
www.elsevier.com/locate/ijhmt

International Journal of Heat and Mass Transfer 49 (2006) 3670–3680
Turbulent separated convection flow adjacent to backward-facing
step—effects of step height

Y.T. Chen a,*, J.H. Nie a, B.F. Armaly b, H.T. Hsieh a

a Department of Mechanical Engineering, University of Nevada, Las Vegas, Las Vegas, NV 89154, USA
b Department of Aerospace and Mechanical Engineering, and Engineering Mechanics, University of Missouri—Rolla, Rolla, MO 65409, USA

Received 8 November 2005; received in revised form 10 February 2006
Available online 27 April 2006
Abstract

Simulations of turbulent convection flow adjacent to a two-dimensional backward-facing step are presented to explore the effects of
step height on turbulent separated flow and heat transfer. Reynolds number and duct’s height downstream from the step are kept con-
stant at Re0 = 28,000 and H = 0.19 m, respectively. Uniform and constant heat flux of qw = 270 W/m2 is specified at the stepped wall
downstream from the step, while other walls are treated as adiabatic. The selection of the values for these parameters is motivated
by the fact that measurements are available for this geometry and they can be used to validate the flow and heat transfer simulation code.
Two-equation low-Reynolds-number model is employed to achieve the turbulent Prandtl number. The primary and secondary recircu-
lation regions increase in size as the step height increases. The bulk temperature increases more rapidly as the step height increases.
Increasing the step height causes the magnitude of the maximum turbulent kinetic energy to increase. Near the step and below the step
height, the turbulent kinetic energy becomes smaller as the step height increases. Inside the recirculation region, magnitude of the peak
friction coefficient does not significantly change with the increase of step height. The friction coefficient becomes smaller in magnitude
with the increase of the step height. The peak Stanton number becomes smaller as the step height increases.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Flow separation and subsequent reattachment that are
caused by sudden expansion in flow geometry occur in crit-
ical components of many practical applications where heat-
ing or cooling is required. These applications appear in gas
turbine engines, electronic cooling equipment, combustors,
as well as in external flows, including flows around build-
ings and aircraft, and many other heat transfer devices.
This flow separation and reattachment almost always
determines the key structure of the flow field and signifi-
cantly influences the mechanism of heat transfer. A great
deal of mixing of high and low energy fluid occurs in the
separated and reattached flow regions, thus influencing
significantly the performance of these devices. Studies on
separated/reattached flow have been conducted extensively
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during the past decades, and the backward-facing step
geometry received most of the attention (see, for example
[1–3], and the references cited therein). This geometry is
very simple, yet the flow and the heat transfer through it
contain most of the features encountered in more complex
geometries, and for that reason it has been used in bench-
mark studies [4–6] to validate simulation codes and
algorithms.

The majority of published work on separated-reattached
flow in this geometry deals with laminar flow. Effects of
Reynolds number [3,7,8], step height [9,10], aspect ratio
[11], and Prandtl number [7] were reported, which brought
to light some of the flow and heat transfer features that
develop in the laminar flow regime. However, compara-
tively little is published on the turbulent flow case. Such
knowledge is needed for simulating and optimizing the per-
formance of physical heat exchanging devices that are
mostly working within turbulent flow regime. In addition,
most of the published turbulent results in this geometry
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Nomenclature

AD1, AD2, Ck, Cm constants in heat transfer model func-
tions

Cf skin friction coefficient ¼ 2sw=qu2
0

Cp specific heat
CP1, CP2, CD1, CD2 constants in transport equation for

et

Cl, Ce1, Ce2 constants in velocity field turbulence model
ER expansion ratio = H/h
fl, fd, fe functions in velocity field turbulence model
fP1, fP2, fD1, fD2 functions in temperature field turbu-

lence model
H channel’s height downstream of the step
h channel’s height upstream of the step
I turbulence intensity
k turbulent kinetic energy ¼ u0iu

0
i=2

n normal direction to the wall surface
p mean static pressure
Pr, Prt molecular and turbulent Prandtl number
Re0 Reynolds number based on channel centerline

velocity = u0S/m
Rem Reynolds number based on channel bulk veloc-

ity = 2umd/m
Res Reynolds number based on friction velocity =

usd/m
Rt turbulent Reynolds number = k2/me
S channel’s reference height
s step height
St Stanton number ¼ qw

qCpu0ðT w�T 0Þ
T, t mean temperature and temperature fluctuation
T+ non-dimensional mean temperature

