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Abstract

Simultaneous dual-plane PIV experiments were performed in
streamwise-spanwise planes in the log region of a turbulent
boundary layer at a moderate Reynolds number (Reτ ∼ 1100).
The acquired datasets were used to resolve all 9 velocity gra-
dients from which the complete vorticity vector and other in-
variant quantities like 3-D swirl strength were computed. These
derived quantities were used to analyze and interpret the struc-
tural characteristics and features of the boundary layer. Results
of the vorticity vector and the 2-D swirl strength from the two
neighbouring planes indicate the existence of hairpin shaped
vortices inclined downstream along the streamwise direction.
These vortices envelop low speed zones and generate Reynolds
shear stress that enhances turbulence production. Plots of full
3D swirl strength indicate the existence of additional vortical
structures in the middle of the low speed zones that may rep-
resent heads of smaller eddies intersecting the measurement
plane. This concept is in accordance with the hierarchy of struc-
ture size in a hairpin packet proposed by Adrianet al.[2]. Com-
putation of inclination angles of individual eddies using the vor-
ticity vector suggests that most cores are inclined at25◦ to the
streamwise-spanwise plane with a resulting projected eddy in-
clination of32◦.

Introduction

Over the past few decades, researchers have worked toward un-
derstanding the eddy structure within turbulent boundary lay-
ers in order to develop effective simplifying models. Recently,
Adrianet al. [2] have reinforced the viewpoint that “hairpin vor-
tices” are a primary feature in turbulence transport and produc-
tion. The authors performed PIV experiments in streamwise-
wall-normal planes of a turbulent boundary layer and found in-
stantaneous signatures of heads of hairpin vortices. Most sig-
nificantly, they observed that these vortices travelled together
in spatially coherent groups, termed “hairpin packets”. Re-
cently, Ganapathisubramaniet al. [5], with stereoscopic PIV
data in streamwise-spanwise planes, concluded that these hair-
pin packets occupy only a small percentage of the total area in
the log layer, but contribute a significant proportion of the total
Reynolds shear stress generated, conservatively more than 30%.
Therefore, the hairpin packets are a very important mechanism
in turbulence production. However, a detailed understanding of
the three dimensional structure of hairpin vortices and packets
is not yet available, and many questions regarding the shape,
size, orientation and dynamics or these structures remain unan-
swered. The objective of the current experimental study is to
obtain the full velocity gradient tensor over a plane in order to
begin answering these questions.

Experiment and methods

Experiments were performed in a suction type boundary layer
wind tunnel. Measurement planes were located 3.3 m down-
stream of a trip wire in a zero-pressure-gradient flow with
freestream velocityU∞ = 5.3 m s−1 and Reτ = 1060 (Reτ =
δUτ/ν, whereδ is the boundary layer thickness,Uτ is the skin
friction velocity). All measured flow parameters shown in the

results section are normalized using the skin friction velocity
(Uτ) and kinematic viscosity (ν) and are denoted with a super-
script +. The streamwise, spanwise and wall-normal directions
are along thex, y andz axes respectively.

Two independent PIV systems capture data simultaneously in
neighboring streamwise-spanwise planes separated by∼ 1 mm
(15 wall units) as shown in figure 1. System 1 is a stereoscopic
system used to provide all three velocity components over a
plane illuminated by Sheet 1, and System 2 is a single-camera
planar PIV system. The single-camera system measures the
streamwise-spanwise velocity components in the higher plane
illuminated by Sheet 2. Simultaneous measurements are per-
formed utilizing the polarization property of the laser light
sheets to isolate one plane to one set of camera/cameras (see
e.g. [9, 8, 3]). PIV data were captured in the log layer region of
the turbulent boundary layer.

System 1 includes two TSI Powerview2k× 2k pixel resolu-
tion cameras equipped with Nikon 50 mm lenses. The lenses
are fitted with linear polarizers oriented to allow the passage
of horizontally polarized light only. Light sheets for System 1
are generated by a pair of Nd:YAG lasers (120 mJ/pulse) that
are horizontally polarized. System 2 includes one TSI Pow-
erview camera with2k× 2k pixel resolution and a Nikon 50
mm lens. The linear polarizers in this case are oriented to allow
the passage of vertically polarized light only. The illumination
source for System 2 is a pair of Nd:YAG (120 mJ/pulse) lasers
of vertical polarization. The laser pairs in Systems 1 and 2 are
aligned independently to illuminate a specific wall-normal lo-
cation. The timing of each laser/camera system is controlled
using a TSI synchronizer box. In order to ensure simultaneous
capture of images, an external trigger is provided to both syn-
chronizer boxes for image capture at a frequency of 0.2 Hz. The
data from the two systems are streamed continuously to disk.

