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a b s t r a c t

Particle image velocimetry (PIV) measurements near a curved boundary usually require efforts to deal
with low tracer density, high shear gradient andwall reflection. To resolve these difficulties, we presented
a near-wall measurement technique named interfacial PIV (IPIV) that could return a tangential velocity
component and a tangential component of wall gradient [Nguyen TD, Wells J, Nguyen C. Wall shear
stress measurement of near-wall flow over inclined and curved boundaries by stereo interfacial particle
image velocimetry. International Journal of Heat and Fluid Flow 2010;31(3):442–9]. In this paper, we
introduce an extension of IPIV to measure the tangential and wall-normal velocity components. This
extension allows IPIV to obtain three velocity componentswhen IPIV is applied to stereoscopic PIV images
of flows over inclined and curved boundaries. The performance of IPIV is validated against a particle image
distortion (PID) technique using synthetic images generated from a direct numerical simulation velocity
field of a turbulent flow over a wavy wall. Results show that IPIV is more accurate than PID in the near-
wall velocitymeasurement. Practical applications of IPIV to experimental images of open flume tests with
a wavy wall and a backward-facing step are described.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Near-wall measurements are of great interest in many engi-
neering applications. However, particle image velocimetry (PIV)
measurement at near-wall regions is often difficult. Difficulties
such as insufficient image particles, high velocity gradient andwall
reflection are enhanced when PIV is performed near a curved wall.

With an aim to increase the spatial resolution of PIV to the
low particle density and laminar flows, Westerweel et al. [1]
first implemented a two-point ensemble correlation technique to
obtain a single-pixel resolution, i.e. one velocity vector per pixel.
Tested on the synthetic and real images of a steady flow, the single-
pixel correlation required a large number of image samples to yield
a reliable correlation peak [2]. Billy et al. [3] applied the single
pixel resolution correlation to a non-laminar flow—a steady on
average Poiseuille flow in a small grooved channel. However, the
authors showed that this technique was not well adapted and its
accuracy was in the range of ±1 pixel compared to the standard
cross-correlation algorithm.
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To improve the accuracy of the cross-correlation algorithm
when applied to the high velocity gradient flows, Huang et al. [4]
introduced particle image distortion (PID). The PID technique uses
information on flow patterns initially obtained by the standard
cross-correlation, then deforms image template to compensate
iteratively particle displacements. However, compared to the stan-
dard cross-correlation technique, PID often requires more compu-
tation time during its iteration.

The standard cross-correlation technique often yields erro-
neous velocity vectors if it is applied to the near-wall region and
the interrogationwindows contain thewall boundary intensity [5].
To reduce the effect of the wall interface to the correlation calcu-
lation, Gui et al. [6] used a binary mask to distinguish the fluid and
the solid wall regions in the image template. The masking tech-
nique led to an increase in the cross-correlation quality. However,
it is favourable to eliminate the appearance of the wall interface in
the correlation process. To completely exclude the wall intensity
from the correlation calculation, Theunissen et al. [7] employed an
unstructured grid and adapted the size of the image template as a
function of the velocity gradient, and then oriented the interroga-
tion window parallel to the boundary.

To deal with the near-wall flows and the curved boundaries,
Nguyen et al. [8] introduced the interfacial PIV (IPIV) that included
an image transformation and a novel one-dimensional (1D) cross-
correlation (line correlation) technique. The image transformation
is used to stretch a curved image segment into a rectangle. From
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the transformed images, the 1D correlation is applied to produce
a correlation stack that reveals particles’ displacements in the
tangential direction. The tangential component of wall gradient
is derived by fitting a straight line on the correlation stack and
searching for the slope of the straight line that maximizes the sum
of the correlation peaks along with it. The near-wall tangential
velocity profile is determined by integrating the velocity gradients,
which are iteratively measured by the line-fitting algorithm. An
experimental application of IPIV to measure the wall shear in a
model carotid artery was shown by Buchmann et al. [9]. Recently,
Nguyen et al. [10] extended the IPIV technique to measure two
components of the wall gradient by a stereo reconstruction. The
obtained wall gradients were used to build the measurement
model that related the velocity fields and the wall gradients in a
backward-facing step flow [11].

