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Abstract

Distributions of the wall temperature, the Nusselt number, and the friction coefficient on all of the bounding walls of
laminar three-dimensional forced convection flow adjacent to backward-facing step in a rectangular duct are reported.
A uniform heat flux is imposed on the bounding walls (stepped wall, sidewalls, and flat wall) downstream from the step,
while the walls of the duct upstream from the step and the step are treated as adiabatic surfaces. The flow upstream of
the step is treated as hydrodynamically fully developed and isothermal, and the outlet flow downstream from the step is
treated as being hydrodynamically and thermally fully developed. Local and average results are presented for a Rey-
nolds numbers range of 150-450, and some results are compared with their equivalent from the two-dimensional case.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Flow separation followed by reattachment due to
sudden expansion in geometry, such as in a backward-
facing step flow, occurs in numerous heat exchanging
devices. Some two-dimensional (2-D) [1-5], and three-
dimensional (3-D) [6-11] studies have been published
on convective heat transfer in separated-reattached flow
using the backward-facing step geometry in a rectangu-
lar duct. In most of these studies, the bottom stepped
wall is heated while the other walls are treated as adia-
batic surfaces, and wall temperature or heat transfer re-
sults are presented only for the stepped wall. For the
case where the geometry is two-dimensional (a duct with
large aspect ratio), there is little interest in what is the
heat transfer distribution on the other walls because
the flow separation, recirculation, and reattachment oc-
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curs only adjacent to the stepped wall. For the 3-D sep-
arated-reattached convection flow (a duct with small
aspect ratio), however, reverse flow regions develop
adjacent to all of the bounding walls (the sidewalls, the
stepped wall, and the flat wall) downstream from the
step [6,7], and that influences significantly the distribu-
tions of the temperature and the heat transfer from these
walls. Since three-dimensional flow develops in most of
the heat exchanging devices, and since all of the bound-
ing walls are normally heated in these devices, knowl-
edge of the temperature, Nusselt number, and friction
coefficient distributions on all of the bounding walls is
useful for design optimization. To the authors’ knowl-
edge, such results have not been published in the litera-
ture, and that motivated the present study.

2. Problem statement and simulation procedures

Three-dimensional laminar forced convection flow
adjacent to backward-facing step in a rectangular duct
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Nomenclature

AR aspect ratio, Wih

b height or width of one bounding wall
Cr skin friction coefficient, 2ty /pu3
G specific heat

ER expansion ratio, H/h

H duct’s height downstream of the step

h duct’s height upstream of the step

k thermal conductivity

L half width of the duct, W72

n normal direction to the wall

Nu streamwise average Nusselt number, ¢S/

(TW - Tb)

Nu, spanwise average Nusselt number on one
bounding wall, ¢y, S/k(Twa — Tt)

Nuy, bulk Nusselt number, ¢,S/k(Ty ave — Tt)

qw local wall heat flux, =k Z [, e wan
Re Reynolds number, 2puph/p
S step height
T temperature
To inlet temperature W
Ty local bulk temperate L f‘; pipu(x‘y'z)T(X'y’z) &
Ty local wall temperature Jo Ji oCouteya) ayez
Twave average walls temperature,
L H
(ZLITH) (fo Tw,s[ep dz+ fo Tw,side dy
L

+ fO T w.flat dZ)

Twa average temperature for one bounding

wall, L 77, ds

Ty streamwise average bulk
L L oCputey2) Ty z) dedyd

w pH L
_ fU fo jo pCpu(x.y,z) dzdy dx
Tw streamwise average walls temperature,

xr L
;ﬁ {615 Twstepwan(x,2) dz
+ Jo! T sidewan (x, ) dy
+ [()L Ty flatwall (X, z) dz] dx}

temperature

u streamwise velocity component

U average inlet velocity

v transverse velocity component

w width of the duct

w spanwise velocity component

b streamwise coordinate axis

Xr,..  locations where the wall temperature is a
minimum

X, locations where the streamwise velocity
component is equal to zero

y transverse coordinate axis

z spanwise coordinate axis

Greek symbols

u dynamic viscosity
o density
Ty wall shear stress, u\/(au/ay)2+(6w/6y)2

at the flat wall and at the stepped wall;
and 1/ (0u/22)° + (8v/02)° at the sidewall

