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A study of a turbulent wall jet over a backward-facing step is especially of interest because it shows a
rich phenomenon flow and a mechanism to alter the flow characteristics downstream of the step.
However, studies on this flow configuration are rare. In this paper, we considered this flow configuration
in a non-confined channel as the specific engineering applications of electrical rotating machines and
alternator that can be found in modern wind generators of the power production industry and
automobile engines. The turbulent wall jet over a backward-facing step in a non-confined wind tunnel
had the jet Reynolds number of 24,100 and the step Reynolds number of 11,900. Particle image velocity
(PIV) and stereoscopic PIV measurements were performed along the central plane and several cross-
stream planes. Numerical simulation of the test configuration was conducted by solving the three-
dimensional Reynolds Averaged Navier–Stokes (RANS) equations with the second-order closure
Reynolds stress model (RSM). The mean flow fields and second-order statistical moments from the
RSM simulation were compared to results that were obtained through the PIV and stereo-PIV
experiments. The mean reattachment length obtained from the current configuration was much shorter
than those from the backward-facing step in the plane channel. The stereo-PIV measurements in the
cross-stream planes revealed a high three-dimensionality of the flow, a high population of streamwise
vortice in the upper region, near the side walls and the corners formed by the side walls and the bottom
wall. The obtained results also confirmed the presence of the wall-jet formation on the bottom wall.

1. Introduction

Separated flows are important in many engineering applications
such as flows over airfoils at large angles of attack, flows in
combustors, turbines and compressors, and flows over sedimentary
dunes. To achieve a better understanding of separated flows, resea-
rchers have been attracted to study a turbulent flow over a
backward-facing step (BFS), which is a geometrically simple type
of separated flow. In the BFS flow configuration, an incoming flow
upstream (which is usually a turbulent boundary layer developed
from a plane channel or from a plane wall jet) encounters a sudden
change in the vertical direction that causes the boundary layer to
separate. The shear layer is generated at this step, it later reattaches
on the bottom wall at a time-averaged reattachment point. Under
the shear layer, a recirculation zone is formed, and the flow within
is unsteady, highly three dimensional, and consists of large-scale
structures of size O(h), where h is the step height.

Two-dimensional BFS configuration is considered when the
aspect ratio (AR) of the incoming flow, defined by the ratio of the
channel width to the step height, can be assumed to be infinite.
Armaly et al. [4] reported various flow regimes that are character-
ized by typical variations in the separation lengths versus the
Reynolds numbers from 70 to 8000, the primary recirculation zone,
and the flow separation downstream of the step and on both sides
of the channel. Adams and Johnston [1] in their BFS study for
800oReho40;000 found that the reattachment and the peak
pressures in the reattachment zone decrease when the upstream
boundary layer increases. Driver and Seegmiller [18] and Jovic and
Driver [29] performed numerical simulations and used their laser
Doppler velocimetry (LDV) measurements to compare with the
direct numerical simulation (DNS) of Le et al. [35]. Since the
developments of the particle image velocimetry (PIV) technique
[2], many studies of the BFS flow have been conducted using this
technique. For instance, Scarano and Riethmuller [52], Kostas et al.
[31] and Nguyen et al. [43] used their PIV experimental results on
the BFS flow to study the flow dynamics and/or validate with the
DNS results. Numerical calculations of the two-dimensional BFS
flow using the Reynolds Averaged Navier‐Stokes (RANS) approach
have been investigated in So and Yuan [54] and Bischof et al. [8],
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where the authors validated various turbulence models and effects
of their constants to the results. Arnal and Friedrich [5] used their
large-eddy simulations (LES) to study the stress terms in the
separation and reattachment regions and show the presence of
topological flow patterns for turbulent shear flows.

Although there have been numerous studies of the two-
dimensional BFS flow, few numerical simulations and experiments
on the three-dimensional BFS have been performed. In the early
1990s, subsequent visualizations of flow with AR¼10 indicated that
the spanwise uniformity of the mean flow was significantly distorted
within a short streamwise distance from the step [47]. These authors
found that the secondary flow, which was generated by the stream-
wise vortices near the side walls, diminished the spanwise unifor-
mity of the time-mean flow properties. Nie and Armaly [45] in their
LDV measurements of the three-dimensional BFS flow ðAR¼ 8Þ for
100oReh8000 showed that the three-dimensional results at the
centre of the test section were slightly lower in the fully turbulent
flow regime. Moreover, the size of the reverse flow region adjacent to
the side wall and the flat wall remained constant or diminished.
Piirto et al. [50] performed PIV measurements and RANS simulations
of the square BFS flow ðAR¼ 4:7Þ at Reh ¼ 12;000, 21,000 and
55,000, and showed a clear difference in their root-mean-square
(r.m.s.) fluctuating velocity and Reynolds stress profiles versus the
DNS of Le et al. [35] due to the side wall effect. In this study, however,
no direct measurement of the velocity in the cross-stream plane to
illustrate the streamwise flow characteristics near the side walls was
presented.

Although there have been numerous studies of BFS flow con-
figurations mainly dealing with the turbulent boundary layer
developed from the flat plane and in the confined channel, i.e.,
the top fixed wall, few studies have been concerned with the BFS
flow in a non-confined channel, i.e., an open top surface and a
turbulent wall jet upstream. Wall jets are of great engineering
importance in many applications, such as defrosters in automo-
biles, aero engines, and gas turbines [21]. In addition, a wall jet can
be found in cooling and ventilation systems, i.e., it is a funda-
mental idealization of a refrigerated air curtain [7] and it is found
in separation control over air plane wings [10]. Most studies of

turbulent wall jets have usually been performed in a two-
dimensional configuration, and they are measured at a down-
stream region, where the flow obtains self-similar characteristics
[34,65,21,16]. Engineering applications of a wall jet, however,
commonly encounter three-dimensional effects due to having a
low aspect ratio, having irregular surface shapes that make the
flows highly unsteady, and being complex.

A study of a turbulent wall jet over a backward-facing step is
especially of interest because it shows a rich phenomenon flow and
a mechanism to alter the flow characteristics downstream of the
step. However, studies on this flow configuration are rare, i.e. Jacob
et al. [28] and Nait Bouda et al. [37] according to the authors
knowledge. Jacob et al. [28] performed acoustic and aerodynamic
measurements of the turbulent wall jet over a BFS in an open
channel ðAR¼ 20Þ at the jet Reynolds number of 210,000 and the
step Reynolds number of 258,000. Their LDA results showed that
the reattachment length was much shorter than that of the BFS flow
with the plane channel upstream. Nait Bouda et al. [37] performed
LDA measurements on a two-dimensional configuration ðAR¼ 35Þ,
and a two-dimensional Reynolds stress model simulation at the
step Reynolds number of 7600. Their results showed that the
turbulent wall jet strongly modified the flow structure downstream
of the BFS.

