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Numerical solutions of pulsating flow and heat transfer characteristics
in a channel with a backward-facing step

A. Valencia, L. Hinojosa

Abstract The incompressible laminar flow of air and heat
transfer in a channel with a backward-facing step is studied for
steady cases and for pulsatile inlet conditions. For steady flows
the influence of the inlet velocity profile, the height of the step
and the Reynolds number on the reattachment length is in-
vestigated. A parabolic entrance profile was used for pulsatile
flow. It was found with amplitude of oscillation of one by
Re=100 that the primary vortex breakdown through one pul-
satile cycle. The wall shear rate in the separation zone varied
markedly with pulsatile flows and the wall heat transfer
remained relatively constant. The time-average pulsatile heat
transfer at the walls was greater as with steady flow with the
same mean Reynolds number.

Numerische Losungen fiir das
Warmedibergangsverhalten bei pulsierender
Stromung in einem Kanal mit stromaufwarts
liegender Stufe
Zusammenfassung Es wird eine zweidimensionale numeri-
sche Untersuchung des instationaren Warmetibergangs und
Druckverlustes im laminar durchstromten Spaltkanal mit einer
plotzlichen Kanalerweiterung dargelegt und zwar fiir stationare
und periodische Geschwindigkeitsprofile am Eintritt des
Kanals. Fiir stationdre Stromungen wurden die Form des
Eintrittsprofils, die Reynoldszahl und die Kanalerweiterung
variiert. Als Losung der Navier/Stokes-und der Energieglei-
chungen mit periodischen Randbedingungen resultiert eine
oszillierende Stromung, die das Aufplatzen des Primarwirbels
in einer Schwingungsperiode zur Folge hat. Der EinfluB} dieser
Oszillation auf den Warmeiibergang und den Stromungsver-
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lust wurde fiir die maximale Amplitude und fiir Re =100
eingehend untersucht.

List of symbols

A amplitude of oscillation

c specific heat

o wall friction coefficient

Dy hydraulic diameter (=2h)

E expansion ratio (=s/H)

f frequency

h upstream channel height

H downstream channel height

k thermal conductivity

l upstream channel length

L downstream channel length

Nu local Nusselt number (=o(x)2h/k)
p pressure

Pr Prandtl number

Re Reynolds number

s step height

St Strouhal number (=f2h/U,)

t time

T temperature

Ty inlet fluid temperature

T, channel wall temperature

T, bulk temperature

u horizontal velocity component
U, average velocity at the inlet

v vertical velocity component

x horizontal Cartesian coordinate
y vertical Cartesian coordinate
XR first recirculating region length

Greek symbols

o(x) local heat transfer coefficient
0 dimensionless temperature
u dynamic viscosity

P density

T dimensionless time

Ty wall shear stress

1

Introduction

The flow over a backward-facing step is a classic fluid-
mechanics benchmark problem and has been the subject of
numerous experiemtnal and numerical studies (e.g. [1-4]).
Figure 1 shows a diagram of the flow geometry. Fluid with
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Fig. 1. Schematic diagram of flow domain

constant density p and viscosity u enters the upstream channel
of height h with a prescribed velocity profile (uniform or
parabolic). After travelling a distance /, the fluid passes over
a backward-facing step (discontinuity in channel height) of
height s and enters the downstream channel of height H=h+s.
After travelling a distance L downstream of the step, the fluid
exists the region of interest. For Reynolds number considered
here, the flow separates at the corner and forms a recirculating
region of length Xy behind the step. Additional recirculating
regions form on the upper and subsequently the lower walls of
the downstream channel as the Reynolds number is increased,
Armaly et al. [1].

Two parameters characterize this flow: the Reynolds number
based on upstream conditions, Re=pU,2h/y, and the channel
expansion ratio, E=s/H. Although there are additional geo-
metric parameters (I/h and L/h), they are usually assumed
to be sufficiently large so that further increases in their values
do not change the flow. Demuren et al. [2] demonstrate
that numerical solutions are unaffected by increases in L/h
beyond a 7. There was no difficulty in obtaining the correct
results even though a recirculating eddy was dissected by the
outflow boundary for the domain length of 7 by Re=2800. In
accordance with Kaiktsis et al. [3], for Re> 100, the value of
I/h may be set equal to any value between zero and infinity
with parabolic entrance velocity profile in numerical simula-
tions without significantly affecting the flow downstream of
the step.