In this paper, we introduce an extension of IPIV to measure
the tangential and wall-normal velocity components based on the
line correlation. This extension allows IPIV to obtain three velocity
components with a single pixel resolution in the wall-normal
direction when IPIV is applied to stereoscopic PIV images of flows
over an inclined and a curved boundary. We validate the extended
IPIV against the PID technique by using stereoscopic synthetic
images generated from a DNS velocity snapshot of a turbulent
flow over a wavy wall. Practical applications of the extended IPIV
technique to experimental images taken from open flume tests
with a wavy wall and a backward-facing step are presented.

2. Extended interfacial particle image velocimetry

In this section, we describe the extended IPIV technique to
measure the velocity profile near a curved boundary. Given a set of
PIV image pairs captured by stereoscopic cameras, one can apply
the basis steps of the extended PIV as following.

1. Dewarping the PIV images captured by the stereo cameras.
2. Identifying the wall boundary.
3. Conformally transforming the near-wall image region into a

rectangle shape to handle the inclined or the curved boundary.
4. Line-correlating the first and second exposures, and then mea-

suring the tangential and wall-normal displacements from the
correlation stacks.

5. Reverse transforming the displacements obtained in the trans-
formed domain to the projected domain.

6. Stereo-reconstructing to obtain the physical velocity profiles.

In this procedure, steps 2–5 can be applied directly to PIV images
captured by one camera. In step 1, we apply an image mapping
algorithm described in [12] to map the recorded PIV image onto
the object plane. The dewarped image of each angular camera is
no longer distorted and has a constant magnification. In step 2, we
employ the second-orderwall detection algorithm called Laplacian
of Gaussian to identify the positions of the boundary. Details of an
algorithm to identify an arbitrarily moving wall can be reviewed
in [13].

2.1. Transforming near-wall image to rectangle

Given a near-wall flow region with an identified boundary
curvature shown in Fig. 1(a), we use a Matlab open source SeaGrid
developed by Denham [14] to generate an orthogonal curvilinear
grid based on the enclosed boundaries and the number of segments
on each contour. The curved image segment, namely the projected
physical domain (x, y), is then conformally transformed into
the rectangular image, namely the transformed domain (ξ , η).
Intensities of the transformed image (Fig. 1(b)) are produced
by a bi-cubic interpolation from the corresponding intensities
of the curved image inside the grid region. The Jacobian of the
transformation is calculated as
J = det
∂x/∂ξ ∂x/∂η
∂y/∂ξ ∂y/∂η

 =
∂x
∂ξ

∂y
∂η

−
∂x
∂η

∂y
∂ξ

. (1)

The transformed image has a rectangular shape, which can be
applied by any PIV technique.

2.2. Measuring displacements from line-correlation stacks

In this step,we first then perform a 1D cross-correlation, i.e. line
correlation, between horizontal pixel lines of the first exposure
template and those of the second exposure template to produce
a wall-parallel ‘‘stack’’ of 1D correlation curves. The covariance
CU,n (n = 1,N) is calculated by

CU,n =

M
m=1

(Im+U,n − IU,n)(I ′m,n − I ′n), (2)

where (M,N) are the width and height of the template, (m, n)
are the horizontal and vertical pixel coordinates of the template,
IU,n and I ′n are the mean intensities on each horizontal pixel line
of the first and second templates, respectively. In order to reduce
the peak-locking effect in the velocity measurement, we apply the
continuous window shift algorithm [15], i.e. subpixel intensity of
the second exposure template is interpolated andused in the cross-
correlation. In this paper, we normalize the covariance CU,n with
the root mean square (r.m.s) of (Im+U,n − IU,n) and the r.m.s of
(I ′m,n − I ′n) to increase the signal-to-noise ratio. A colourmap of the
wall-parallel correlation stack is shown in Fig. 1(c).

With an assumption on the wall-normal inter-frame tracer
displacement being less than particle image diameter, a purely
tangential search of the line correlation can produce a peak.
This condition can be obtained by reducing the time interval
between the first and second exposures. Peaks on the wall-parallel
correlation stack correspond to the tracers’ displacements in the
tangential direction. A peak detection is performed to search for
the local maximal peak values on the wall-parallel correlation
stack. In order to derive the tangential displacement U , we
implement the detected peak values into a Gaussian kernelΩ with
a width σ expressed in Eq. (3). The calculation of the tangential
displacement U at a vertical position n is shown by Eq. (4),

Ω( y − n) = exp

−

( y − n)2

2σ 2


, (3)

U(n) =

yi=N
yi=1

U( yi)Ω( yi − n)PU( yi)

yi=N
yi=1

Ω( yi − n)PU( yi)

, (4)

where PU( yi) is a peak value at the vertical position yi in the wall-
parallel correlation stack. Fig. 1(c) shows the detected peaks (black
asterisks) and the tangential displacement profile U (white curve)
overplotted on the wall-parallel correlation stack.