Vector fields are computed using a32×32pixel window in both
planes. The vectors from each camera in the stereo plane are
then combined using suitable magnification factors to compute
all three velocity components (see [4]). The vector field from
the single camera is resampled and mapped to the grid of the
stereo measurement using bi-linear interpolation. The resolu-
tion of the resulting vector fields is about18× 18 wall units,
and the total field size is1.8δ×1.8δ.

The single camera vector fields from the upper plane in liaison
with the stereoscopic data from the lower plane are then used
to compute all velocity gradients in the lower plane. A second
order central difference method is used to compute all possi-
ble in-plane gradients while a first order forward difference is
used to compute the wall-normal gradients of the streamwise
and spanwise velocities. Finally, the continuity equation is used
to recover the wall-normal gradient of the wall-normal veloc-
ity. With the out-of-plane gradients provided by the dual-plane
data, we are able to compute the complete swirl strength and
vorticity vector.



(a) (b)

Figure 1: (a) Perspective view (b) side view of the experimental setup
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Figure 2: Vorticity components atz+ = 125 (a) ω+
z , (b) ω+

x .
The flow is from left to right and the vectors shown have the
mean streamwise velocity (U) subtracted.
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Figure 3: Swirl strength atz+ = 125(a) λ+
2D and (b)λ+

3D. The
flow is from left to right and the vectors shown have the mean
streamwise velocity (U) subtracted.



Results and Discussion

Examination of streamwise and spanwise velocities from the
lower and upper planes reveals that the two planes are very well
correlated. At this wall-normal position (z+ = 125) the stream-
wise velocity signature is typically seen to contain long low and
high speed regions bordering one another in the spanwise direc-
tion. A typical field is shown in figures 2 and 3.

Contours of wall-normal vorticity (ω+
z , figure 2(a)) show that,

in this orientation, the tops of low speed regions are typically
enveloped by negative values and the bottoms by positive val-
ues. Also, the variations in vorticity strength seem to indicate
that these regions of vorticity contain swirling motions indica-
tive of vortex cores. These cores are noted as being predomi-
nantly inclined to the plane. This point becomes clear from the
streamwise vorticityω+

x plot (figure 2(b)). The regions of pos-
itive ω+

z have predominantly positiveω+
x , and regions of neg-

ative ω+
z have negativeω+

x . The data thus are consistent with
the presence of vortices inclined at an angle with respect to the
streamwise direction. We will refer to these inclined vortices
broadly as hairpin vortices, which may or may not be symmet-
ric. Note, however, that inclined hairpins are not the only type
of instantaneous structures observed. Examination of various
vector fields in the two neighbouring planes indicate evidence
of some structures that are inclined at 90 degrees to the stream-
wise direction and others that are completely streamwise.

Figure 3(a) reveals the instantaneous two dimensional swirl
strength (λ+

2D) at z+ = 125. Two dimensional swirl strength
is computed from the eigenvalues of the in-plane (2-D) velocity
gradient tensor (see [1]) and is the measure of the swirling ten-
dency of the flow. This plot in tandem withω+

z (see figure 2(a))
shows that 2-D swirl isolates regions that are swirling about an
axis aligned with the wall-normal direction. A visual compari-
son between the swirl in the lower and upper planes (not shown
here) indicates a forward tilt to most structures as they are offset
in the positive streamwise direction in the upper plane. It should
be noted thatλ+

2D cannot identify vortices whose inclination an-
gles to the plane are small. Figure 3(b) presents a plot of the
full swirl strength (λ+

3D, computed from the eigenvalues of the
complete 3-D velocity gradient tensor [10]). The plot reveals
that the 3-D swirl identifies not only the vortices cutting across
the plane but also additional regions that are not isolated by 2-D
(wall normal) swirl. These regions could possibly coincide with
smaller hairpin vortices whose heads are cutting across the mea-
surement volume and hence are not apparent in the 2-D swirl
plot.