One benchmark result often reported in both numerical
and experimental investigations is the dependence of
Xpg/s, the length of the recirculation region downstream of
the step normalized by the step height, on the Reynolds num-
ber, Re. Kaiktsis et al. [3] present a plot of Xy/s as a func-
tion of Re, as determined by a variety of computational
and experimental investigations. Agreement is good up to
Re =400, beyond which point the results of two-dimensional
computation begin to fall systematically below the experimen-
tal results. Armaly et al. [1] also observed this discrepancy
and explained it as resulting from significant three-dimensio-
nality in the experimental flow that arises as soon as the
second recirculating region forms on the upper channel wall
at Re ~400.

Another quantity more difficult to obtain is the Reynolds
number at which the flow first exhibits sustained unsteady
behavior. The experiments of Armaly et al. [1] indicate that
a significant increase in velocity fluctuations occurs for
Re>1200, indicating the onset of transition to turbulence.
Since their flow is highly three-dimensional at this Reynolds

number, it is unclear how this result relates to the onset of
sustained unsteady flow in the corresponding two-dimensional
simulations of flow over a backward-facing step at the con-
ditions of Armaly. Kaiktsis et al. examine the long-time behav-
ior of the two-dimensional flow and find that the flow is
oscillatory at Re=700, and fully chaotic at Re=_800. However,
numerical simulation of Torczynski [4] shows that the re-
solution required to obtain asymptotically steady behavior
increase with Reynolds number. This suggests that the re-
ported transition to sustained chaotic flow be an artifact of
inadequate spatial resolution.

Thangam et al. [5] find that the reattachment length varied
linearly with the step height. Kondoh et al. [6] studied the flow
and heat transfer downstream of a backward facing-step and
reported that the peak of the local Nusselt number does not
necessarily locate at the point of flow reattachment. Hong et al.
[7] show the effects of the inclination angle and Prandtl
number on the reattachment length and the Nusselt number
with laminar mixed convection.

An interesting application is the observation of pulsatile
flows in channels with a flow separation (e.g. backward-facing
step). The study of the behavior of the flow and heat transfer
for these conditions has not been very undertaken in the
technical literature. Sobey [8] carried out experimental and
numeric tests with both asymmetric and symmetric two-
dimensional expansions. The observation of a vortex wave
though a right-angled expansion with Re=80, and St=0.003
shows that the center of the primary vortex was further
downstream than in the case of steady flow and a secondary
vortex was observed as a consequence of the unsteady nature
of the flow. Heat and mass transfer in the sudden expansion
region of a pipe under pulsatile conditions was studied by Ma
et al. [9], for high Prandtl and Schmidt numbers. They found
that the time-average pulsatile heat transfer at the wall was ap-
proximately the same as with steady flow with the mean
Reynolds number.

The objective of this study consists in a numerical analysis of
the flow and heat transfer in a channel with a backward-facing
step with steady and pulsatile inlet velocity profile. For sta-
tionary flows the influence of the inlet velocity profile, the
height of the step and the Reynolds number on the reattach-
ment length is reported. A parabolic entrance profile was used
for pulsatile flow. Special attention was paid to how the wall
friction and the local heat transfer vary in a situation with
amplitude of oscillation of one. The results provide a detailed
description of the fluid flow and heat transfer characteristics
under the combined influence of flow separation and
pulsatility.

2
Mathematical formulation

2.1

Governing equations

The conservation equations describing the flow are the
time-dependent, two-dimensional Navier—Stokes equations
and the energy equation for a constant property incompress-
ible fluid. They are given here in non-dimensional Conserva-
tive form.