Next, we shear the second exposure image template parallel
to the wall based on the obtained tangential displacement U . It is
necessary to note that the image intensity of the sheared template
is interpolated from the originally transformed image to reduce
the image quality loss. We then cross-correlate a horizontal pixel
line at a given height n in the first exposure template with other
horizontal pixel lines at a vertical height n + V in the second
exposure template to yield a wall-normal stack of 1D correlation
curves. The covariance CV ,n (n = 1,N) is calculated by

CV ,n =

M
m=1

(Im,n − IV ,n)(I ′m,n+V − I ′n+V ), (5)

where (M,N) are the width and height of the template, (m, n)
are the horizontal and vertical pixel coordinates of the template,
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Fig. 1. Image transformation and near-wall velocity measurements by the extended IPIV, (a) generated orthogonal curvilinear grid, (b) transformed image by 2D
interpolation, measurements of tangential (c) and wall-normal (d) displacements from corresponding correlation stacks.
Fig. 2. (a), (b) Geometric positions of cameras and local viewing angles, (c) camera projections for generating synthetic images.
IU,n and I ′n are the mean intensities on each horizontal pixel line
of the first and second templates, respectively. Fig. 1(d) shows
a colourmap of the wall-normal correlation stack. Peaks on the
wall-normal correlation stack contain the information of particles’
displacements in the wall-normal direction. A peak detection is
then performed on the wall-normal correlation stack. The wall-
normal displacement V at a vertical position n is calculated by
using the detected peak values and the Gaussian kernelΩ as below

V (n) =

yi=N
yi=1

V ( yi)Ω( yi − n)PV ( yi)

yi=N
yi=1

Ω( yi − n)PV ( yi)

(6)

where PV ( yi) is a peak value at the vertical position yi in the
wall-normal correlation stack. In Fig. 1(d), the detected peaks are
illustrated by the black asterisks and the measured wall-normal
displacement V is shown by the white curve.

2.3. Reverse transforming the displacements to projected domain

Once the tangential and wall-normal displacements, U and
V respectively, are determined, a reverse transformation is
necessitated to obtain the projected values, u and v, of the physical
velocity. The projected displacements, u and v, are calculated by

u =
1
J


∂x
∂ξ

U +
∂x
∂η

V


(7)

v =
1
J


∂y
∂ξ

U +
∂y
∂η

V


(8)

where U and V are the tangential and the wall-normal displace-
ments measured in the transformed domain.
2.4. Stereo-reconstructing to obtain physical velocity profiles

For the stereoscopic PIV application, after the reverse transfor-
mation, one obtains two components of the projected velocities,
called (u1, v1) for camera 1 and (u2, v2) for camera 2. In order to
obtain three components (u, v, w) of the physical velocity, we ap-
ply a stereo reconstruction bymeans of geometrical considerations
proposed by Willert [16]. This reconstruction is expressed by

u =
u1 tanα2 − u2 tanα1

tanα2 − tanα1
, (9)

w =
u1 − u2

tanα2 − tanα1
, (10)

v =
v1 tanβ2 − v2 tanβ1

tanβ2 − tanβ1
, (11)

where α1, α2 are the angles between the viewing rays from camera
1, camera 2 and the XY plane measured in the XZ plane, and β1, β2
are the angles between the viewing rays from camera 1, camera 2
and the XZ plane measured in the YZ plane, respectively. Fig. 2(a),
(b) illustrate these viewing angles from the stereoscopic cameras
to a generic point P located on the measurement plane. In order to
evaluate the local viewing angles α1,2 and β1,2 in Eqs. (9)–(11), we
apply a technique proposed by Giordano and Astarita [17]. For the
point P on the measurement plane viewed by camera 1, the local
viewing angles α1 and β1 of camera 1 can be determined as

tanα1 =


∂z
∂x


dX1=0

=

∂Y
∂y

(1) ∂X
∂x

(1)
−

∂Y
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(1) ∂X
∂y

(1)

∂Y
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(1) ∂X
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(1)
−

∂Y
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(1) ∂X
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(1) , (12)

tanβ1 =
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−
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(1) . (13)



36 T.D. Nguyen et al. / Flow Measurement and Instrumentation 23 (2012) 33–39
A similar calculation can be performed for the angles α2 and β2 of
camera 2. Three components (u, v, w) of the physical velocity can
be determined by substituting the obtained local viewing angles
α1, α2 and β1, β2 into Eqs. (9)–(11).