In this paper, we considered a configuration of a turbulent wall
jet over a backward-facing step as the specific engineering applica-
tions of electrical rotating machines and alternator that can be
found in modern wind generators of the power production industry
and automobile engines. The configurations in these applications
are the case of flows between a rotor and a stator, in which the
stator can be confined or non-confined surfaces as shown in Fig. 1.
The phenomenon of separation and reattachment of the non-
confined configuration, which has not been studied in the literature,
is the main contribution of this study. Experimental and numerical
studies on heat transfer of this configuration have been presented in
Lancial et al. [33], where the authors used an infrared camera and a
hot-wire to visualize a temperature map and measure velocity. In
this paper, we aim to investigate the flow characteristics of a
turbulent wall jet over a backward-facing step in a non-confined

Nomenclature

〈:〉 time-averaged operator
ν kinematic viscosity of air (m2/s)
Rej ¼UjDj=ν, jet Reynolds number
Reh ¼Umh=ν, step Reynolds number
ΔtPIV PIV sampling interval (s)
Dj cross-stream diameter of the jet (m)
h step height (m)
k turbulent kinetic energy (m2/s2)
Ldownstream streamwise length of the backward-facing step (m)
Ljet , Lz streamwise inlet and spanwise lengths of the jet (m)
Lupstream streamwise length of the wall jet (m)
u, v, w streamwise, vertical and spanwise velocities (m/s)

u0, v0, w0 streamwise, vertical and spanwise fluctuating
velocities (m/s)

Uj mean jet velocity (m/s)
Um Umaxðx=h¼ 0Þ, reference velocity (m/s)
x, y, z streamwise, vertical and spanwise directions
Xr reattachment length (m)
y1=2 wall jet half-width, where Uðy1=2Þ ¼ 0:5Umax (m)
AR aspect ratio (ratio of channel width and jet diameter

or step height)
BFS backward-facing step
LDA laser Doppler anemometry
RANS Reynolds averaged Navier–Stokes
RSM the second-order closure Reynolds stress model

Fig. 1. Configuration of flows between a rotor and a stator with the (a) confined and (b) non-confined surfaces.
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channel with a low aspect ratio (AR¼8.1). The jet Reynolds number
based on the mean jet inlet velocity and the jet diameter was
24,100. The step Reynolds number based on the velocity
Umaxðx=h¼ 0Þ and the step height was 11,900. In this study, two-
dimensional two-component (2D2C) PIV and 2D3C stereoscopic PIV
measurements along the central plane and several cross-stream
planes were obtained. Numerical simulation of the test configura-
tion was performed by solving the three-dimensional Reynolds
averaged Navier–Stokes (RANS) equations. Turbulence calculations
were performed using a second-order closure Reynolds stress
model (RSM). The experimental rig and PIV experimental setup
are presented in Section 2. Details of the numerical simulation are
described in Section 3. Results of the PIV measurements and
comparisons versus the RSM simulation are presented in Section 4
for the inlet region, the wall jet region and the backward-facing step
region. In Section 4, the presence of longitudinal streamwise
vortices in the upper region, near the side walls, and at the corners
of the side walls and the bottom wall are discussed, and the
conclusions are presented in Section 5.

2. Experimental setup and PIV measurements

Experimental setup and details of a turbulent wall jet over a
backward-facing step in a non-confined wind tunnel are shown in
Fig. 2. In the present experiment, air was supplied at room
temperature by a centrifugal blower and was guided into a 3-m-
long wind tunnel with a 0.17�0.4 m2 cross section. The air flow
was driven through a conditioning section, which was composed
of a honeycomb, a screen and a contraction to obtain a uniform air
jet flow and to minimise the turbulence level. The spanwise width
of the wind tunnel Lz was 170 mm, and the cross-stream diameter
Dj of the jet was 21 mm; these values yielded the jet aspect ratio
ARj of 8.1. The length Lj of the jet inlet was 500 mm yielding the
ratio Lj=Dj ¼ 23:8, which is closed to that ratio of 20 in Jacob et al.

[28], and sufficiently long for the flow to reach a fully developed
state. Downstream of the jet nozzle, a plane wall jet was formed
along a plate and was confined within two lateral walls to prevent
flow spreading in the spanwise direction. The lateral walls were
constructed of transparent plexiglass with a thickness of 10 mm to
allow access for optical laser measurements.

The backward-facing step with the height h¼15 mm was
located 500 mm downstream of the jet exit. Downstream of the
step, the bottom wall was 450 mm long, i.e., 30 h, which was long
enough to neglect the reverse flow effects far downstream. A hot
wire anemometer, which was placed downstream of the jet nozzle,
measured the jet exhaust velocity with an uncertainty of 1% of the
mean flow. The mean jet velocity Uj was 17.35 m/s, and the jet
Reynolds number Rej, which was based on the flow speed, the jet
cross-stream diameter Dj, and the kinematics viscosity ν, was
22,500. An olive oil droplet generator (TSI 9307) generated particles
that had a mean diameter of 1 μm to seed the inlet of the
centrifugal blower. The x, y and z coordinates, respectively, repre-
sent the horizontal, vertical and spanwise directions. The origin of
the coordinate system is at the bottom step edge at the middle
plane. The velocity components that correspond to the x, y and z

directions are U, V and W for the time-averaged velocity and u0, v0

and w0 for the fluctuating velocity, respectively.

2.1. PIV experimental setup

Fig. 2 shows the PIV experiment setup that consists of a two-
dimensional two-component (2D2C) PIV system and a (2D3C)
stereoscopic PIV system. The flow characteristics in the middle
plane (xy) and at a region downstream of the jet exit, i.e., region 1,
and at a region downstream of the backward-facing step, i.e.,
region 2, were investigated using the PIV system. The stereo-PIV
system was used to measure all three velocity components in the
wall normalspanwise (yz) planes at several streamwise positions.
The cross-stream plane 3 was located at x=h¼ �19:3, i.e., 10Dj

downstream of the jet exit, while the planes 4–6 were at the
streamwise locations of x=h¼ 0, 2 and 4, respectively.

The PIV system was composed of a New Wave Nd:YAG laser (TSI
Inc.) with an articulated light arm, two digital charge couple device
(CCD) cameras, a synchroniser and a computer. The Nikkor camera
lens had a 50-mm focal length and an f/5.6 aperture. Each laser beam
of the double-pulsed laser was capable of 200 mJ/pulse at a wave-
length of 532 nm. These beams were adjusted by a cylindrical lens
and a spherical lens to form a 1-mm-thick laser sheet for the PIV
measurements and a 2-mm-thick laser sheet for the stereo-PIV
measurements. In the current experiments, the jet flow had a high
mean streamwise velocity of Uj¼17.35 m/s. This value was the out-
of-plane velocity component in the stereo-PIV measurements and
possessed a three-dimensional structures due to the interactions
with the lateral walls. The time interval between the first and second
exposures should be small enough to minimise the out-of-plane
particle displacements in the cross-plane stereo-PIV measurements.
Adrian [2] suggested that the out-of-plane particle displacement
between image pairs should not exceed one quarter of the laser
thickness. To choose an appropriate thickness of the laser sheet and
the time interval between the recordings, the authors have employed
estimation methods suggested by Raffel et al. [51] and compromised
with the above condition while maintaining reasonable mean
particle displacements, i.e., a considerable signal-to-noise ratio in
the cross-correlation calculations. The TSI PowerView Plus 4MP
cameras with a resolution of 2048�2048 pixels and a pixel size of
7:4� 7:4 μm2 captured PIV images and sent them directly to the
computer. A LaserPulse (TSI Model 610035) synchroniser controlled
the synchronization between the lasers and cameras. The time
interval between the recordings for the stereo-PIV measurements
varied from 20 to 30 μs, while the time interval for the PIV

Fig. 2. Experimental configurations and PIV experimental setup of a turbulent
plane wall jet over a backward-facing step: (a) PIV measurements along the central
plane and (b) stereo-PIV measurements along the cross-stream planes.
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measurements varied from 40 to 50 μs, yielding maximum particle
displacements of 7 pixels.