= (Tw � T)/ts
T0 inlet temperature
Tw wall temperature
ts friction temperature = qwH/(qCpus)
u, v velocity component in the x- and y-directions,

respectively

u 0 velocity fluctuation
u+ non-dimensional mean velocity = u/us

u0 inlet freestream velocity upstream of the step
ui general notation for mean velocity components

(u1 = u and u2 = v)
um bulk velocity
ue Kolmogorov velocity scale = (me)1/4

us friction velocity ¼
ffiffiffiffiffiffiffiffiffiffi
sw=q

p
x, y streamwise and transverse coordinates, respec-

tively
xi general notation for coordinate directions (x1 =

x and x2 = y)
xR flow reattachment length
y+ non-dimensional distance from the wall

surface = usy/m
y* non-dimensional distance from the wall

surface = uey/m
yn normal distance to the wall surface

Greek symbols

a, at molecular and eddy diffusivities for heat
d 99% boundary layer thickness
dij Kronecker delta
e dissipation rate of turbulent kinetic energy ¼

mðou0i=oxjÞðou0i=oxjÞ
et dissipation rate of t2=2 ¼ aðot=oxjÞðot=oxjÞ
j von Karman’s universal constant
q density
m, mt molecular kinematic and eddy viscosities
rk, re, rh, ru model constants for turbulent diffusion of

k, e, t2 and et

s time
sw wall shear stress
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focused on the fluid mechanics or isothermal case, and
these include the experimental results using laser Doppler
velocimetry (LDV) [12,13], particle image velocimetry
(PIV) [14], particle-tracking velocimetry [15], hot-wire ane-
mometry [16], and numerical simulations [17,18]. The sur-
veys by Simpson [1] and Eaton and Johnson [2] highlight
some of the available fluid mechanics studies. Sudden-
expansion particle-laden flows were numerically investi-
gated by Zhang et al. [19] using an improved stochastic
separated flow model. Studies of turbulent separated flow
and heat transfer have been limited to only a few specific
studies [20–22]. The enhancement of heat transfer in turbu-
lent separated and reattaching flow over a backward-facing
step by local forcing was simulated by Rhee and Sung [23]
for different forcing frequencies. Since the constant turbu-
lent Prandtl number cannot adequately predict the convec-
tion heat transfer around the separated and reattaching
region, a diffusivity tensor heat transfer model was
employed [23]. To the authors’ knowledge, effects of step
height in backward-facing step geometry (flow and heat
transfer) have not appeared in the literature, and the lack
of such results motivated the current study.

2. Method descriptions

Turbulence modeling in near-wall regions plays a crucial
role in making accurate predictions, since turbulence struc-
ture is greatly influenced by the presence of a complex wall
boundary. Several fundamental studies of turbulent sepa-
rated and reattached flow exist in the literature including
the results by Le et al. [17] using direct numerical simula-
tion (DNS). Nevertheless, limitations on computational
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power and memory make it almost impossible to directly
solve the turbulent flow field in practical engineering flows
using direct numerical simulation for the foreseeable
future. Large eddy simulations (LES) may be more tracta-
ble; although to date, their use has not been widespread.
Thus, the prediction of the turbulent flow and heat transfer
characteristics in engineering equipment still requires a
Reynolds-averaged approach using suitable turbulent
closure models for both the velocity and temperature cor-
relations [24].

Laws of the wall boundary conditions do not formally
apply to complex turbulent flows with separation and reat-
tachment. The standard two-equation k–e model performs
poorly for flows with strong separation, large streamline
curvature, and adverse pressure gradient [25]. For complex
flows with multiple wall surfaces, direct integration of tur-
bulence equations on a solid boundary is required. In order
to calculate turbulence quantities accurately in the near-
wall region, a number of low-Reynolds-number versions
of the turbulence model have been proposed [26–29]. These
models are usually extended from high-Reynolds-number
versions of the model by introducing various wall damping
functions that are expressed in terms of the turbulent
Reynolds number and the normal wall distance. The low-
Reynolds number model proposed by Abe et al. [28,29] is
selected for this study because the damping functions of
this model introduce the Kolmogorov velocity (ue) instead
of friction velocity (us) as the velocity scale. This can avoid
the singularity problems associated with the friction veloc-
ity at the separating and reattaching points. In addition,
turbulent Prandtl numbers are achieved by solving the
two-equation low-Reynolds-number model to mimic the
variations in the turbulent Prandtl number around the reat-
tachment region.