3. Test with synthetic images

In order to test the extended IPIV technique, synthetic images
of 400 × 400 pixels were generated from a DNS snapshot of
a turbulent flow over a wavy bed [18,19]. The wavy boundary
consisted of three wavelengths and the ratio of the peak-to-peak
amplitude to the wavelength was 0.1 yielding a maximum slope
of 0.31. The Reynolds number ReH based on the bulk velocity
Um and the flow depth H was 6760 while that based on the
friction velocity and the peak-to-peak height was 106. Images and
particle displacements were synthetically projected from a field
of view of 0.4H × 0.4H (H = 50 mm) at the left-side of the
central wavelength, where the highest shear flow region was. In
the synthetic image generator, particle image patterns and camera
projection models proposed by Lecordier and Westerweel [20]
were implemented. The first set included forty 2C PIV image
pairs (perpendicular projection) and the second set included forty
stereoscopic PIV image pairs (oblique projection) with the effect of
the perspective and distortion caused by the angular stereoscopic
configuration. Fig. 2(c) illustrates the camera projection for
generating synthetic images. Laser sheet had a Gaussian intensity
profile with σ = 0.5 mm. Particles, of which diameter had a
Gaussian distribution of σ = 1.28 pixels, amean value of 3.2 pixels
and varied from 2.2 to 6 pixels, were randomly scattered into a
virtual 3D volume of the laser sheet. Seeding density was about
0.01 particle/pixel. Background noise with a Gaussian distribution
of σ = 2.5 was also added to the images. The intensity levels of
the backgroundnoisewere based on our experimental imageswith
the minimum and maximum values of 30 and 45 greyscale units,
respectively. A time delay of 1t = 1 ms was chosen to yield the
maximal tracer displacements of about 5 pixels.

In the applications of the extended IPIV to the synthetic images,
for the set of 2C PIV images, the processes from steps 2 to 5 were
performed directly. For the set of stereoscopic PIV images, the
processes from steps 1 to 6 were applied. For both sets of synthetic
images, the extended IPIV was performed on the near-wall image
region. The interrogation window in the extended IPIV technique
was 50 × 1 pixels yielding about 66% overlap in the horizontal
direction. The width of the Gaussian-weighted scheme in Eq. (3)
was σ = 7 pixels.

To evaluate the proposed technique, we compare the perfor-
mances of the extended IPIV and particle image distortion [4]. For
the set of 2C PIV images, PID was performed on the transformed
rectangular images which were advantageously resulted by the
step 3 of the extended IPIV technique. Two velocity components
U and V obtained by the PID technique were reverse-transformed
to the projected domain by step 5. For the set of stereoscopic PIV
images, after dewarping the images, we performed PID on the rect-
angular images, which were favourably transformed by the step 3.
In this case, the reverse transformation was followed by the stereo
reconstruction in order to obtain the physical velocity profiles. For
both applications of PID, we used a regular grid, of which the grid
spacing in the horizontal direction was equal to that used in the
extended IPIV and the grid spacing in the vertical direction was
5-pixel interval. The interrogation window of PID was chosen as
50×11 pixels yielding about 66% and 50% overlaps in the horizon-
tal and the vertical directions, respectively. At the grid locations
nearest to the wall, the window size was adapted to 50 × 8 pix-
els to resolve small particles’ displacements in this region and still
contain enough particles.
Table 1
Random and total errors of velocity measurements by the extended IPIV and PID
techniques.