Continuity:
LCLA (1)
0X oY
Momentum:
6U+6U2+6UV_ 6P+1 U U @)
ot 09X dY 03X Re\dX* oY
6V+6UV+6V2_ 6P+1 GZV_}_GV2 3)
ot 09X 0Y  0Y Re\dx* Y’
Energy:
60+6U0+©V9_ 1 820+©20 @
ot 0X Y RePr\dx* oy’
where the following dimensionless variables are defined:
X y tU, T
X=—, Y=7, =771 =
w T T U7, ©)
2h
U=t y=Y, po B g PR, M
Uy Uo pUs u k

The lower case letters denote a dimensional variable and the
u and v velocity components correspond to the x- and y-
directions of the Cartesian coordinate system. The temperature
is denote by T and the dynamic pressure by p. The various
terms in the equations are nondimensionalized using the fluid
density p, the hydraulic diameter of the upstream channel 2k,
and Uy, the average velocity upstream of the channel. The time
has been normalized with the convective time scale.

2.2

Boundary conditions

For steady flows, both uniform and parabolic inlet velocity
profiles are used with [/h=0. The fluid is maintained at a
constant temperature at the inlet which is lower than that of the
wall. The walls are treated as no-slip with a constant tem-
perature 0,,=2. For steady flow at the inlet

uniform: U=1.0 and V=0
parabolic:
Up=3/b>((Y—E)b—(Y—E)*/2)

with b=h/2H, E=s/H is the expansion ratio of the channel,
and V=0

0=1.0

For pulsatile flow, the axial velocity component in this study
is assumed to be the fully developed velocity profile in a
channel and sinusoidal in time.

U=Up(1+AsinStt) and V=0, 0=1.0

where A is the amplitude of oscillation, and St is the Strouhal
number or the nondimensional frequency of oscillation. Ini-
tially, for t=0; U=Up, V=0 and =1 at all locations. At
the exit, the boundary conditions for the dependent variables
are obtained by setting the first derivatives in the axial direc-
tion equal to zero. Although this boundary condition is strictly
valid only when the flow is fully developed, its use in other

flow conditions is also permissible for computational con-
venience provided the outlet boundary is located in a region
where the flow is in the downstream direction, and sufficiently
far downstream from the region of interest, Demuren et al. [2].

The flow configuration for the numerical calculation can be
geometrically described by the following non-dimensional
parameters for steady flows: length L/H =10, E=0.25, 0.5, 0.75.
The channel Reynolds number was varied from 100 to 1250.
For pulsatile flows: A=0.2, 0.5, 1.0, St=1.0, E=0.5, Re=100
and L/H=5.0. The working fluid is air, Pr=0.71, and the
direction of the air flow is from left to right.

2.3

Physical parameters

In the presentation of the results two additional dimensionless
parameters were involved. The wall shear stress, and heat
transfer coefficients were presented in terms of friction coeffi-
cient and Nusselt number respectively:

w
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Nu(x)= o(x)2h _ (OT/0y)wan2h @

ko (To(x)—Tw)

The bulk temperature was calculated using the velocity and the
temperature distribution with the equation:
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3

Numerical solution technique

The discretization method used in the present study uses

a control volume formulation. The domain of interest is di-
vided into a set of discrete control volumes. A grid point is
located at the center of each control volume and the value of
the conserved variable is stored at each of the grid points.
Discretization equations for the nodal unknown at a grid point
are then obtained by conserving the flux of that variable over
the control volume that surrounds the grid point. This requires
the evaluation of the total flux of the conserved variable
through each face of the control volume. In the present study
the power-law scheme proposed by Patankar, [10], is used to
compute the combined convection and diffusion flux through
a control volume face in terms of the values of the variable at
the grid points which envelop the face. A staggered grid is
employed for storing the velocity components. Thus the con-
trol volume for the x-(or y-) direction velocity is displaced
in the x-(or y-) direction with respect to the control volume for
continuity. This use of a staggered grid prevents the occurrence
of checkerboard pressure fileds. A detailed description of this
discretization method is given in [10]. Several modifications to
the application of SIMPLE method were recommended in [11]
including the SIMPLEC approximation, TDMA solver and
convergence criterion for the pressure equation. These
modifications are employed in the present algorithm. For these
computations a 202 x 22 grid has been used with steady flows
(L/H=10) and 102 x 22 with pulsatile flows (L/H=>5). In order
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to study the grid independence, one steady case was run with
302 x 32 grid points as well for Re=200 and uniform inlet
velocity profile. The computation results show a difference of
only 4% in the location of reattachment length Xg. Since the
computation time with 302 x 32 grids is nearly eight times that
with 202 x 22 grids, the computation with 302 x 32 grids is
abandoned in favor of 202 x 22 grids. The time increment
between two successive time steps was set as a 0.01. A run of
2000 time steps of size equal to 0.01 units of nondimensional
times with pulsatile inlet velocity (A =1.0, St=1.0, Re=100,
E=0.5, L/H=5.0), takes about 4000 CPU minutes on an IBM
Power PC workstation.