is numerically simulated, and a schematic of the compu-
tational domain is presented in Fig. 1. The backward-
facing step geometry has a step height (S) of 0.01m
and a width (W) of 0.08 m. The duct’s heights upstream
(h) and downstream (H) of the step are kept at 0.0l m
and 0.02m, respectively. This provides a geometry with
an aspect ratio (AR = W/h) of eight and an expansion

Fig. 1. Schematic of the backward-facing step geometry.

ratio (ER = H/h) of two. By exploiting the symmetry
of the flow and temperature fields in the spanwise direc-
tion, the width of the computation domain was reduced
to half of the actual width of the duct (L = 0.04m). The
length of the computational domain is either 0.5m or
4.00m downstream and 0.02m upstream of the step
respectively, i.e. —2 < x/S < 50 or 400. The longer cal-
culation domain (-2 < x/S < 400) was used in order
to obtain the asymptotic behavior for the fully devel-
oped regime downstream from the step and the shorter
calculation domain (-2 < x/S < 50) was used for all
of the results that are presented within that region. A
grid of 200(x) x 36(y) x 36(z) is used for the shorter com-
putation domain and a grid of 500(x) x 36(y) x 36(z) is
used for the longer computation domain. The results
from the longer calculation domain compared very well
with the results from the shorter calculation domain, but
required considerably larger number of grid points,
more interations and more computational time. No re-
verse flow is observed after x/S > 50, and using a longer
domain does not influence the results adjacent to the
step for x/S < 20. The origin of the coordinates system
is located at the bottom corner of the step where the
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sidewall, the backward-facing step, and the stepped wall,
intersect as shown in Fig. 1. The coordinate directions
are also included in the figure. The steady laminar
three-dimensional Navier-Stokes and energy equations
are solved numerically together with the continuity
equation using the finite volume method to simulate
the thermal and the flow fields.

Continuity equation:

)+ 2 () + 5 () =0 1)

Momentum equations:

o, , 0 o
52 () 5 o) + 2 puw)

u u u

op
*‘a“‘(@%—yﬁ@) @

d o, , 0
a(/’“”) + oy (pv7) + &(PUW)

p v v v
- i(E ot ) )
d d o, ,
a(ﬂuw) + 3y (pow) + P (pw?)
op Pw  w  w
=% “(@*a—yﬁ@) @
Energy equation:
0 0 0
a(pcp”T) + a(anUT) + o (pCpwT)
FT T T
=k (a—+$+a—> ©)

The physical properties are treated as constants and
evaluated for air at the inlet temperature (7;) of 20°C,
that is, density (p) is 1.205kg/m’, specific heat (Cp) is
1005J/(kg°C), dynamic viscosity (u) is 1.81 x 10 >kg/
(ms), and thermal conductivity (k) is 0.0259 W/(m °C).
Flow at the inlet section upstream of the step
(x/S = =2) is considered to be isothermal (7, = 20°C),
hydrodynamically steady and fully developed with a dis-
tribution for the streamwise velocity component (u)
equal to the one described by Shah and London [12]
for fully developed flow in a rectangular duct. The other
two velocity components, v and w, are set to be equal to
zero at that inlet section. No slip boundary condition
(zero velocities) is applied to all of the wall surfaces.
Uniform and constant heat flux of ¢, = 20 W/m? is spec-
ified at all the bounding walls downstream from the step,
i.e. the stepped wall (0 < x/S < 50 or 400, y/S =0 and
0 < z/IL < 1); the flat wall (0<x/S < 50 or 400,
yIS=2 and 0 < z/L < 1); and the sidewalls (0 <
x/S < 50 0r400,0 < y/S < 2and z/L = 0 and 2), while
the other walls upstream from the step and the back-

ward-facing step are treated as adiabatic surfaces. Fully
developed flow and thermal boundary conditions are
imposed at the exit section of the calculation domain
(x/S =50 or 400).