In the PIV experiments, images of the fluid regions in the x–y

planes with x/h ranging from �33.3 to �18.4 for region 1 and x/h

ranging from �3.1 to 14.2 for region 2 were taken. At each of the
regions (1 and 2), two cameras simultaneously captured the
experimental images, and their fields of views were adjoined to
spatially enlarge the fields of measurement. The streamwise over-
lapping zones of these cameras were 22 mm and 13 mm for region
1 and 2, respectively. A sequence of 1000 image pairs was recorded
during each run, with a sampling rate of 1 Hz. The corresponding
sampling interval, denoted by Δt, was 1 s. For region 1 (near the
jet nozzle), non-dimensionalised by the mean jet velocity Uj and
by the jet diameter Dj, this interval becomes Δt � Uj=Dj ¼ 826. For
region 2 (downstream of the step), the sampling interval can be
non-dimensionalised by the maximal streamwise velocity Um

measured at x=h¼ 0 (Um was less than two-thirds of the jet
velocity Uj, see Section 4.3) and the step height h, which is the
largest-scale structure of the step flows. The corresponding inter-
val is Δt � Umax=h¼ 771. In all cases, the non-dimensionalised
sampling interval shows that the particles travel a very long
distance compared to the largest-scale structures of the flow.
Therefore, the velocity fields that were obtained from the PIV
image pairs are statistically independent.

In the stereo-PIV measurements, cameras viewed the y–z planes
at angles of 451 from the streamwise x direction and on either side
of the wind tunnel. The camera bodies were slightly rotated to
satisfy the Scheimpflug condition for focusing in the laser sheet. The
stereo-PIV measurements required the use of a calibration target to
properly map the object plane, which was identified by the laser
plane and the image plane, as defined by the camera sensor plane.
The calibration target had two planes alternating in different depths
(0.5 mm apart) and consisted of white markers that had a spacing
of 2 mm in both the horizontal and vertical directions. Images of the
target were captured by the stereo-PIV cameras and were processed
to generate a mapping function between 2D image planes and a 3D
object plane using the procedure of Soloff et al. [55]. A sequence of
2000 image pairs was taken at each streamwise location at the
sampling rate of 1 Hz. As discussed in the previous paragraph, at
this sampling rate, the three-component velocity fields obtained
were statistically independent.

Image acquisition and image processing were performed with
TSI Insight TM 4G software. The experimental image pairs were
interrogated using a recursive Nyquist rectangular grid algorithm
with multiple iterations and a 50% window overlap. The PIV images
were processed with three iterations, of which the first-pass started
with an interrogation window of 64�64 pixels while the final pass
ended with an interrogation of 16�16 pixels. In the stereo-PIV
image processing, two iterations were performed in which the
square interrogation windows were 64�64 pixels and 32�32
pixels for the first and second iterations, respectively. Statistical
validations were performed between iterations, including the final
interrogation to identify and replace erroneous vectors. Vectors
were computed from the correlation map with a Gaussian peak fit
[51] for sub-pixel accuracy and were validated by a signal-to-noise
ratio of 1.5. A median filter [62] was applied, and a standard
deviation filter was used to remove spurious vectors. The erroneous
vectors were then replaced by interpolation. In the stereo-PIV
processing, pairs of two-dimensional displacement fields calculated
from stereo-PIV images were reconstructed using the mapping
function to obtain three-component velocity fields on the measure-
ment plane. The grid-spacing in the PIV velocity vectors varied from
0.62 mm to 0.63 mm, i.e., from 0.041 h to 0.042 h, in the wall-
normal and streamwise directions. In the stereo-PIV velocity vectors
measured at different streamwise locations, the grid-spacing ranged
from 1.23 mm to 1.57 mm, i.e., from 0.082 h to 0.105 h, in the wall-

normal and spanwise directions. No low-pass filter was applied to
the PIV and stereo-PIV velocity vectors.

For all the PIV and stereo-PIV measurements, the percentage of
bad vectors calculated by the average over the number of velocity
fields was approximately 2%. The uncertainties in the velocity
measurements were estimated to be less than 4% of the mean jet
velocity Uj. In the current experiments, uncertainty in velocity
measurements can arise from two main sources. The first uncer-
tainty was due to the Gaussian peak fit in the cross-correlation
calculations that produced an uncertainty of 0.1 pixels, i.e. 0:04Uj.
The second uncertainty was a residual error by the least-square
curve-fit when solving the four pixel-displacement equations in
three unknowns [24,36]. The first uncertainty is usually dominant
except when there is a flow field that has a high seeding concen-
tration gradient, which was not observed in the current experi-
ments. Dynamic range of the PIV measurements was approximated
to 160 by following the estimations of Westerweel et al. [63] and
Scarano and Riethmuller [52] where the displacement uncertainty
of 0.1 pixels was applied.

3. Numerical simulations

To support a comparison with the PIV measurements, the
experimental setup of the turbulent wall jet over the backward
facing step shown in Fig. 2 was numerically produced with the same
geometrical dimensions except for the conditioning section, to
reduce the required computational cost. Fig. 3 shows the 20.2-
million-point mesh of the 3D simulation domain, which was
generated using the software GAMBIT based on block-structured
grids. The computational domain extended from 10Dj upstream of
the jet nozzle to 23:8Dj downstream of the jet exit and 30 h
downstream of the backward-facing step. In the current experiment,

Fig. 3. Numerical simulation corresponding to the experimental setup in Fig. 2:
(a) computational domain and the grid on a z-slice located at the vertical wall and
(b) X-wall shear stress obtained from RANS simulations on different grids.
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although the step AR was greater than 10, the upstream flow was a
turbulent wall jet with the jet aspect ratio ARj less than 10; three-
dimensional effects from the side walls to the turbulent wall jet and
turbulent backward-facing step were expected. The spanwise width
of the simulation domain was similarly chosen to be that of the
experimental setup, i.e., 170 mm. The wall-normal direction had a
height of 225 mm (10Djþh or 15 h), which simulated the vertical
walls and was high enough to ensure that the pressure effects do not
overwhelm the turbulence effects [64,22].