Two-dimensional turbulent forced convection flow adja-
cent to a backward-facing step is simulated. The Reynolds-
averaged Navier–Stokes equation, the equations of the
turbulent kinetic energy k for the velocity field and its
dissipation rate e, the energy equation, and the equations
of the turbulent kinetic energy kt for the thermal field
and its dissipation rate et are solved numerically together
with the continuity equation using the finite volume
method.
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where the tensor form of the momentum equation repre-
sents the u (streamwise) and v (transverse) momentums that
are solved, u0i is the fluctuating velocity component in the i-
direction, and p is the pressure. T is the temperature, t is the



Table 1
Model constants appearing in the governing equations

Cl rk re Cm Ce1 Ce2 Ck CD1 CD2 rh r/ CP1 CP2 AD1 AD2

0.09 1.4 1.4 0.5 1.5 1.9 0.1 2 0.9 1.6 1.6 1.9 0.6 1 5.7
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temperature fluctuation, yn is the normal distance to the
wall surface (the shorter one for the corner situation),
u0iu
0
j is the Reynolds stress component, and u0jt is the turbu-

lent heat flux. The model constants appearing in the gov-
erning equations are given in Table 1.

3. Problem statement and code verification

A schematic of the backward-facing step and the com-
putational domain is shown in Fig. 1. The downstream
channel’s height (H) is maintained as constant of
0.190 m, and the investigated step heights (s) are 0.019,
0.038 and 0.076 m. This provides an expansion ratio
(ER = H/(H � s)) of 1.11, 1.25 and 1.67, respectively.
The length of the computational domain upstream of the
step is 0.076 m. The length of the computational domain
downstream of the step for ER = 1.11 and 1.25 is
0.760 m, i.e. �2 6 x/S 6 20, where S is the channel’s refer-
ence height (= 0.038 m). The length of the computational
domain downstream of the step for ER = 1.67 is 1.140 m,
i.e. �2 6 x/S 6 30. It was confirmed that a longer compu-
tational length does not influence the recirculation flow
results. The origin of the coordinate system is located at
the bottom corner of the step where the backward-facing
step and the downstream stepped wall intersect as shown
in Fig. 1.

The physical properties are treated as constants and
evaluated for air at the inlet temperature of T0 = 20 �C
(i.e. density (q) is 1.205 kg/m3, specific heat (Cp) is
1005 J/(kg �C), molecular dynamic viscosity (l) is
1.782 · 10�5 kg/(m s), and Prandtl number (Pr) is 0.71).
The inlet flow condition (at x/S = �2) consists of two
developing boundary layers separated by a relatively undis-
turbed core with a uniform temperature profile
(T0 = 20 �C), and these boundary layers have a thickness
of d/S = 1.1. The freestream velocity (u0) is maintained as
constant of 10.86 m/s during these simulations, and the
corresponding Reynolds number (Re0) based on the center-
line velocity (u0) is 28000. The transverse velocity compo-
nent, v, is taken as zero at the inlet section. Distributions
of the inlet turbulent kinetic energy (k) and the turbulence
intensity (I) for velocity field are specified based on the
xs
(0,0)

y

h

qw

Flow

Heated bottom wall

H

Fig. 1. Schematic of the computational domain.
experimental data [12,22]. The dissipation rate (e) for veloc-
ity field is obtained from the turbulence intensity and the
characteristic length of the inlet channel which is equal to
0.4 d for the developing boundary layer in the present
study. The inlet turbulent kinetic energy ðt2Þ for thermal
field and its dissipation rate (et) are set as a sufficiently
small value of the order of 10�12 corresponding to the
experimental perturbations at the inlet. The no slip bound-
ary condition is applied at all the wall surfaces. The bottom
wall downstream of the step (for x/S > 0 and y/S = 0) is
supplied with a uniform heat flux (qw = 270 W/m2), while
other walls are assumed to be thermally insulated and adi-
abatic. Boundary conditions at the wall surface for other
variables are specified as: k ¼ t2 ¼ 0, e ¼ 2mðo