The governing equations are discretized using the
finite volume method, and the control volumes are
located utilizing the staggered grid arrangement. The
resulting finite difference equations are solved numeri-
cally by making use of a line-by-line method combined
with alternating direction iteration (ADI) scheme. SIM-
PLE algorithm is utilized for the computation of pressure
correction in the iteration procedure, and hexahedron
volume elements with non-uniform grid system are em-
ployed in the simulations. The grid is highly concentrated
close to the step and near the step corners, in order to
insure the accuracy of the numerical simulations. This
flow simulation code was used in previous studies [7,9],
and its description and validation can be found in these
references. The convergence criterion required that the
maximum relative mass residual based on the inlet mass
be smaller than 107°. It usually takes about 4000 intera-
tions to meet this requirement for the shorter domain
computation, while it takes about 25,000 interations for
the longer domain calculation.

3. Results and discussion

Distributions of the temperature, the average and the
bulk Nusselt numbers, and the friction coefficient, on all
of the bounding walls downstream from the step are pre-
sented for different Reynolds numbers (Re = 150, 250,
343 and 450) where the flow has been verified experimen-
tally to be laminar in this geometry. Reverse flow re-
gions adjacent to the stepped wall, sidewalls, and flat
wall develop in this geometry and the limiting stream-
lines on the bounding walls are presented in Fig. 2 for
the Reynolds number of 150 in order to capture some
of the flow features that develop adjacent to these walls.
Different colors in this figure represent the magnitude of
the normal velocity away from and toward each of the
walls, with the red being the highest away from the wall
and blue being the highest toward the wall. Similar re-
sults are available for other Reynolds numbers and exhi-
bit similar features, but are not presented here due to
space limitations. The boundary lines for the reverse
flow regions that develop adjacent to these walls (the
xp-line) are identified by interpolations between two
neighboring limiting streamlines that are separating
two flow regions: in one region the flow is moving to-
ward the upstream direction (i.e. the negative x-direc-
tion) and in the other region the flow is moving
toward the downstream direction (i.e. the positive x-
direction). The dashed black lines on this figure identify
the boundaries of the reverse flow regions. This figure
illustrates that a “jet-like” flow impinges on the stepped
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Fig. 2. Limiting streamlines adjacent to the bounding walls.

wall and a primary recirculation flow region develops
adjacent to that wall; a downwash and a reverse flow re-
gion develop near the step and adjacent to the sidewall; a
reverse flow region develops adjacent to the sidewall and
near the flat wall; and a reverse flow region develops
adjacent to the flat wall near the sidewall. The solid
black lines that are included in this figure represent the
locations where the streamwise component of wall shear
stress is zero (the x,-line), and it also represents the
boundary where the streamwise velocity component (u)
changes direction, i.e. identifying the points where the
reverse flow occurs in the streamwise direction. Discus-
sion of the flow behavior in this geometry has been pre-
sented by Armaly et al. [6] and Nie and Armaly [7], and
will not be repeated here.

Distributions of the local wall temperature (7,) on
the stepped wall (y/S =0), the sidewall (z/L =0) and
the flat wall (y/S = 2) downstream of the step (x/S > 0)
are presented in Fig. 3 for Reynolds number equal to
343. Results for other Reynolds numbers are available
but are not presented here due to space limitations,
and they exhibit similar behavior as the one presented
in Fig. 3. The temperature distribution on the stepped
wall exhibits a maximum at the bottom corner of the
step near the sidewall, and a minimum at x/S= 8.5
and z/L ~ 0.3 (the general region that is impacted by
the reattaching “jet-like” flow [6,7]). Temperatures on
that wall increase gradually as the distance from the step
continues to increase beyond x/S = 10. The sidewall
temperature distribution has a peak at the bottom cor-
ner near the step, thus matching the general location
where the temperature peak occurs on the stepped wall,
decreases slightly in the streamwise direction and then
starts to increase gradually as the distance from the step
continues to increase. The temperature of the flat wall
increases in the streamwise direction, and its spanwise
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Fig. 3. Temperature distribution on the bounding walls for
Re =343, (a) On the stepped wall (/S =0 and x/S > 0). (b) On
the sidewall (z/L = 0 and x/S > 0). (c) On the flat wall (y/S =2
and x/S > 0).

