decreased
as the distance between the step and the stepped wall increased until the flow reaches the

reattachment point where the flow exhibit zero velocity. It was noticed than&rfluid has the
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highest absolute velocity while Au nanofluid has the lowest value. The skin friction coefficient
decreased with Reynolds number. Friction coefficient found to be increased monotonically and
reached its maximum peak as the distance downstream from the step increased. Then it decreased
until it reached the minimum peak due to the recirculation flow where therehaage in the

velocity distribution and the minimum peak occurred due to the reattachment point where the

velocity was almost equal to zero.

The results of MBFS oXKue et al.[48] revealed that at Knudsen number (Kn = 0.01), there was
nonlinear distributions of pressure were observed before and after the step, and a significant
pressure drop takes place at the step. The vertical distribution of the velocity in different cross
sections along the channel showed that there was a significant drop of vertical velocity near the
step can be observed due to the sudden expansion of the gas flow. However, the vertical velocities
near both the inlet and outlet appeghas sinusoid. When Kn < 0.01, there was a low-speed region

can be observed with negative streamwise velocity behind the step, which was the direct result of
separation, recirculation, and reattachment in a normal-scale BFS flow. However, at microscale,
as Knudsen number increased, the recirculation region shrink. There was a jump in the pressure
and velocity observed at various Knudsen numbers, and the large Knudsen number the bigger jump
was. Xue and Chejd9] simulated the MBFS flows in both slip and transition flow regimes. The
results showed that the flow recirculation, separation, and the reattachment, deshapdar>

0.1. A sudden jump of pressure and velocity behind the step was observed which may attribute to
the nature of the molecule distribution near the back of the step. As the region is surrounded by
two solid walls, the number density of molecular in the Knudsen layer was statistically higher. The
highest jump in temperature and velocity was experienced in the corner behind the step, due to the
probabilistic behavior of molecule movement in the Knudsen layer. Furthermore, the
compressibility has significant effect on recirculation region, pressure drop, and reattachment
distance in the slip flow regime, but would be neglected in the transition flow regime, where the

rarefaction effect is dominant.

Ravindran[50] presented investigation of design and implementation of reduced-order optimal
controller for flow separation. Two flierent types of surface actuation are considered - tangential
blowing and suction through a single slot. The results clearly indicated that flow separation is
mitigated by the control action. The re-attachment length was reduced by more than 75% compared
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to the uncontrolled cas&he results indicated that control was md&aive when it is placed

near the stagnation point. The tangential blowing control was found to be ffemtéve than the

suction control and results in substantial reduction in wake spread behind the step. As indicated in
the flow fields, separation wasfectively eliminated by the optimal tangential blowing control.
Substantial reduction in the wake spread was monitored. The re-attachment length has been

reduced by more than 99% compared to the uncontrolled case.

Yallmaz and Hakafb1] studied the turbulent forced heat transfer for double FFS flow considering
two-dimensional, steady-state, and incompressible flowy Thstrated that there was more than

one circulation obtained on the contrary of BFS. Because of the small height ratio of the step, the
flow near the top wall of the channel did not take effect from the step and flow rate increases due
to contraction. The values of pressure coefficients were decreased in the horizontal direction of the
channel, and the pressure coefficients were increased with the increaRewguohber. The local

Nusselt number increased with the increailegumber. For highéRe numbers, Nusselt number

was increased with the increasing of step height due to, if the step height increased, the flow
circulation increased and eddies enhanced the heat transfer. Heat transfer was enhaReed with
number and higher heat transfer was obtained for the higher step height except near the boundary

of the step for alRe numbers. The second step enhanced the heat transfer at tHeesaimeber.

Recently Kherbeet et db62] and Kherbeet et dl53] investigated experimentgland numerically

the flow and heat transfer characteristics of nanofluid laminar flow over the microscale backward-

facing step (MBFS) and microscale forward-facing step (MFFS). In this study the duct inlet and
the step height were maintained at 400 um and 600 um respectively. All the walls considered
adiabatic except the downstream wall exposed to uniform theatThe study conducted at
Reynolds number range of 28@70. The distilled water is considered as a base fluid with two

types of nanoparticles Si@nd AbOz suspendeth the base fluid. The particle diameter is 30 nm

and the range of nanopatrticles volume fraction varied from 0 to 0.01. The results revealed that the
water-SiO, nanofluid has the highest Nusselt number and the Nusselt number increase with
increases of volume fraction. The wat®iO, nanofluid with higher volume fraction has the

highest Nusselt number. The friction factor of watdpO3z was higher than of wateBiO;
mixture. The experimental results showed with using MFFS geometry, 30.6% enhancement in the

average Nusselt number can be obtained with using-v&@inanofluid at 1% volume fraction.
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Kherbeet et al[54] presented experimental comparison of the effectsnoihar nanofluid flow

over the MBFS and MFFS on the heat transfer characteristics. The experiments were implemented
on MBFS and MFFS with a step height of 600 um. Both MBFS and MFFS have the mpaticca
downstream lengths of 0.1 m and 0.15 m respectively. The Reynolds number ranged80280

The concentrations of SiO2 nanoparticle valued at 0.005 and 0.01 with a diameter of 30 nm were
suspended in a distilled water. The results revealed. The revealed that the highest Nusselt number
is obtained through the use of the MFFS, which is approximately twice that of MBFS. However,
the friction factor recorded a higher value for MFFS.

5. Conclusion

A comprehensive review of previous efforts was presented in this work for different convective
flow regimes and heat transfer through a duct having backward- and forward-facingAsteps.
detailed summary of the effects of several parameters such as; step height, Reynolds number,
expansion ratio, inclination angle of the channel, inclination angle of the step wall, Prandtl number,
nanofluids, and buoyancy-force (assisting and opposing) on the flow and thermal fields
downstream of the step has been presented. This review clearly shows that the flow over a forward-
facing step has received little attention comparing to that of the backward-facing step cases. This
may due to, in the forward-facing step geometry, there is more than one recirculation regions
develops, which make it more complicated for studying than the backward facing step geometry
in which only one recirculation region occurs behind the step. Furthermore, there is no previous
works discussed the flow and heat transfer over the microscale forward-facing steps. Hence,

further work is needed in the area of research.

It was also observed from the open literature that most researchers have considered the
conventional fluids to study the heat transfer and fluid flow characteristics over BFS. However,
there is no previous works discussed three-dimensional flow and heat transfer characteristics over
microscale backward- and forward-facing step utilizing nanofluids numerically or experimentally.
Therefore, further numerical and experimental investigations of the flow over MBFS and MFFS

using nanofluids are needed.
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