ffiffiffi
k
p

=onÞ2,

and et ¼ aðo
ffiffiffiffi
t2

p
=onÞ2. Fully developed flow and thermal

conditions are imposed at the exit section of the calculation
domain by equating the streamwise gradients of all quanti-
ties except pressure drop at that exit section to zero. Stag-
gered grid arrangement is used and non-uniform grid
system is employed in the simulation. The resulting finite
volume equations are solved numerically by making use
of a line-by-line method combined with alternating direc-
tion iteration (ADI) scheme. SIMPLE algorithm is utilized
for the computation of pressure correction in the iteration
procedure.

The present fluid simulation program is an extension
over the one that has been used in the earlier work [8,9].
To confirm the accuracy of the present code, the first
selected test case is the fully developed thermal field in a
two-dimensional turbulent channel flow which was investi-
gated by Kasagi et al. [30] using direct numerical simula-
tion. The bulk Reynolds number (Rem = 2umd/m, where
um is the averaged velocity) is set to be 4560, and the cor-
responding Reynolds number based on the friction velocity
(Res = usd/m) is 150. The grid points are concentrated in the
neighborhood of the wall surface to resolve the viscous
sublayer accurately and to obtain a grid-independent solu-
tion. The calculated mean velocity and temperature profiles
are compared with the DNS results, as shown in Fig. 2. The
mean velocity and temperature profiles agree very closely
with those obtained using direct numerical simulation.
The predicted Nusselt number is 15.5 which results in
0.6% discrepancy from the reported DNS data which is
15.4 [30]. An enlarged view for the scale of y+

6 10 is pre-
sented in Fig. 2b. It can be seen that the present simulations
give the results in excellent agreement with the DNS data
for both velocity and thermal fields.

The other selected test case to validate the turbulent
model and the simulation code that are being used in this
study is the two-dimensional turbulent flow and heat trans-
fer adjacent to backward-facing step which was experimen-
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tally investigated by Adams et al. [12] and Vogel and Eaton
[22]. It should be noted that the dimensions and parameters
for ER = 1.25 in the present study are identical to those in
the experiments. The grid is highly concentrated close to
the wall surfaces and near the step corners, in order to
ensure the accuracy of the numerical simulation. Grid inde-
pendence tests were performed using several grid densities
and distributions, and the reattachment location on the
stepped wall, where the mean streamwise velocity gradient
is zero adjacent to the stepped wall, was used as the criteria.
A grid of 280(x) · 116(y) downstream of the step was
selected for this simulation. Using a denser grid of
360(x) · 180(y) downstream from the step resulted in less
than 2.5% difference in the predicted reattachment
location. All calculations were performed on the Monarch
Empro workstation. The convergence criterion required
that the maximum relative mass residual based on the inlet
mass be smaller than 10�5. One typical run takes about
60000 iterations in order to achieve the converged solu-
tions. Predicted velocity profiles at several streamwise loca-
tions are compared with measurements [12] as shown in
Fig. 3 with good agreement between predicted and mea-
sured data. This can be seen more clearly with an enlarged
view as plotted in Fig. 3b. The predicted reattachment
length (xR/S) is 6.60 and grid resolution (Dx/S) around
the reattachment location is 0.05. The predicted result is
in excellent agreement with the measured value of 6.67
[12,22]. Predicted temperature profiles at several stream-
wise locations are compared with measurements [22] as
presented in Fig. 4. The agreement of the simulations with
the experiments is very good. Comparison of the computed
Stanton number (St) on the heated bottom wall for this test
case is made with the available measured data and exhib-
ited in Fig. 5. Very good agreement is obtained for the
Stanton number profile inside the recirculation region
and near the reattachment region, which justifies the pres-
ent flow simulation code and provides with confidence for
the next simulations. The results which are obtained by
using the assumption of constant turbulent Prandtl number
(Prt = 0.9) are also included in the figure. It can be seen
that predictions can be greatly improved by using the
two-equation turbulence model for the thermal field.