Fig. 3(a) shows the structure of the generated mesh, where there
are 592 points in the streamwise direction, 283 points upstream of
the step and 348 points downstream of the step in the vertical
direction and 120 points in the spanwise direction. In the region of
the jet inlet and jet nozzle, the grid was compressed near the top
wall, the bottomwall and the jet nozzle, where the stretching ratios
between the heights of the inner grids to the adjacent grids were
set to 1.13 and 1.19, respectively. In the region near the step, the grid
was also compressed near the step edge and the step bottom wall
with the stretching ratios of 1.025 and 1.17, respectively. In the
spanwise direction, the grid was also fine enough toward the side
walls with the stretching ratio of 1.12. The grid had a sufficiently
high resolution close to the jet wall, the step wall and the vertical
walls, and it was capable of resolving most of the developed
boundary layers. To test the grid sensitivity, steady-state RANS
simulations were performed on several grids. Fig. 3(b) shows a
comparison of X-wall shear stress calculated by three grids of 10.1,
16.8 and 20.2 million grid points. The calculated wall shear stresses
from the two finer meshes converged well. All the results presented
in this paper are computed from the finest mesh, which was refined
in all directions, but mostly near the rigid wall surfaces. For all the
wall surfaces, the ranges of the non-dimensional wall-normal
distance yþ

o1. An inlet boundary condition was applied on the
jet inlet surface of the simulation domain with a uniform velocity
profile and turbulence intensity I¼ 4%, which was equivalent to the
turbulence intensity obtained from the experiments. On the top and
at the back of the computational domain, a pressure outlet
boundary condition was set to a relative pressure of 0 Pa. On the
bottom and opposite walls of the current simulation domain, a non-
slip boundary condition was imposed.

3.1. Numerical details on RANS simulations

The RANS simulation was performed by using the commercial
fluid dynamics package FLUENT 6.3, in which the elliptic partial
differential equations were solved by the finite-volume method.
Turbulence calculations were performed using a second-order clo-
sure Reynolds stress model (RSM), which is the most elaborate

turbulence model in FLUENT. The RSM does not apply the eddy-
viscosity approach but directly solves transport equations for the
Reynolds stresses and an equation for the dissipation rate. The exact
Reynolds stress transport equation accounts for the directional effects
of the Reynolds stress fields. The quadratic pressure-strain RSM
introduced by Speziale et al. [57] with the default under-relaxation
constants was used, and a standard first-order upwind discretization
scheme was applied for the momentum, velocity, turbulent kinetic
energy, turbulent dissipation rate and Reynolds stresses. This model
has been proven to yield superior results for curved flows, re-
circulating flows and basic shear flows including plane strain and
axis-symmetric expansion and contraction. The flow configuration of
the present study had flow expansions, shear layer separations at the
jet nozzle and the leading edge of the step, a recirculation region
downstream of the step and recirculation bubbles near the side wall;
thus, the RSM was appropriately considered.

In the RANS calculation, the pressure-based solver, the implicit
formulation and the Green–Gauss cell-based for the gradient option
were chosen. The SIMPLE algorithm [48] was applied for the
coupled pressure–velocity procedure. A non-equilibrium wall func-
tion [30] was applied for the near-wall treatment. An important
advantage of this wall-treatment is that it employs the two-layer
concept in computing the budget of turbulent kinetic energy for
cells adjacent to walls. These cells are needed to solve the k

equation at wall-neighboring cells that are assumed to consist of
a viscous sub-layer and a fully turbulent layer. The RSM creates a
high degree of coupling between the momentum equations and the
turbulent stresses, it is then subjected to stability and convergence
difficulties and expensive computational cost when compared to
other turbulence models. The RSM calculation was initiated with a
steady-state solution that was obtained from the 3D RANS simula-
tion using a standard k�ϵ model to decrease the computation time
and aid in the calculation convergence. Iterative calculations were
further executed until the maximal residuals of the continuity,
velocity, k, ϵ and Reynolds stresses converged to less than 10�5. The
RSM simulation was performed using four nodes on the FORTUNE
cluster at the UVHC supercomputing centre. The CPU calculation
time was approximately 72 s for 1 iteration, and the total iterations
were 73,000.

4. Results and discussion

This section presents the flow field results obtained from the
PIV measurements and the RANS simulation, where experimental
and numerical flow statistics calculated from the central plane of
the jet inlet region are validated first to ensure that the turbulent
flow is fully developed prior to the nozzle. Next, mean flow fields

Fig. 4. Comparison of 〈u〉=Uj and vertical 〈v〉=Uj velocities and Reynolds stresses
ffiffiffiffiffiffiffiffiffiffi

〈u02〉
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=Uj,
ffiffiffiffiffiffiffiffiffi
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p

=Uj and 〈u0v0〉=U2
j at ðxþLupstreamÞ=Dj ¼ �4 obtained by the PIV measurement

and the RSM simulation.
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and second-order statistical moments computed from the wall jet
region (planes 1 and 3) and the backward-facing step region
(planes 2, 4, 5 and 6) are presented.

4.1. Inlet flow

The inlet flow was measured in the central, vertical plane of the
jet inlet regionwith the same 2D PIV setup as previously described
to examine the flow development prior to the jet exit. Due to
disturbances from Plexiglas acrylic glue close to the wall, reliable
velocity measurements could not be performed within a gap of
0:14Dj from the top and bottom walls. Fig. 4 shows the non-
dimensional mean velocities and turbulence intensities at the
streamwise location ðxþLupstreamÞ=Dj ¼ �4 obtained by the PIV
measurement and RSM simulation. The PIV mean streamwise
velocity, 〈u〉=Uj, profiles agree well to those of the RSM simulation.
Note that in the bulk flow region, i.e. y=Dj ¼ 0:2–0.8, the 〈u〉

component is strongly dominant, with a maximal two-order
magnitude higher than the 〈v〉 component, and the comparison
shown in Fig. 4(b) is satisfied. The Reynolds stresses

ffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Uj,
ffiffiffiffiffiffiffiffiffi

〈v02〉
p

=Uj and 〈u0v0〉=U2
j from the PIV measurements follow those

from the RSM simulation rather well. The effect of erroneous
velocity vectors caused by the disturbances from Plexiglass glue on
the wall has yielded a slightly asymmetry of the

ffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Uj profile
starting from the vertical location of y=Dj ¼ 0:7. The results from
the RANS simulation show turbulence peaks of 12% near the walls
where the turbulent boundary layers are developed. In the middle
of the channel, a lower turbulence level was experimentally
observed and was correctly predicted by the RSM simulation.

4.2. Wall jet flow

In this section, results from the PIV measurement along the
central x–y plane and cross-plane stereo-PIV measurements along
the streamwise locations x=h¼ �19:3 (about 10Dj downstream of
the jet exit), i.e. planes 1 and 3 in Fig. 2 respectively, are presented.
First, parameters that govern the characteristics of the wall jet
flow are noted. The inner region is determined by a region that
extends from the wall up to a vertical point that is located at the
wall distance ymax, where the mean velocity Um reaches its
maximal value Umax ¼ UðymaxÞ. The outer region is considered to
be beyond ymax, i.e., y4ymax. The wall jet half-width y1=2 is defined
as the distance from the vertical point where Uðy1=2Þ ¼ 0:5Umax

towards the wall. The inner region is generally similar to a
boundary layer, while the outer region away from the maximum
is similar to a free shear layer [59].