4
Results and discussion

4.1

Steady flows

The results of the backward-facing step flows, especially the
reattachment length is sensitive to the numerical procedure
used. The adequateness of the present numerical procedure is
evaluated by comparing the present predictions of reattach-
ment location with the experimental results of Armaly et al.
[1], Fig. 2. Agreement with the experimental results of Armaly
et al. is good up to Re=500, beyond which point the results of
the two-dimensional computation begin systematically to fall.
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Fig. 2. Recirculation length, X, normalized by downstream channel
height, H, versus Reynolds number, Re, for parabolic and uniform
upstream velocity profile
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Fig. 3. Variation of the reattachment length with the Reynolds
number for different values of expansion ratios. E = s/H

The discrepancy is explained as resulting from significant
three-dimensionality in the flow for Re>400.

In a channel with specified expansion ratio, different
inlet velocity profiles result in noticeable differences in the
reattachment length, Fig. 2. With uniform inlet velocity profile
the wall shear stress at the upper wall is higher as with
parabolic velocity profile and so is the reattachment length
smaller.

The variation of the reattachment length for Reynolds
number ranging from 100-1250 and expansion ratios ranging
from 0.25-0.75 are summarized in Fig. 3. The figure also
displays the results of Thangam et al. [5]. The results indicate
that for a fixed expansion ratio, the increase in reattachment
length with the Reynolds number exhibits a moderately
nonlinear trend, which is seen to be more pronounced at
higher values of the expansion ratios. It should be noted that
flows at high expansion ratios, or Reynolds number, can cause
the flow to separate along the upper wall, causing an additional
downward displacement of the flow, which, in turn, will retard
the growth of the primary eddy.

4.2

Pulsatile flow and heat transfer

The time-dependent recirculation regions at time increments
of 0.125 of one oscillation period are shown in Fig. 4 for
A=1.0, St=1.0, E=0.5, L/H=5, and Re=100, through the

Stt=0

St-1=0.125

St1 =0.250

Stt=0.375

St-1=0.500

St1=0.625

St1=0.750

Stt=0.875

Fig. 4. Temporal sequence of velocity vectors for pulsatile flow at eight
selected points for a sinusoidally-varying pulsatile flow with Re =100
and A =1.0. The time increment is 0.125 in each flow pattern
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Fig. 5. Variation of the local wall friction factor coefficient at the
lower channel wall in one cycle of pulsatile flow
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Fig. 6. Variation of the local wall friction factor coefficient at the
upper channel wall in one cycle of pulsatile flow

instantaneous computed velocity vectors, when the flow hat
reached a periodic steady state after eight cycles. The velocity
vectors show considerable variation through the pulsatile
cycle. At the onset of the cycle (St-7=0), the velocity vectors
show that the recirculation zone has the same size of steady
flow at the same instantaneous Re. The recirculation zone
breakdown by (St-7=0.125). The primary vortex born on the
corner of the backward-facing step wall at the maximal inlet
velocity, instantaneous Re =200 (St-t=0.25), and fill the
channel at the minimal inlet velocity, instantaneous Re =0,
(St-1=0.75). As the fluid flux was decreased there was a
general deceleration of the flow, expressed by an adverse
pressure gradient throughout the channel. At this stage was
observed the expansion of the vortices in the channel.