4. Results and discussion

Simulations are performed for turbulent separated and
reattached flow and heat transfer adjacent to two-dimen-
sional backward-facing step. Both the velocity and the
temperature fields are calculated using two-equation low-
Reynolds-number turbulence models [28,29]. Several step
heights (s = 0.019, 0.038 and 0.076 m) are studied while
the freestream velocity (u0) at the inlet is maintained as
constant, in order to investigate effects of step height on
the velocity and temperature fields near the reattachment
region and adjacent to the step.

Streamlines showing the general flow features for differ-
ent step heights are presented in Fig. 6. The incoming
boundary layer separates at the edge of step because of
the sudden change in flow geometry. A primary recircula-
tion region develops adjacent to the step after the boundary
separation and shear layer impingement onto the bottom
wall. The reattachment length (xR/S) increases with the
increase of the expansion ratio, i.e. step height. They are
3.02, 6.60 and 16.6, respectively, for the step heights of
0.019, 0.038 and 0.076 m. This location also identifies the
outer boundary of the primary recirculation region for
the two-dimensional flow in this geometry [3,12,22]. The
size of the primary recirculation region adjacent to the
backward-facing step increases both in length and height
with the increase of step height. A small ‘‘corner eddy’’
in the opposite rotation with respect to the primary recircu-
lation flow develops adjacent to bottom corner where the
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step and the bottom wall intersect. Its size also increases
with the increase of step height.

Velocity profiles at several streamwise planes are pre-
sented in Figs. 7 and 8. Transverse distributions of the
mean streamwise velocity component (u) at x/S = 1,5,8,
10,15 and 18 are shown in Fig. 7. For the expansion ratio
(ER) of 1.11 as shown in Fig. 7a, the reverse flow can be
seen on the plane of x/S = 1. Flow streams above
y/S > 0.6 are almost not affected by the recirculation flow
that is adjacent to the step, as observed from the velocity
profiles at these selected planes except x/S = 1. The veloc-
ity profile at x/S = 15 is almost the same as that at the
plane of x/S = 18, which represents that flow after the
recirculation region recovers downstream of the reattach-
ment point and approaches the fully developed channel
flow at this section. For the expansion ratio (ER) of 1.25
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as shown in Fig. 7b, the reverse flow is observed at the
planes of x/S = 1 and 5 which are located inside the recir-
culation region. Effects of the flow recirculation on the
upper portion of the velocity profiles are more noticeable
for different streamwise locations. This can be seen more
clearly for the expansion ratio (ER) of 1.67 as shown in
Fig. 7c.

Transverse distributions of the mean velocity compo-
nent (v) at several x-planes are plotted in Fig. 8. The down-
wash flow (v < 0, flow towards the bottom wall) due to
sudden change in flow geometry at step can be observed
at these planes above the step height. Magnitude (absolute
value) of the maximum v-velocity component (jvmaxj) at
these x-planes increases at the planes upstream of the reat-
tachment location. It then decreases after the reattachment
location. For the case of ER = 1.25, the reattachment
length is xR/S = 6.60. The jvmaxj at x/S = 5 is greater than
that at x/S = 1, then it decreases from x/S = 5–8, 10, 15
and 18. This also can be seen from distributions of the gra-
dient of mean transverse velocity component at the stepped
wall ov

oy jwall

� �
as shown in Fig. 9. The peak values of the

negative v-velocity component develop at x/S = 2.91, 6.28
and 14.9, respectively, for the three expansion ratios. The-
ses locations are a little shorter than the corresponding
reattachment length. The magnitude of negative v-velocity
component decreases with the increase of step height. The
peak values of the positive v-velocity component (flow
away from the bottom wall) also become smaller as the step
height increases.