ϵrand (pixel/1t) ϵtotal (pixel/1t)
urand vrand wrand utotal vtotal wtotal

PID to set 1 0.127 0.073 0.237 0.085
PID to set 2 0.066 0.041 0.075 0.125 0.062 0.112
IPIV to set 1 0.065 0.048 0.139 0.054
IPIV to set 2 0.056 0.026 0.048 0.107 0.033 0.057

In this paragraph, we evaluate the performances of PID and the
extended IPIV in terms of a random error, ϵrand, and a total error,
ϵtotal. The random error, ϵrand, is defined as the r.m.s of the total
averaged difference between u(n)qp and the ensemble-averaged,
u(n)

q
. It can be expressed as:

ϵrand =

 1
NvPQ

Nv
n=1

Q
q=1

P
p=1

(u(n)qp − u(n)
q
)2, (14)

where u is the velocity vector, Nv , Q are the numbers of measure-
ment points in the vertical and streamwise directions respectively,
and P is the number of image pairs. The ensemble-averaged veloc-
ity u(n)

q
is calculated by

u(n)
q
=

1
P

P
p=1

u(n)qp. (15)

The total error ϵtotal is defined as the r.m.s of the total aver-
aged difference between u(n)qp and the DNS velocity uq

DNS , and
expressed as:

ϵtotal =

 1
NvPQ

Nv
n=1

Q
q=1

P
p=1

(u(n)qp − uq
DNS)

2. (16)

As the extended IPIV technique is designed for the near-wall flow
measurement, we choose to compare velocities measured by the
extended IPIV and PID within a near sub-layer region—about 10
wall units. This yields Q = 14, P = 40 and Nv = 10 for the
extended IPIV and Nv = 2 for the PID technique.

Fig. 3(a)–(c) show the comparisons among the DNS velocity
data and three velocity components (u, v, w) by applying the PID
and the extended IPIV techniques to the set 1 and set 2. In these
figures, data points represent the ensemble-averaged velocity. The
computed random error and total error are shown in Table 1.
For the measurements on set 1, the extended IPIV had the total
errors of (ϵtotal,u, ϵtotal,v) = (0.139, 0.054) pixels, which were
40% smaller than the total errors of PID and less than 3% of the
maximal particle displacements. For the measurements on set 2,
the total errors of the extended IPIVwere (ϵtotal,u, ϵtotal,v, ϵtotal,w) =

(0.107, 0.033, 0.057), which were about 20% to 40% smaller than
those of PID.

From the comparisons between the PID and the extended IPIV
velocity measurements, it is shown that the extended IPIV yielded
more accurate results than PID in the very near-wall region.

4. PIV experiments

In this section, we describe two practical applications of the
extended IPIV technique to two experimental PIV image sets. The
first setwas 2C PIV images taken from awavy-bed experiment. The
second set was stereoscopic PIV images taken from a backward-
facing step experiment. In addition to performing the extended
IPIV, we applied PID and recursive PIV techniques to the far-wall
image regions of these image sets. Results of the extended IPIV
were compared to those of the PID and the recursive PIV obtained
at grid points nearest to wall boundaries.
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Fig. 3. Comparisons among DNS data and velocitymeasurements by the PID and the extended IPIV techniques, (a) tangential velocity component u, (b) wall-normal velocity
component v, (c) spanwise velocity component w, (d) near-wall velocity measured by the extended IPIV, vectors are the tangential and wall-normal velocity components,
colour is the spanwise velocity component.
Fig. 4. PIV experiments. (a) Wavy-bed experiment, (b) backward-facing step
experiment.

4.1. Wavy-bed experiment

The first set included320 images captured froma turbulent flow
over an acrylic-plastic wavy bed in an open water channel. The
wavelengthwasλ = 50mmwith a peak-to-peak amplitude of δ =

5 mm. Experimental configuration is shown in Fig. 4(a). Reynolds
number based on the wall shear stress and the incoming flow was
about 300. Hollow glass sphere particles with a mean diameter
of 10 µm seeded the water flow. A double pulsed Nd:YAG laser
illuminated a 2-mm-thick vertical sheet of the flow in the mid-
plane of the test section. The fluid region in the central plane was
imaged by a Kodak Megaplus Model ES1.0 charge couple device
(CCD) camera with a resolution of 1000 × 1008 pixels. Particle
image diameter varied from 2 to 5 pixels. Seeding density was
about 0.004 particle/pixel. The maximum particle displacement
was about 15 pixels. Only the near-wall image region of 1008×50
pixels was processed (see Fig. 5(a)).