Fig. 5(a and b) shows the non-dimensionalised mean velocity
vectors and non-dimensionalised turbulent kinetic energy obtained
by the PIV measurement. It can be observed from the color contour
that the maximum velocity decreases in the downstream direction
while the thickness of the wall jet grows rapidly. The study of
Eriksson et al. [21] indicated that properties of the wall jet flow of
Re¼ 9600 show insignificant difference between x=Dj ¼ 20 and 40.
Their results suggested that the flow is in transitional state in the
region x=Djo10, very close to being self-similar at x=Dj ¼ 20, and
reaches its full self-similarity far downstream around x=Dj ¼ 70
[15]. Fig. 6(left) compares PIV profiles of 〈u〉=Uj and

ffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Uj at
x=h¼ �2, �1 and 0, i.e. x=Dj420 downstream of the jet outlet,
and also illustrates that the plane wall jet flow is rather close to self-
similarity state at the step edge. In the current configuration, the
wall jet flow of Re¼ 24;100 was measured within the region of
10Dj downstream of the jet nozzle, where the flow is in
transitional state.

Velocity streamlines illustrated in Fig. 5(c and d) show a
qualitatively good agreement between the PIV and RSM results in
the jet flow region. However, the PIV streamlines display an upward

flow near the vertical wall on the top of the jet nozzle and this
could be due to a recirculation in the surrounding medium. Fig. 5(e)
shows a contour of the normalized vorticity calculated from the
instantaneous PIV velocity. In the current configuration, the turbu-
lent boundary layer is formed in the inlet channel. Due to a sudden
expansion on the top wall, a shear layer is created from the jet
nozzle and travels further downstream after rolling up into vortices.
Inside this shear layer, the maximal turbulence level reaches almost
20% of the mean jet velocity Uj at the streamwise location 10Dj

downstream of the nozzle, as seen in Fig. 6(right). In addition, the
turbulence level reduces slowly and remains fairly high when it
reaches the edge of the step (see Section 4.3). A good agreement is
observed in the maximum turbulent intensity calculated from the
PIV measurement and RSM simulation in the region near the jet
outlet. In Jacob et al. [28], the maximal turbulence level of
approximately 22% of the mean jet velocity Uj in the jet mixing
layer was found at 7Dj downstream of the jet nozzle. On the other
hand, the turbulent boundary layer on the bottom wall channel
continuously develops similar to a layer on a rigid flat plate. Head
and Bandyopadhyay [25] and Tsai et al. [59] have discussed that the
flow structure near the bottom wall consists of many irregular flow
patterns, such as large bulges and hairpin vortices. In our experi-
ments, it can be seen that large flow patterns, which grow in the
downstream direction, are transported into the outer region by the
vertical velocity fluctuations. Fig. 5(e) illustrates the interaction
between the near wall structures and the shear layer eddies starting
from 6Dj downstream and in the intermediate zone of the inner and
outer regions.

Fig. 7 shows the normalized 〈u〉=Uj, 〈v〉=Uj, 〈w〉=Uj velocities and
the Reynolds stresses

ffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Uj, 〈u
0v0〉=U2

j and 〈u0w0〉=U2
j obtained

at x=h¼ �19:3, i.e., 10Dj downstream of the jet nozzle. LDA results
from Eriksson et al. [21] and Nait Bouda et al. [37] at the
streamwise location x=h¼ �17 were over-plotted for the compar-
isons. The agreement among the 〈u〉=Uj and 〈v〉=Uj velocities was
good, and the maximal streamwise velocity was less than the
outlet velocity Uj. The 〈u〉=Uj and 〈v〉=Uj velocities from Eriksson
et al. [21] and Nait Bouda et al. [37] showed the flatter profiles
starting from y=Y1=240:5. In the comparisons of

ffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Uj and
〈u0v0〉=U2

j , the PIV results overlapped with the stereo-PIV measure-
ments, but they were slightly under-estimated by the RSM
calculation. In Fig. 7(e),the 〈w〉 velocity profile fluctuated with
the maximal deviation by approximately 2% of the Uj velocity at
the middle of the jet half-width y1=2. The normalized 〈u0w0〉=U2

j

stress was smaller by an order of magnitude compared to the
profile of Nait Bouda et al. [37]. From the obtained results, the two-
dimensionality of the flow downstream of the jet nozzle with the
aspect ratio of 8.1 could not be confirmed. Further evidence of the
three-dimensionality of the flow downstream of the backward-
facing step is discussed in the next section.

4.3. Backward-facing step flow

This section presents the results from the PIV measurements
along the central x–y plane and the cross-plane stereo-PIV
measurements along the streamwise locations x=h¼ 0, 2 and 4.
These planes correspond to planes 2, 4, 5 and 6 in Fig. 2.

Fig. 8(a and b) shows the non-dimensionalised mean velocity
vectors and the non-dimensionalised turbulent kinetic energy
obtained by the PIV measurements. The flow upstream of the step
can be normally considered as an unperturbed plane wall jet. At the
edge of the step, the maximal streamwise velocity Umaxðx=h¼ 0Þ
was found to be less than 70% of the jet velocity Uj as also found in
Jacob et al. [28]. The Umaxðx=h¼ 0Þ is used in this paper as a
reference velocity Um for the step flow. Downstream of the step,
the flow is characterized by a recirculation region as observed in
Fig. 8(a–d). From the jet nozzle, the turbulent plane wall jet evolves

6



in the streamwise direction. At the step edge, the shear layer is
created due to a sudden expansion in the vertical direction. A highly
turbulent region is observed in the shear layer that is generated by
the step and possesses a maximum turbulence level of 30% of the
reference velocity Um, i.e., approximately 20% of the jet velocity Uj

(cf., Fig. 8(g)). Jacob et al. [28] found that the highest turbulent
region was in the free shear layer that was generated by the step,

with a maximum level of 39% of Um or 23% of Uj, just upstream of
the reattachment point.