Having the full three-dimensional information in a plane, it is
now possible to study the inclination angle of vortex structures
by computing the orientation of the vorticity vector. If the vec-
tor angle is computed at every point in the field, the results are
noisy partly due to measurement uncertainty, but primarily due
to the predominance of small-scale incoherent motions to the in-
stantaneous vorticity, and thus the instantaneous vortex lines in
a turbulent flow are not very well organized. By contrast, com-
putation of the vorticity vector averaged over a region identified
as a vortex core by the swirl strengthλ+

3D, leads to determina-
tion of the orientation of the vortex core. This orientation can
then be interpreted as the local inclination of that vortex.

Figure 4(a) reveals the probability density function (p.d.f.) of
the inclination angle (θe) that vortex cores make with thex−y
plane. The angles were computed for all distinct regions of sig-
nificantλ+

3D. This distribution (square symbols) includes a wide
range of structure angles at this wall-normal location. Note that
many structures have small inclination angles. Further study,
including the investigation of the azimuthal angle made by the
projection of the vorticity vector onto thex− y plane with the
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Figure 4: p.d.f. of (a) Inclination angle (θe), (b) Eddy inclina-
tion angle (θi), (c) Joint p.d.f of inclination angle andλ2D/λ3D,
the solid line is the functionλ2D/λ3D = |sinθe|.



x axis, reveals that mostλ+
3D regions with small inclinations

are spanwise structures indicative of heads of smaller hairpin
vortices or other in-plane oriented vortices. In order to obtain
the inclination angles of cores that are not spanwise heads or
streamwise legs, the average vorticity vector in isolated regions
of λ+

3D that includesλ+
2D were computed. This additional cri-

terion filters out spanwise and streamwise structures sinceλ+
2D

does not capture them. The resulting p.d.f., shown by circles in
figure 4(a)) yields peaks at±25◦. This suggests that most cores
are inclined at25◦ to thex−y plane. The angle made by the pro-
jection of the vorticity vector in thex− z plane with thex axis
is defined as the eddy inclination (θi). The p.d.f. of the eddy
inclination angle (only for regions whereλ+

2D > 0) is shown
in figure 4(b). This p.d.f has peaks at±32◦, which indicates
that most of the inclined vortex rods have an inclination of32◦.
This is comparable to a45◦ hairpin inclination as suggested by
various researchers over the past century ([7]). Another mea-
sure is the weighted average ofθe andθi based on the centre of
area of the p.d.fs shown in the figures respectively. This reveals
that the average inclination angleθe is 37◦ and the average eddy
inclination (θi) is 57◦ at this wall-normal location.

Figure 4(c) is a plot of the joint probability distribution of the
ratio of 2-D swirl strength to 3-D swirl strength and the incli-
nation angle (θe). It is worth noting that, mathematicallyλ2D
will always be less than or equal toλ3D for any orientation. The
distribution indicates a unique relationship between this ratio
and the inclination angle of vortex structure with respect to the
cutting plane (x− y plane in this instance). Velocity fields in-
duced around idealized hairpin vortices (with and without cur-
vature) were computed using Biot-Savart calculations to calcu-
late the ratioλ2D/λ3D as a function of the hairpin angle. The
results from this computation suggest that the ratio of the two
swirl strengths varies as|sinθe|. The value of this ratio from
the experiments follows this theoretical finding as seen in fig-
ure 4(c). Note that this plot does not reveal any information
about the streamwise or spanwise oriented structures, since the
ratio was computed only for cores whereλ2D is greater than
zero. The fact that the distribution is dense in the angle range
20◦ < θe < 40◦ indicates that most vortex structures in this
plane are inclined in that range of angles.

Conclusions

Simultaneous dual-plane PIV experiments were successfully
performed to compute all nine velocity gradients in a turbu-
lent boundary layer. Dual-plane measurements could be used to
compute the complete vorticity vector and other quantities like
instantaneous Reynolds shear stress production and 3-D swirl
strength to study the eddy structure and their dynamics. Con-
tours of different components of the vorticity vector and 2-D
swirl strength from the two neighboring planes indicate the ex-
istence of hairpin shaped vortices inclined downstream along
the streamwise direction. These vortices envelop low speed
zones and generate Reynolds shear stress that enhances turbu-
lence production (see [6]). Plots of 3-D swirl strength indicate
the existence of additional vortical structures in the middle of
low speed zones that may represent heads of smaller eddies in-
tersecting the measurement plane. The dual-plane data were
also used to compute typical vortex inclination angles at this
wall-normal location. It is worth noting that this study includes
just one dataset at one wall-normal location. Datasets at multi-
ple wall-normal locations are required to resolve the complete
vortex structure and earn more about the dynamics of a turbu-
lent boundary layer.
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