behavior exhibits a minimum at the center of the duct
(z/L = 1) and a maximum at the sidewall. The locations
where the temperature is a minimum on the bounding
walls are presented by the dashed lines in Fig. 4 for
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Fig. 4. Locations where the wall temperature is a minimum
(xr, . ) and where the streamwise component of the wall shear

w,min

stress is zero (x,).

0 5 10 15 20

Fig. 5. Locations where the temperature on the sidewall is a
minimum (xz, . )-

the stepped wall, and in Fig. 5 for the sidewall for differ-
ent Reynolds numbers. Such a line is not presented for
the flat wall because it is located at the symmetry center-
line of the duct (z/L =1 and y/S = 2). The solid lines in
Fig. 4 represent the locations where the streamwise com-
ponent of wall shear stress is zero (the x,-line). It is inter-
esting to note that the location where the “jet-like” flow
impinges on the stepped wall (denoted by the sold circle
symbol) does not coincide with the location where the
wall temperature is a minimum (denoted by the square
symbol). The minimum wall temperatures are located
downstream from the locations where the “jet-like” flow
impinges on the stepped wall (due to the relatively high
spanwise flow in that region), and the distance between
these two locations increases and moves further away
from the step as the Reynolds number increases. The
rapid drop in the stepped wall temperature near the side-
wall is caused by the downwash (incoming fluid with rel-
atively low temperature) that develops in that region.

0 165
Twa, stepwall wa, sidewall :
30 Re=343 135
o .
O\’ .
" /M”T”) :
@ T T {105
N _—
, . ) o
5 10 15 20 1 <
x/S 1 =
-175
wa, sidewall :
45
T .
| | \Wd, ‘ﬂd“i-lll | | | | | | | | ) 1 5
0 100 200 300 400
x/S

Fig. 6. Streamwise distributions of the bulk temperature and
the average walls temperatures.

The location where the sidewall temperature is a mini-
mum is approximately at the center of that wall as
shown in Fig. 5 for different Reynolds numbers.

The streamwise distributions of the local bulk tem-
perature (7,), the average wall temperature for the
bounding walls (7.), and the average wall temperature
for each of the bounding walls are presented in Fig. 6.
The results show that the average temperatures of the
Stepped wall (Twa,stcpwall) and the flat wall (Twz\,ﬂz\twall)
become equal to each other at approximately x/S = 35
and their slopes along with the slope of the average walls
temperature (T avg) become equal to the bulk tempera-
ture at x/S = 100. The dashed line on the figure is used to
represent the average temperature of the flat wall
(Twa flatwan) in order to differentiate it from the average
temperature of the stepped wall (T, stepwan). The aver-
age sidewall temperature, however, does not exhibit this
behavior until x/S =200. The calculation domain was
extended to the range of —2 < x/S < 400, in order to
illustrate the asymptotic approach to the fully developed
value. Most of the results, however, are presented only
in the range of 0 < x/S < 50 (or 20 for some results)
to illustrate more clearly the behavior near the step. Dis-
tributions of the temperatures near the reattachment re-
gion can be seen more clearly from the embedded figure
in Fig. 6. The average temperature of the sidewall
(Twasidewan) 1s greater than those of the stepped wall
(Twastepwan) and of the flat wall (Twa fatwan) for x/S>
4 for the Reynolds number of 343. A local peak develops
in its distribution at x/S ~ 8 at this Reynolds number.
This is due to the rebounding of the “jet-like” flow that
impinges on the heated bottom stepped wall, and then
flows adjacent to the sidewall causing its temperature
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Fig. 7. Streamwise distribution of the average Nusselt number
on the stepped wall.

to increase. The relatively high average sidewall temper-
ature (Tya sidewan) causes the overall average walls tem-
perature (7 ave) to be higher than either the average
temperature of the stepped wall or the flat wall for
x/S > 5.5 at this Reynolds number.