Behind the step, the shear layer reattaches to the bottom wall at
a time-averaged streamwise location Xr, which is a characteristic
length of the backward-facing step flow. To measure Xr, the authors
performed a near-wall measurement by using an Interfacial PIV
technique [44]. The Interfacial PIV (IPIV) technique has been

Fig. 5. Results obtained from the wall jet flow region (plane 1 in Fig. 2). Non-dimensionalised mean velocity vectors (a) and non-dimensionalised turbulent kinetic energy
(b) obtained from the PIV measurement; the color shows the magnitude normalized by Uj and Uj

2, respectively. Velocity streamlines were calculated from the PIV
measurement (c), and the RSM simulation (d). Instantaneous vorticity from the PIV measurement (e); the color shows the normalized vorticity magnitude, ξz ¼ωzDj=Uj. (For
interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)

Fig. 6. 〈u〉=Uj and
ffiffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Uj obtained by PIV measurement at x=h¼ �2, �1 and 0 (left) and streamwise distribution of the maximum turbulence intensity (right) from the
PIV measurement and RSM simulation.
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successfully applied to measure the wall shear stress [40] and near-
wall velocity [42,39]. In the current experiments, the lengths Xr

derived from the PIV experiment and RSM simulation were 3.55 h
and 3.84 h, respectively, which are greater than those of Xr ¼ 2:75–
3 h obtained by Jacob et al. [28] and shorter than Xr ¼ 4:5 h
measured by Nait Bouda et al. [37]. Note that the experimental
setups of the turbulent wall jet over the backward-facing step in
Jacob et al. [28] and Nait Bouda et al. [37] were the most compatible
with our test configuration, except for the differences in the
Reynolds numbers and aspect ratios. The jet Reynolds number in
Jacob et al. [28] was 10 times greater than that in our experiment,
and the aspect ratios varied from 10 to 20. In Nait Bouda et al. [37],
the step Reynolds number was three times smaller than that in our
experiments, and the aspect ratio was 35. Unfortunately, the results
presented in Jacob et al. [28] were available only for the case of an
aspect ratio AR¼20; a direct comparison between their results of
AR¼10 and our results could not be made. The Xr lengths from our
test configuration were shorter than those varied from Xr ¼ 4:8 h to
6.28 h measured in the backward-facing step flows with the top
fixed wall [35,31,53,50]. Several authors have discussed many
parameters, such as the Reynolds number, inlet turbulent intensity,
aspect ratio, and expansion ratio, which yield the differences
between Xr obtained from numerical simulations and experiments.
Durst and Tropea [19] and Chang and Seung [12] have shown that
an increase in the expansion ratio delayed the reattachment down-
stream of the step due to an adverse pressure gradient. Kuehn [32]
showed that the recirculation length was increased when the
expansion ratio was increased. Our test configuration did not
possess a top fixed wall and could be considered to be an infinite
expansion ratio, but that approach has not yielded a greater
circulation length [3]. It can be argued that in addition to the
differences in the upper boundary condition, the differences in the
upstream flow, i.e., the turbulent plane wall jet in our test config-
uration, and the turbulent channel flow in the experiments and
simulations of Jovic and Driver [29], Le et al. [35], Kostas et al. [31],
Piirto et al. [50], primarily cause the short recirculation length in our
configuration. Indeed, Isomoto and Honami [27] have observed that
the higher turbulence levels of the incoming flows possibly had a
shortening effect on the reattachment length. In our experiments,
the turbulence intensity of the incoming wall jet reaches approxi-
mately 24% of the reference velocity Um. This level was higher than
that of the duct flow in the studies of Stevenson et al. [58], Vogel
and Eaton [61] and Ötügen [46] and strongly enhances the cross-
stream diffusion momentum [28]. Finally, it is necessary to note
that the turbulent wall jet over a backward-facing step in this study
is characterized by three length-scales, i.e., the vertical height ym of
the inner region, the jet half width Y1=2 for the wall jet flow, and the
step height h for the backward-facing step flow. The height ym of

the inner region measures the wall bounded viscosity against the
jet momentum. The jet half-width Y1=2 characterises the inertia of
the wall jet flow, with which a small value of Y1=2 facilitates the
bending of the shear layer toward the bottom wall [28]. Note that if
the wall jet reaches its full self-similarity state when approaching
the step edge (not clearly observed in this study), ym and Y1=2 are no
longer independent. In comparison between the backward-facing
step with a wall jet upstream and the backward-facing step in a
duct flow, the jet half-width Y1=2 is typically smaller than the duct
diameter, and both values represent the streamwise momentum.
Therefore, the measured reattachment length Xr is shorter than that
from a backward-facing step in a duct flow.

In Fig. 8(c and d), the averaged streamlines show two recircula-
tion bubbles behind the step. The secondary recirculation bubble has
a counter-clockwise direction and extends approximately h and
0.75 h in the streamwise and vertical directions, respectively. The
size of the secondary bubble is comparable to those experimentally
found in Schram et al. [53] and Nait Bouda et al. [37]. The primary
recirculation bubble has a clockwise direction and extends farther
downstream toward the reattachment point. After striking to the
bottom wall around the mean reattachment point, the flow slowly
forms a plane wall jet. Fig. 8(e and f) shows two contours of vorticity
calculated from two instantaneous PIV velocity fields. These plots
reveal a well-known flapping motion of the backward-facing step
flow that has been discussed in the experiments of Eaton and
Johnston [20], Driver et al. [17], the LES of Friedrich and Arnal [23],
and the DNS of Le et al. [35]. The shear layer originates from the step
edge and fluctuates in the vertical direction, which causes the
reattachment location to oscillate. The mechanism of vorticity
generation by the shear layer at the step edge was discussed in Le
et al. [35], where the authors have used their DNS to study the
movement of the turbulent vortices by observing pressure fluctua-
tions around the reattachment region.

Fig. 9 shows instantaneous velocity fields and corresponding
vorticity contours obtained by the stereo-PIV measurements at
x=h¼ 0 and 2. This figure illustrates a high population of stream-
wise vortices and a high degree of three-dimensionality of the
flow. Neto et al. [38] and Le et al. [35] have observed the most
turbulent activities near the reattachment, the strong longitudinal
vortices near the separated zone, and a quiet flow above y=h¼ 2.
Note that in the DNS of Le et al. [35], a no-stress wall boundary
condition was applied to the upper wall, the flow was assumed to
be statistically homogeneous and periodic boundary conditions
were used in the spanwise direction. In addition, the inlet flow
was taken from the turbulent boundary layer in the channel flow
[56]. In contrast to the quiet flow observed in Neto et al.
[38] and Le et al. [35], the instantaneous velocity vectors and
vorticity contour in Fig. 9 show the very strong and large-scale

Fig. 7. Comparison of 〈u〉=Uj, 〈v〉=Uj and 〈w〉=Uj velocities, and Reynolds stresses
ffiffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Uj , 〈u0v0〉=U2
j and 〈u0w0〉=U2

j at x=h¼ �19:3, i.e., 10Dj downstream of the jet nozzle,
obtained by the PIV and stereo-PIV measurements and RSM simulation.
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counter-rotating streamwise vortices in a region that ranges from
y=h¼ 2 to y=h¼ 5:3. Additionally, these figures display streamwise
vortices near the side walls and the corners formed by the side
walls and the bottom wall. These structures have not been
observed in previous studies of the two-dimensional backward-
facing step. The vortices could originate from the interactions
between the side walls and the shear layer of the plane wall jet
upstream or the shear layer of the backward-facing step. The
vorticity generation by the side walls and the shear layer upstream
is illustrated by the instantaneous velocity vectors and vorticity

contour from the stereo-PIV measurements at the streamwise
location x=h¼ 0, which shows three streamwise vortices occurring
near the right vertical wall.