Distributions of the mean temperature field (T) are
shown in Fig. 10. The scale of vertical axis is adjusted
and set for the best clarity of presentations. The highest
temperature develops at the corner and adjacent to the step
because of the low convection flow in that region. The
maximum temperature difference (T � T0) becomes greater
as the step height increases. This also can be seen from
Fig. 11 which shows transverse distributions of the mean
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temperature at several streamwise planes. Fig. 11 also
shows that at the streamwise locations the temperature
does not increase monotonously from the upper wall to
the bottom wall as a result of flow recirculation and energy
mixing. In Fig. 11b, at x/S = 1 for ER = 1.25, the temper-
ature at y/S = 0.9 is higher than that at y/S = 0.5. This is
because the flow at y/S = 0.9 and x/S = 1 comes from
the recirculating flow streams which carry high energy from
the region near the reattachment and adjacent to the heated
wall. This feature can be seen more clearly with the increase
of the step height, as shown in Fig. 10c for ER = 1.67. Dis-
tributions of the wall temperature (Tw) are presented in
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Fig. 12. The reattachment location is also included in the
figure. They are denoted with the symbol ‘‘$’’ and the let-
ters A, B, C represent the location for different step heights.
The maximum wall temperature appears near the step and
its magnitude becomes greater with increase of the step
height. Its location, which is a separating point, is associ-
ated with the boundary edge of the secondary recirculation
region. The wall temperature decreases inside the primary
recirculation region and reaches its minimum value near
the reattachment region.

Distributions of the turbulent kinetic energy for velocity
field (k) at several x-planes are given in Fig. 13. It should be
noted that some of the data points are skipped in the figure
for the purpose of clarity. The maximum turbulent kinetic
energy develops near the reattachment region and along
the separating shear layer. This can be clearly seen from
the turbulent kinetic energy profile at the streamwise loca-
tion near the step such as x/S = 1. At this plane, the max-
imum turbulent kinetic energy is located at approximately
the same height as the step edge where the separating shear
layer starts. This peak value at the streamwise planes con-
tinues to increase inside the recirculation region and
reaches its maximum value at the streamwise location
around the reattachment location. Increasing the step
height causes the magnitude of the maximum turbulent
kinetic energy to increase. However, another feature of
the turbulent kinetic energy profiles is that at the stream-
wise plane of x/S = 1 below the step height, the turbulent
kinetic energy becomes smaller as the step height increases.

Distributions of the friction coefficient (Cf) are shown in
Fig. 14. Results for ER = 1.11 and 1.25 are presented only
as x/S 6 20 and the results downstream of this do not
change significantly. The skin friction coefficient and the
wall shear stress are minimum (with the zero value) at
the reattachment point. Inside the recirculation region,
magnitude of the peak friction coefficient does not signifi-
cantly change with the increase of step height. Downstream
of the reattachment point, the skin friction coefficient
asymptotically approaches the fully developed channel
flow. Its magnitude becomes smaller with the increase of
the step height. This is in agreement with the fact that
the inlet flowrate (or the bulk Reynolds number) decreases
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with the increase of step height. The length of flow recovery
after reattachment point becomes greater as the step height
increases. Fig. 15 represents distributions of the Stanton
number (St) at the heated bottom wall. The reattachment
locations are also included in the figure with the symbol
‘‘$’’ in order to show their relative locations. The Stanton
number which is inversely in proportion to the wall temper-
ature increases inside the recirculation region and reaches
its maximum values around the reattachment location. It
decreases downstream of the reattachment point. The max-
imum Stanton number becomes smaller as the step height
increases. Its location moves further downstream with the
increase of step height.
5. Conclusions

Numerical simulations are reported for two-dimensional
turbulent forced convection flow adjacent to backward-fac-
ing step. The primary and secondary recirculation regions
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increase as the step height increases. The peak values of the
transverse velocity component become smaller as the step
height increases. The maximum temperature becomes
greater as the step height increases. The bulk temperature
increases more rapidly as the step height increases. Increas-
ing the step height causes the magnitude of the maximum
turbulent kinetic energy to increase. At the streamwise
plane near the step and below the step height, the turbulent
kinetic energy becomes smaller as the step height increases.
Inside the recirculation region, magnitude of the peak
friction coefficient does not significantly change with the
increase of step height. Downstream of the reattach-
ment point, the skin friction coefficient asymptotically
approaches the fully developed channel flow. Its magnitude
becomes smaller with the increase of the step height. The
peak Stanton number becomes smaller as the step height
increases.
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