Streamwise distributions of the average Nusselt num-
ber (Nu,) are presented for the stepped wall in Fig. 7, for
the sidewall in Fig. 8, and for the flat wall in Fig. 9 for
different Reynolds numbers. A peak in the average Nus-
selt number distribution on the stepped wall develops
(Fig. 7), and the streamwise locations where this peak
occurs on the stepped wall move further downstream
with the increase of Reynolds number. This Nusselt
number increases with increasing Reynolds number for
streamwise locations downstream from the location
where the maximum occurs (downstream from the reat-
tachment), but decreases for streamwise locations smal-
ler than the location where the maximum occurs
(upstream of the reattachment and inside the recircula-
tion region). The fully developed values for the average
Nusselt number on this wall are also shown in this fig-
ure, which is 1.316. Similar behavior is seen in the
streamwise distribution of the average Nusselt number
on the sidewall, which increases outside the downwash
region (that develops adjacent to the sidewall near the
step) and decreases inside that downwash region as the
Reynolds number increases. A decrease appears to de-
velop in the magnitude of the Nusselt number at the
sidewall at x/S = 8 for Reynolds number of 450. This
is due to the rebounding “‘jet-like” flow that causes the
average sidewall temperature to increase and the average
Nusselt number to decrease in that region. The location

2 2
i 1.5
i N
15 3
<
= 1
R s s
< 10 15 20
3 XIS
0.5
: Fully devloped value
0 i Il Il I Il Il I Il Il I Il Il
0 100 200 300 400

x/S

Fig. 8. Streamwise distribution of the average Nusselt number
on the sidewall.

5 8
al 3
2
2
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* 2.
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é 0 1 1 1
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Z ol Re=343 xS
1 B Fully developed value
O L | | I | | I | | I | |
0 100 200 300 400
x/S

Fig. 9. Streamwise distribution of the average Nusselt number
on the flat wall.

where the maximum average Nusselt number develops
on the sidewall is closer to the step (approximately half
of the distance) than the location where the maximum
average Nusselt number develops on the stepped wall
for the same Reynolds number. The former is caused
by the downwash flow near the sidewall while the latter
is caused by the reattaching flow on the stepped
wall. The fully developed values for the average Nusselt
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number on that wall are also presented in this figure,
which is 0.411. The streamwise distribution of the aver-
age Nusselt number on the flat wall as shown in Fig. 9,
does not exhibit any maximum and it decreases gradu-
ally as the distance from the step increases reaching
asymptotically the fully developed value at relatively
short distance from the step. A slightly minimum value
in its distribution is observed at x/S =~ 10, because of
the decrease of steamwise velocity component due to
sudden expansion in geometry. The fully developed val-
ues for the average Nusselt number on that wall are also
presented in this figure, which is 1.316. The bulk Nusselt
number (Nug,) that represents the average for all the
bounding walls exhibits a behavior that is similar to
the one described for the average Nusselt number on
the sidewall as shown in Fig. 8, and that is due to the
strong influence of the average sidewall temperature on
the bulk temperature and on the average walls tempera-
ture. The asymptotic approach to the fully developed
value is seen to occur at x/S & 320. The effect of the
Reynolds number on the bulk Nusselt number is pre-
sented in Fig. 10, and the fully developed values are also
presented in this figure.

Results from two-dimensional (2-D) simulations of
backward-facing step forced convection flow for the
same conditions as those performed in this paper for
the 3-D case are presented in Figs. 11 and 12 for a Reyn-
olds number of 343. The streamwise distributions of the
average temperature on the stepped wall (T siepwan) and
on the flatwall (T fatwan) for the 2-D case (in Fig. 11)
have similar trend but are lower in magnitude than the
results of 3-D case that are presented in Fig. 6. For
the 2-D case, the notation Ty gepwan 1S €quivalent to

B Fully developed rectangular flow

0-5 | | I | | I | | I | |
0 100 200 300 400

x/S

Fig. 10. Streamwise distribution of the bulk Nusselt number.