The presence of the corner vortices was observed in a few
three-dimensional backward-facing step studies [64,13,60,9]. Wil-
liams and Baker [64] reported the presence of the side walls result
in the formation of a wall-jet, which is located at the bottom wall
and points from the side walls toward the symmetry plane. Biswas
et al. [9] discussed that the jet-like flow developing in the corner
of the side wall and the bottom wall is the culmination of the

Fig. 8. Results obtained from the backward-facing step flow region (plane 2 in Fig. 2). Non-dimensionalised mean velocity vectors (a) and non-dimensionalised turbulent
kinetic energy (b) obtained from the PIV measurement; the color shows the magnitude normalized by Um and Um

2 . Velocity streamlines calculated from the PIV measurement
(c), and the RSM simulation (d). Instantaneous vorticity from the PIV measurement (e and f); the color shows the normalized vorticity magnitude, ξz ¼ωzh=Um . Streamwise
distribution of the maximum turbulence intensity (g). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this
paper.)
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generation of the spanwise velocity (the w component) from the
side wall. The phenomena were also observed in the current
experiments and RSM simulation. In Fig. 10, in-plane mean
velocity fields (〈w〉, 〈v〉) obtained at the cross-stream plane
x=h¼ 4 illustrate the presence of the wall-jet formation on the
bottom wall and the corner vortices. Near-wall velocity measure-
ments for the stereo-PIV experiments could not be produced
because of strong laser reflection on the vertical and bottom walls.
However, the derived velocity streamlines confirmed the forma-
tion of the jet flow on the bottomwall and its direction toward the
middle plane.

Fig. 11 compares the 〈u〉=Um, spanwise 〈w〉=Um velocities and
Reynolds stresses

ffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Um, 〈u0v0〉=U2
m and 〈u0w0〉=U2

m obtained at
x=h¼ 0. The agreement among the 〈u〉=Um profiles was good.
These profiles also compared favorably with the LDA results of
Jacob et al. [28]. The turbulence peaks of the PIV experiments were
reproduced fairly well by the RSM calculation, excepting that the
PIV measurements could not produce the negative peak of
〈u0v0〉=U2

m due to the limitation of PIV measurements at wall. The
〈u0w0〉=U2

m profile showed a weak turbulence production, and the
normalized 〈w〉=Um velocity showed a velocity fluctuation of 2:5%
of Um. Similar to the observation in Fig. 7, this finding indicated
that the inner part of the incoming jet flow deviated slightly to the
vertical side wall.

Fig. 12 presents the evolution of the 〈u〉=Um velocity and
Reynolds stresses

ffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Um,
ffiffiffiffiffiffiffiffiffi

〈v02〉
p

=Um, 〈u0v0〉=U2
m and

ffiffiffiffiffiffiffiffiffiffiffi

〈w02〉
p

=Um

obtained at x=h¼ 2 and 4. A small discrepancy of the 〈u〉=Um

profiles can be seen in the vicinity of the wall at x=h¼ 4. This

streamwise section is located in an unsteady zone where the shear
layer impinges on the bottom wall and generates smaller vortices.
The shear layer impingement and vorticity generation possess
complex, three-dimensional flow structures that produce particle
displacements that are normal to the laser sheet, which affects the
accuracy of the PIV measurements. In the region y=h42, the 〈u〉=Um

velocity of Badri Kusuma [6] and Nait Bouda et al. [37] showed the
flatter profiles.

In the comparisons of 〈u0v0〉=U2
m, the RSM profiles were in good

agreement with those from the PIV and stereo-PIV measurements.
In the study of Fadai-Ghotbi et al. [22], the Unsteady RANS
(URANS) of the BFS with Reh ¼ 37;500 using the Elliptic Blending
Reynolds Stress Model (EB-RSM) estimated the reattachment
length within a 5% error; the recirculation region was too thick,
and the shear strain was too weak. As a result, the shear stress in
the circulation region was under-estimated, and the recovery of
the boundary layer downstream of the reattachment was not
satisfactory. In the current study, the RSM simulation slightly over-
estimated the reattachment length by approximately 8%; the
streamwise velocity and the shear stress 〈u0v0〉=U2

m of the PIV and
stereo-PIV measurements were satisfactorily predicted by the RSM
simulation.

The
ffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Um profiles of the PIV measurements are predicted
well by the RSM simulation in the region y=ho2. In the region
y=h42, the RSM simulation over-predicted by 15% the turbulence
levels compared to the PIV and stereo-PIV experiments. The
ffiffiffiffiffiffiffiffiffi

〈v02〉
p

=Um from the PIV and stereo-PIV measurements were
fairly predicted by the RSM simulation with an approximate 10%

Fig. 9. Instantaneous streamwise vorticity obtained from the cross-plane stereo-PIV measurements at x=h¼ 0 and 2 (planes 4 and 5 in Fig. 2). Solid black lines display the
bottom and vertical walls. Vectors are the in-plane velocity components, w and v. The color shows the normalized vorticity magnitude, ξx ¼ωxh=Um . (For interpretation of
the references to color in this figure caption, the reader is referred to the web version of this paper.)

Fig. 10. In-plane velocity vectors, w and v components, and velocity streamlines from the cross-plane stereo-PIV measurements (left) and the RSM simulation (right) at the
cross-stream plane x=h¼ 4 (plane 6 in Fig. 2). Color shows the spanwise velocity w. The RSM velocity vectors are de-sampled to aid the visualization. (For interpretation of
the references to color in this figure caption, the reader is referred to the web version of this paper.)
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over-estimation in the region y=h42, while better agreement was
observed in the vicinity of the wall (yoh). The turbulence profiles
ffiffiffiffiffiffiffiffiffiffiffi

〈w02〉
p

=Um from the RSM simulation were in a fairly good agree-
ment with those from the stereo-PIV measurement. The agree-
ments in the comparisons of the mean velocity and turbulence
profiles in Figs. 11 and 12 are satisfactory in the outer region,
i.e., y4Y1=2 and y=h42. In Fig. 12, the discrepancies mainly
appear in the comparison of

ffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Um.
Here, the authors discuss some of the main reasons that caused

the differences between the present PIV and the stereo-PIV mea-
surements and the RSM simulation. The first reason is the limitation
in the 2D2C PIV measurements, i.e., they cannot account for particle

motions that are perpendicular to the laser plane, and the limitation
in the 2D3C stereo-PIV measurements, i.e,. they are encountered by
a large out-of-plane velocity component that influences the experi-
mental accuracy of the stereo-PIV systems, as discussed in Hutchins
et al. [26]. The accuracy of the PIV measurements was influenced in
the shear layers of the jet nozzle and the step edge and near the
step in the recirculation, where particle displacements in the
spanwise direction were considerable. Similar to the study of
Hutchins et al. [26], the accuracy of the stereo-PIV measurements
in our study was primarily affected by the large streamwise long-
itudinal velocity and the residual error. The residual error is unique
to the stereo-PIV calculation and is caused by the least-squares

Fig. 11. Comparison of 〈u〉=Um and 〈w〉=Um velocities, and the Reynolds stresses
ffiffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Um , 〈u0v0〉=U2
m and 〈u0w0〉=U2

m at x=h¼ 0 obtained by the PIV and stereo-PIV
measurements and the RSM simulation.