In this application, the interrogation window of the extended
IPIV technique was 100 × 1 pixels yielding 75% overlap in the
horizontal direction. The width of the Gaussian schemewas σ = 7
pixels. Fig. 5(a) shows an instantaneous velocity field obtained by
the extended IPIV technique at the near-wall image region. The
velocity vectors are shown for every 5 vertical grid lines for the
visibility. The PID techniquewas performed on rectangular images,
which were favourably transformed by the step 3 of the extended
IPIV technique. The interrogationwindowof the PID techniquewas
100 × 11 pixels, yielding 75% and 50% overlaps in the horizontal
and vertical directions, respectively. At the first grid points nearest
to the boundary, 5 pixels from wall, the PID template height was
adapted to 8 pixels to account for small displacements. In the
PID iterations, displacements were computed from the correlation
map with a Gaussian peak fit [21] for sub-pixel accuracy. Vector
validation was to apply a median filter [22] and a standard
deviation filter to remove spurious vectors, and then fill in the
blanks by interpolation.

Fig. 5(c), (d) show the comparisons of velocity components
u and v obtained by the PID technique and those obtained by
the extended IPIV. The maximal differences between the velocity
measurements of the PID technique and those of the extended
IPIV were (1u, 1v) = (0.25, 0.10) pixel, respectively. The
means of absolute velocity differences were (⟨|1u|⟩, ⟨|1v|⟩) =

(0.07, 0.04) pixel. An agreement between the extended IPIV and
PID results obtained at the grid points in the buffer layer (5 <
y+ < 30) shows that if the constraint in the wall-normal tracer
displacement is satisfied, the extended IPIV is suitable for the
velocity measurement not only in the sub-layer but also in the
buffer layer.

Fig. 5(b) shows the mean velocity vectors computed from 320
velocity snapshots. Colour map illustrates the spanwise vorticity.
Velocity vector U = −0.2 mm/1t , yielding an inter-frame dis-
placement of 8 pixels, was also plotted for the scaling. A high shear
gradient region was observed at the top of the wavy bed. In the
valley of the wavy bed, a recirculation region appeared and amean
separation point was found at Xr = 16.7 mm.
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Fig. 5. Results from wavy-bed experiment. (a) Instantaneous velocity vectors measured by the extended IPIV, vectors are shown only 1 for every 5 vertical grid lines,
(b) time-averaged velocity vectors, colour shows spanwise vorticity computed from time-averaged velocity vectors. Comparisons between the extended IPIV and the PID
techniques (c) u, (d) v.
4.2. Backward-facing step experiment

The second set included 1050 stereoscopic PIV image pairs
taken from a turbulent flow over a backward-facing step in an
open water channel. Experimental setup is sketched in Fig. 4(b).
Reynolds number Reh based on the mean streamwise velocity Um
and the step height h (h = 16.5 mm) was about 2800. The
coordinate origin was at the step corner with the streamwise,
vertical and spanwise directions denoted by x, y and z, respectively.
Silver coated particles with a mean diameter of 10 µm seeded
the water flow. The fluid region in the central xy plane, with x/h
ranging from 1.85 to 4.25, was illuminated by a double pulsed
Nd:YAG laser and imaged by a stereoscopic PIV system. The
stereoscopic PIV system was comprised of two Kodak Megaplus
Model ES1.0 cameras with resolutions of 1000 × 1008 pixels. In
the stereo configuration, cameras viewed horizontally at 45° from
downstream on either side of the channel, viewing through the
water prisms on the sidewalls. The camera bodies were slightly
rotated to satisfy the Scheimpflug condition. The sampling rate
was set at 15 Hz and the time interval between the first and
second exposures was 1t = 3 ms yielding the maximum particle
displacement of 8 pixels.

The stereoscopic PIV images were first dewarped by step 1
yielding the straight wall boundary in the resulted images. The
near-wall image region of 1000 × 16 pixels corresponding to a
fluid flow within a region of y/h = 0.06, i.e. about 10 wall units,
was processed by the extended IPIV technique. Particle image
diameter varied from2 to 4pixels. Seeding densitywas about 0.005
particle/pixel.