35

Re = 343 (2-D)

15\\\\l\\\\l\\\\l\\\\l\\\\
0 10 20 30 40 50

x/S

Fig. 11. Streamwise distributions of the bulk temperature and
the average walls temperatures (2-D).

3
Re =343 (2-D)
2.5
2
2 Fully developed flat duct'S""**" 17!
1.5
1 Nustepwall
0_57\\\\l\\\\l\\\\l\\\\l\\\\
0 10 20 30 40 50

x/S

Fig. 12. Streamwise distribution of the bulk Nusselt number
(2-D).

Twa,stepwalla and Tw,ﬂatwall is equivalent to Twa,ﬁatwall of
the 3-D case. It should be noted that for the 2-D case
the average walls temperature (7 avg) i calculated as
Twave = (Tw stepwait T Tw flarwan)/2. As a result, the aver-
age walls temperature (7 ave) for the 2-D case is be-
tween the temperatures of the stepped wall and the flat
wall. On the other hand the average walls temperature
for the 3-D case (in Fig. 6) is greater than either the aver-
age stepped wall (Ty,siepwan) OF the average flat wall
(Twafiatwan) temperatures. This is due to the supplied
heat flux on the sidewall and the relatively high average
temperature of the sidewall (7, sidewan) Which influences
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significantly the average walls temperature. Streamwise
distributions of the Nusselt number for the 2-D case
are presented in Fig. 12, where the bulk temperature is
defined as

_Jo pCpu(x, y)T(x,y)dy
Jo pCyulx,y)dy

The dashed line in Fig. 12 represents the Nusselt number
value for the fully developed duct flow, which is 2.06 as
reported by Shah and Bhatti [13]. It can be seen from the
figure that the Nusselt numbers, including the Nusselt
number on the stepped wall and the flat wall, and the
bulk Nusselt number, asymptotically approach the fully
developed value at relatively short distance from the
step, i.e. x/S = 30. A peak develops in the distribution
of Nusselt number of the stepped wall and a minimum
develops in the distribution of Nusselt number of the flat
wall at x/S ~ 8. The peak on the stepped wall is due to
the flow reattachment on that wall, and the minimum
is due to the relatively low streamwise velocity compo-
nent that develops in that region of the flat wall due to
the sudden expansion in geometry. It should be noted
that the fully developed value for the average Nusselt
number for the 2-D case (2.06) is higher than the fully
developed value for the 3-D case (0.92) as seen in Figs.
10 and 12. Fig. 13 illustrates that the streamwise distri-
butions of the average bulk Nusselt number for the
2-D case are always higher than its equivalent for the
3-D case with a peak that develops at x/S ~ 6. The fully
developed 3-D bulk Nusselt number value will not ap-
proach the fully developed 2-D value as the aspect ratio
of the duct approaches infinity (AR — oo) as noted by
Shah and Bhatti [13]. This is due to the fact that the side-
wall heat flux that is accounted for in the 3-D case con-

Ty

25

Fully :l/eveloped value (2-D)

2-D

{ o
T T

Nu
/\
g

Fully developed value (3-D)

0.5
Re =343

ol - - - Ll s
10 20 30 40 50

x/S

o

Fig. 13. Streamwise distributions of the average bulk Nusselt
number.

tinues to strongly influence the average wall temperature
and the bulk temperature even as the aspect ratio of the
duct increases and approaches infinity. The fully devel-
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Fig. 14. Distributions of the friction coefficient for Re = 343.
(a) On the stepped wall (/S=0 and x/S>0). (b) On the
sidewall (z/L = 0 and x/S > 0). (c) On the flat wall (y/S =2 and
x/S > 0).
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oped values for the 2-D and the 3-D cases are also in-
cluded in this figure.