The normalized shear stress coefficient variations along
the lower wall and upper wall are displayed in Figs. 5 and 6
respectively, at six time instants of the cycle, where C; is
evaluated at the mean Reynold number Re=100. The in-
stantaneous wall shear stress distribution varies markedly
with time, and the minimum of C; with decrease of the inlet
flow, St-7>0.375, is higher as the shear stress with steady flow.
The minimum wall friction coefficient at the lower wall by
steady flow and Re=100 is C;=0.05 and with pulsatile flow is
C;=0.28 by St-1=0.625. Figure 5 shows that for St-7<0.375
the primary vortex does not exist or did not reach the lower
wall, Cf> 0.

Figure 7 shows the variation of the average friction coeffi-
cient at the lower channel wall for different amplitude of the
pulse as a function of time. The amplitude of the oscillation
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Fig. 7. Average wall friction coefficient at the lower channel wall for
different amplitude of the pulse as a function of time
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Fig. 8. Local heat transfer coefficient at the lower channel wall at four
selected time points in one cycle, A=1.0, Re=100
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Fig. 9. Local heat transfer coefficients at the upper channel wall at
four selected time points in one cycle, A=1.0, Re=100

of the average friction coefficient varies with the amplitude
of the pulse and the friction coefficient can be negative for
A>0.2.

In contrast, heat transfer on the channel walls change less
through one pulsatile cycle. The local heat transfer coefficient
variations along the lower and upper walls are displayed in
Figs. 8 and Fig. 9 respectively, at four time instants of the cycle.
The maximum heat transfer coefficient varies less than 15%
over the pulsatile cycle on the lower wall and was only 35%
greater in magnitude in comparison with steady flow at the
mean Reynolds number, see Fig. 8. The variation of the local
heat transfer on the upper channel through the pulsatile cycle
is small, see Fig. 9.

147



148

55 L L AL L R B T T T T
e-s-es-2 Upper wall i
Lower wall
A=1.0
Re =100
|§ 451
3-5 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 I 1 1
0 2 4 6 8 10 12 14 16 18 20

T

Fig. 10. Average Nusselt number at the upper and lower channel walls
as a function of time

The relationships among the locations of zero shear stresses
and maximum heat transfer coefficient on the lower channel
wall during one cycle is not clear as with steady flows. The flow
parameter of the reattachment point, C;/=0, move widely,
0<Xgr/H<3.7, see Fig. 5, whereas the maximum heat transfer
coefficient location shifts only within a narrow range, see Fig. 8.
In general the maximum heat transfer at the lower wall during
pulsatile flow is located close to the point seen with steady
flows at the mean Reynolds number.

The variation of the average heat transfer coefficient at the
lower and upper channel walls with the time show Fig. 10. The
average heat transfer enhancement on the lower channel wall is
about 9%. The average heat transfer coefficient variation is not
sinusoidal in time as the inlet velocity profile.

Understanding of wall shear stress and heat transfer in
separated regions has important implications to practical
flows. Heat transfer was examined here in the recirculation
region behind a backward-facing step as function of the
amplitude of the pulsatile flow. The pulsatility of the flow did
not appear to impact the heat transfer in separated region as
the wall shear stress.

5

Conclusions

The laminar flow and heat transfer phenomena were studied in
a channel with a backward-facing step under steady and
pulsatile conditions. The Reynolds number was varied from
100-1250, the expansion ratio from 0.25-0.75 and the entrance
velocity profile was also varied for steady flow. It was found

that heat transfer in the lower wall was maximal downstream
the reattachment length for steady flows.

In one cycle with pulsating flow (A=1.0, St=1.0, E=0.5,
L/H=5.0, Re=100, Pr=0.71) and parabolic inlet velocity
profile, breakdown of the primary recirculation zone was
observed. The primary vortex born on the corner of the
backward-facing step wall at the maximal inlet velocity
(St-t=0.25), and fill the channel at the minimal inlet velocity
(St-7=0.75). The friction coefficient is negative and positive
through one cycle.

Pulsating flow caused the movement of maximum heat
transfer on the lower wall in the cycle. The time-average
pulsatile heat transfer at the channel walls was approximately
only 9% higher as with steady flow with the mean Reynolds
number by Re=100 and A=1.0.
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