Fig. 12. Comparison of 〈u〉=Um velocity and Reynolds stresses
ffiffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Um ,
ffiffiffiffiffiffiffiffiffi

〈v02〉
p

=Um ,
ffiffiffiffiffiffiffiffiffiffiffi

〈w02〉
p

=Um , and 〈u0v0〉=U2
m at x=h¼ 2 and 4, obtained by the PIV and stereo-PIV

measurements and the RSM simulations. (a) Non-dimensional mean velocities and Reynolds stresses at x=h¼ 2 and (b) non-dimensional mean velocities and Reynolds
stresses at x=h¼ 4.
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method that is used to solve four simultaneous pixel displacement
equations to arrive at the three velocity components. Hutchins et al.
[26] concluded that the residual error caused the uncertainties in
the velocity measurements, which ranged from approximately
0:04Um near the wall to 0:012Um toward the free stream. Moreover,
the mean particle displacements and the velocity dynamic range
were limited due to a constraint from the laser thickness of 2 mm.
Under these circumstances, the errors due to pixel locking were
intensified especially in the near-wall region, where fluctuating
displacements were less than 0.5 pixels and yielded the under-
estimations of the r.m.s velocity fluctuations and Reynolds shear
stresses [14]. Second, the PIV and stereo-PIV measurements have
the averaged-volume property [41], which is characterized by the
laser thickness and the interrogation window size, i.e., approxi-
mately 1�0.63�0.63 mm3 and 2�1.57�1.57 mm3 for the PIV and
stereo-PIV measurements, respectively. Although the RSM calcula-
tion under-predicted or over-predicted the PIV and stereo-PIV
measurements at some locations, the overall agreement was
satisfactory. In addition to the reasons discussed above, one should
keep in mind that differences between the experimental conditions
and the simulations are unavoidable [11,39]. For the turbulent wall
jet flows and the backward-facing step flows, there are many
important factors, such as the expansion ratio, the aspect ratio,
the Reynolds number, the free stream turbulence, confined and
unconfined channels, and other factors, which could influence the
measurements. These factors solely or jointly yield the experimen-
tal results highly scattered and make the comparison between the
experiments and simulations appear to be imperfect. Relevant
remarks can be reviewed in Breuer [11] and Perrin et al. [49].

This paragraph discusses the three-dimensionality effects on
the mean flow, where the spanwise uniformity is significantly
distorted within a short streamwise distance from the step. Fig. 9
illustrates the primary mechanism for the three-dimensionality of

the flow in the vicinity of the wall, where the streamwise vortex
patterns are generated at the junction of the side walls and the
step corner. The longitudinal vortices develop along the side walls,
interact with the secondary flow pattern, and result in the rapid
growth of the spanwise non-uniformity of the velocity with the
axial distance [46]. Fig. 13(a and b) compares the 〈u〉=Um and
ffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Um profiles obtained at different streamwise positions, i.e.,
x=h¼ 2, 4 and 6, and various spanwise positions, i.e., z=Lz ¼ 0, 0.12,
0.24 and 0.36. It is noticeable that at x=h¼ 2, the 〈u〉=Um and
ffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Um profiles obtained at z=Lz ¼ 0 and 0.12 were in close
agreement, while the profiles at z=Lz ¼ 0:24 and 0.36 showed a
significant deviation from the profiles at z=Lz ¼ 0. These results
indicated that there was a non-uniform shear layer thickness near
the side walls and that the spanwise uniformity of the mean flow
was limited to approximately a 50% depth of the channel. This
observation was also found in Ötügen [46]. Indeed, Fig. 13
(c) shows the comparison of the separated shear layer vorticity
thickness at various spanwise positions. The vorticity thickness is
defined as

δω ¼ Um=j
∂U

∂y
jm; ð1Þ

where j ∂U=∂yjm is the local maximum of the mean velocity
gradient. Ötügen et al. [47] discussed that the shear layer grew
non-linearly under the influence of the adverse pressure gradient
and the streamline curvatures. It is observed that the shear layer
vorticity thickness growth rates from Ötügen et al. [47] are at the
same order of magnitude as those obtained our experiments but
they remain smaller because of their lower starting value. We
argue that the differences in the upstream flows, i.e., the plane
turbulent channel and the confined top wall in Ötügen [46] and
Ötügen et al. [47], yielded the discrepancy in the comparison.
However, in both the results, the shear layer growth rates from

Fig. 13. 〈u〉=Um (a) and
ffiffiffiffiffiffiffiffiffiffi

〈u02〉
p

=Um (b) at different streamwise and spanwise locations, and (c) shear layer vorticity thickness growth at different spanwise locations.
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z=Lz ¼ 0:24 increased with a larger spanwise distance from the
middle channel, and the difference in the growth rate was greater
downstream of the step. These results indicated that the two-
dimensionality of the mean flow was distorted at a short distance
downstream of the step from the spanwise location z=LzZ0:24. It
can now be confirmed that the existence of the streamwise
vortices along the corners and the side walls strongly influences
the mean velocity and the turbulence fields near the side walls.

5. Conclusions

In this paper, the flow characteristics of a turbulent wall jet over a
backward-facing step in an unconfined wind tunnel with an aspect
ratio of 8.1 were experimentally investigated by the PIV and stereo-PIV
measurements. The jet Reynolds number was 24,100 and the step
Reynolds number was 11,900. The velocity profiles and r.m.s fluctuat-
ing velocity distributions were obtained along the central plane and
several cross-stream planes. The PIV results were compared with those
obtained by the 3D RANS numerical simulation using a second-order
closure Reynolds stress model (RSM). For the wall jet flow region, the
experimental and numerical results showed that the turbulent
boundary layer was formed in the inlet channel, and the shear layer
was generated at the jet nozzle due to the sudden expansion. The
shear layer had the maximal turbulence level of approximately 20% of
the mean jet velocity Uj at the streamwise location 10Dj and was
broken into vortices and travelled further downstream. For the
backward-facing step flow, the PIV and stereo-PIV measurements
illustrated that the maximal upstream velocity Um was less than 70%
of the jet velocity Uj. The turbulence intensity of the incoming jet flow
reached approximately 24% of the velocity Um, which was higher than
that of the duct flow and strongly enhanced the cross-stream diffusion
of momentum. The shear layer was generated at the step edge and
possessed a high turbulence level, i.e., 30% of the velocity Um.
Compared to the backward-facing step flows with the plane channel
upstream and the top fixed wall, the studied incoming flow had a
higher turbulence level, which primarily caused the shorter recircula-
tion length. The stereo-PIV measurements in the cross-stream planes
revealed a high degree of three-dimensionality of the flow, which
consisted of a high population of streamwise vortices in the upper
region, near the side walls and the corners of the bottomwall and side
walls. In addition, the obtained stereo-PIV results illustrated the
formation of the jet-like flow on the bottom wall and its direction
toward the middle plane. Finally, the obtained PIV and stereo-PIV
measurements exhibited the three-dimensionality effects on the mean
flow, where the streamwise vortices developed along the side walls
and significantly distorted the spanwise uniformity of the mean flow
within a short streamwise distance from the step.
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