Distributions of the local friction coefficient (Cy) on
the bounding walls are presented in Fig. 14 for the Reyn-
olds number of 343. The results show that the friction
coefficient is relatively low along the boundaries of the
reverse flow regions where the streamwise component
of wall shear stress is zero. The friction coefficient inside
the primary reverse flow on the stepped wall is relatively
high, due to the strong vortical spanwise flow that devel-
ops adjacent to the stepped wall inside this region [6,7].
The peak that develops on that wall downstream from
the primary reverse flow region is located near the side-
wall and not at the center width of the duct as one would
expect. Several peaks develop in the distribution of
the local friction coefficient on the sidewall (z/L = 0).
The relatively high velocity gradient near the step and
the downwash that develops adjacent to the sidewall in
that region are responsible for the peak that develops
in that region. The other two peaks that develop on
the sidewall, as seen in Fig. 14b, are associated with
the reverse flow regions that develop on that wall. The
distribution in the redeveloping flow region on the side-
wall becomes similar to the one for a rectangular duct
flow, with the peak value in the center region of the wall.
The distribution on the flat wall (y/S = 2) develops a
maximum near the step due to the relatively high veloc-
ity gradients that are caused by the sudden expansion in
geometry, but that distribution becomes uniform across
most of the width of the duct in that region. Near the
sidewall and in the reverse flow region that develops
on that flat wall, the friction coefficient is relatively
low but it exhibits a relative maximum at the center of
that reverse flow region. The friction coefficient on the
flat wall decreases rapidly to a minimum along the
streamwise direction at the center of the duct, and starts
to gradually increase as the distance from the step con-
tinues to increase exhibiting the expected behavior of a
flow in a duct.

4. Conclusions

Convection in three-dimensional laminar, forced,
separated-reattached flow adjacent to backward-facing
step in a rectangular duct, where all bounding walls
are heated with constant heat flux, is examined for the
purpose of determining the flow and thermal behavior
that develops in this geometry with these boundary con-
ditions. The locations where the wall temperature is a
minimum and where the ‘“‘jet-like” flow impinges on
the stepped wall move further downstream from the step
as the Reynolds number increases. The minimum wall
temperature is located downstream from the location
where the “jet-like” flow impinges on the stepped wall.
The average bounding walls temperature (7 4vg) down-

stream of the reattachment is higher than the average
wall temperature of either the stepped wall or the flat
wall, due to the relatively high average temperature of
the sidewall. The average Nusselt numbers on the
stepped wall and on the sidewall exhibit a maximum in
their streamwise distributions and the location where
that maximum occurs moves away from the step as
the Reynolds number increases. The location where
the average Nusselt number is a maximum on the side-
wall is closer to the step (approximately half of the dis-
tance) than the location where the maximum is located
on the stepped wall for the same Reynolds number.
The average Nusselt number on the flat wall decreases
gradually along the streamwise direction reaching
asymptotically the fully developed value. The bulk Nus-
selt number exhibits a behavior that is similar to the one
for the sidewall due to the strong influence of the aver-
age sidewall temperature on the bulk and on the average
walls temperature. The average bulk Nusselt number for
the 2-D case is higher than that for the 3-D case, and the
fully developed 3-D value will not approach the 2-D
fully developed value as the aspect ratio of the duct in-
creases and approaches infinity (AR — oo). The results
for the 2-D case start to approach the fully developed
values at relatively short distance from the step
(x/S = 30), but the 3-D case requires much longer dis-
tance (x/S =170) to approach the fully developed re-
sults. The friction coefficient inside the primary reverse
flow is relatively high, due to the strong vortical span-
wise flow that develops adjacent to the stepped wall
inside this region. The peak in the friction coefficient
downstream of the primary reverse flow region on the
stepped wall is located near the sidewall and not at the
center width of the duct as one would expect. Several
peaks develop in the distribution of the local friction
coefficient on the sidewall: the first is due to the rela-
tively high velocity gradient near the step; the second
is due to the downwash that develops adjacent to the
sidewall; and the third is due to the reverse flow regions
that develop on that upper portion of that wall. The fric-
tion coefficient has a maximum near the step due to the
relatively high velocity gradients that are caused by the
sudden expansion in geometry, and its distribution is al-
most uniform across most of the width of the duct in
that region.
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