The interrogation window of the extended IPIV technique was
64× 1 pixels, yielding 50% overlap in the horizontal direction. The
width of the Gaussian kernel was 5 pixels. In this application, we
applied a recursive PIV technique to the image set. The recursive
PIV started with an interrogation window of 64 × 64 pixels and
ended with an interrogation window of 32× 32. The first iteration
initially computed the particle displacements, which were then
used to shift the interrogationwindow in the second iteration. Both
iterations had a 50% window overlap, resulting in a vector spacing
of 1 mm. The first grid points of the recursive PIV closest to the
wall were located at y/h = 0.06, about 10wall units. In both of the
iterations, vectors were computed from the correlation map with
a Gaussian peak fit [21] for sub-pixel accuracy. A median filter [22]
and a standard deviation filter were applied to remove spurious
vectors.

Fig. 6(a)–(c) show the comparisons of displacements u, v and
w obtained by the extended IPIV and displacements obtained by
the recursive PIV technique at the grid points in the buffer layer.
An agreement between these results indicates the capability of the
extended IPIV technique that it can be applied in the buffer layer
if the time interval is suitably chosen. The maximal differences be-
tween the velocity measurements of the extended IPIV and those
of the recursive PIV were (1u, 1v, 1w) = (0.19, 0.09, 0.08) pix-
els, respectively. The means of absolute velocity differences were
(⟨|1u|⟩, ⟨|1v|⟩, ⟨|1w|⟩) = (0.13, 0.03, 0.03) pixels, respectively.

Fig. 6(d) shows the mean velocity field computed from 1050
image pairs. Vectors are the streamwise and wall-normal velocity
components, u and v respectively. Colour shows the mean span-
wise velocity component w. Velocity vector u0 = −0.2Um, yield-
ing an inter-frame displacement of 1.6 pixels was overplotted for
comparison. Fig. 6(d) illustrates a strong reversed flow region. In
this region, the spanwise velocity component fluctuates within 2%
of the mean velocity Um. The reason is that the PIV measurement
was performed at the middle plane of the channel width and the
flow could be assumed as symmetry.

In this application, it was not necessary to perform the step 3
because the wall boundary, which was inclined in the stereoscopic
images, became straight after the dewarping process of step 1. This
case is chosen to demonstrate that the extended IPIV is not limited
by a sufficient small angle between the wall plane and cameras’
viewing rays as the previous version [10]. In addition, results
from this geometry can serve as a reference for experimental
configurations in which the wall boundary is inclined respectively
to the viewingdirection. One such configurationmight be a diffuser
or a smoothly varying backstep.

5. Conclusion

In this paper, we presented an extension of the IPIV technique
to measure the near-wall tangential and wall-normal velocity
components based on the line correlation. This improvement
allows the extended IPIV technique to obtain three velocity
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Fig. 6. Results from backward-facing step experiment. Comparisons between velocity components measured by the extended IPIV and those measured by the recursive PIV
technique, (a) u, (b) v, (c) w. The mean velocity field measured by the extended IPIV is shown in (d), vectors are the mean streamwise and wall-normal velocity components,
colour is the mean spanwise velocity component.
components with a single-pixel resolution in the wall-normal
direction when IPIV is performed on stereoscopic PIV images. We
validated the extended IPIV against the PID technique by using two
sets of synthetic PIV images generated from a DNS velocity field.
The first setwas 2C PIV images and the second setwas stereoscopic
PIV images. The obtained results show that the extended IPIV is
more accurate than PID in near-wall velocity measurement.

In the second part of this paper, we described the applications
of the extended IPIV to two sets of real PIV images. The first image
set was captured by one camera from an experiment with a wavy
bed. The second image set was taken by stereoscopic cameras from
an experiment with a backward-facing step. We compared the
velocity measurements of the extended IPIV technique and those
of the PID and the recursive PIV techniques. For two lattermethods,
velocity components were taken at the first grid points nearest to
the wall boundaries. The results showed that the extended IPIV
technique is suitable for the velocitymeasurement in the near-wall
flow region.

In this paper, we have not discussed on the capability of
the extended IPIV on wall gradient measurement. However, the
proposed technique is able to return three components of wall
gradient when it is applied to stereoscopic PIV images. By means
of the mapping algorithm and the stereo reconstruction described
in steps 1 and 6, respectively, the extended IPIV is not limited by a
sufficient small angle between thewall plane and cameras’ viewing
rays as discussed in the previous version [10].
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