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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 gradients from which the complete vorticity vector and

other invariant quantities like 3-D swirl strength were computed. These derived quantities were

used to analyze and interpret the structural characteristics and features of the boundary layer.

Sample results of the vorticity vector and the 2-D swirl strength from the two neighboring 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 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 intersecting the measurement

plane which is in accordance with the hierarchy of structure size in a hairpin packet proposed by

Adrian et al. (2000). Two-point correlations computed using the PIV data reveal that instantaneous

production (uw(∂U/∂z)) occurs in spatially compact regions (∼ 75 wall-units in length) on either

spanwise side of a hairpin core. Computation of inclination angles of individual eddies using the

vorticity vector suggests that most cores are inclined at 25◦ to the streamwise-spanwise plane with

a resulting projected eddy inclination of 32◦ in the streamwise-wall-normal plane.

1 Introduction

Over the past few decades, researchers have worked toward understanding the eddy structure within

turbulent boundary layers in order to develop effective simplifying models. Recently, Adrian et al.

(2000) have reinforced the viewpoint that “hairpin vortices” are a primary feature in turbulence

transport and production. The authors performed PIV experiments in streamwise-wall-normal

planes of a turbulent boundary layer and found instantaneous footprints of heads of hairpin vor-

tices. Most significantly, they also observed that these vortices traveled together in groups, termed

“hairpin packets”. Recently, Ganapathisubramani et al. (2003), with stereoscopic PIV data in

streamwise-spanwise planes, concluded that these hairpin packets occupy only a small percentage

of the total area, but contribute to a significant proportion of the total Reynolds shear stress gen-
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Figure 1: Two-dimensional swirl strength (λ+
2D) at z+ = 125. The flow is from left to right. The

vectors show in-plane velocity in convecting reference frame.

erated, conservatively more than 30%. Hence, 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 unanswered. Hence, the objective of the cur-

rent experimental study is to obtain three dimensional data on velocity gradients in order to begin

answering these questions.

To resolve the complete structure of a vortex, it is necessary to measure all three components of

vorticity. With the single plane data obtained in most PIV experiments, the intensity or orientation

of the vortices responsible for generation of Reynolds shear stress cannot be characterized completely.

Specifically, the velocity gradients normal to the measurement plane are unknown. For example,

Figure 1 illustrates swirl strength (λ2D) calculated from the imaginary part of the eigenvalue of a

2-D velocity gradient tensor (based on in-plane gradients only. For reference see Zhou et al. (1999)).

Although it performs reasonably well at identifying vortex core locations, it does not reveal the full

swirl strength or the angle of the vortices. In the current study, dual-plane PIV datasets are used

to retrieve the complete velocity gradient tensor.

2 Experiment and methods

Experiments were performed in a suction type boundary layer wind tunnel. Measurement planes

were located 3.3 m downstream of a trip wire in a zero-pressure-gradient flow with freestream velocity

U∞ = 5.9 m s−1 and Reτ = 1060 (Reτ = δUτ/ν, where δ is the boundary layer thickness, Uτ is the

skin friction velocity). The streamwise, spanwise and wall-normal directions are along the x , y and
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Figure 2: (a) Perspective view (b) side view of the experimental setup

Figure 3: Top view of laser setup. V and H designate the direction of vertical and horizontal

polarization respectively.

z 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 2. 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

performed utilizing the polarization property of the laser light sheets to isolate one plane to one set

of camera/cameras (see e.g. Raffel et al. 1998, Hu et al. 2001 , Christensen & Adrian 2002). PIV

data were captured in the log layer of the turbulent boundary layer at z+ = 125 (System 1) and at

z+ = 140 (System 2).

System 1 includes two TSI Powerview 2k × 2k pixel resolution cameras equipped with Nikon

50 mm lenses. The lenses are fitted with linear polarizers (two in series) oriented to allow the

passage of vertically polarized light only. Light sheets are generated by a pair of Big Sky CFR-
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200 series Nd:YAG lasers (120 mJ/pulse) that are vertically polarized. System 2 includes one TSI

Powerview camera with 2k × 2k pixel resolution and a Nikon 50 mm lens. The linear polarizers

in this case are oriented to allow the passage of horizontally polarized light only. The illumination

source for this setup is a pair of New Wave Nd:YAG lasers (120 mJ/pulse) with beams that are

vertically polarized. A half wave plate (from CVI Laser) is used to rotate the polarization of the

System 2 laser beams by 90 degrees as shown in figure 3. Each laser pair is aligned independently

to illuminate a specific wall-normal location. 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 synchronizer boxes for image capture at a frequency of 0.2 Hz. The data from

the two systems are streamed continuously to the hard drives of two Dell Precision workstations.

Vector fields are computed using a 32 × 32 pixel 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 Ganapathisubramani et al. 2002). The vector field from the single

camera is resampled and mapped to the grid of the stereo measurement using bi-linear interpolation.

The resolution of the resulting vector fields is about 18 × 18 wall units, and the total field size is

1.8δ × 1.8δ.

The single camera vector field 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 possible 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 velocity. With the out-of-plane gradients provided by the dual-plane data, we are able to

compute the complete swirl strength and vorticity vector.

3 Uncertainty in computed gradients

A complete uncertainty analysis was performed to quantify the validity of the computed gradients.

The uncertainty in any gradient is dependent on the differencing scheme used to compute it. A

simple error propagation analysis was used to compute the uncertainties in the gradients at a single-

point as described by Kline & McClintock (1953). For in-plane velocity gradients, the primary

contribution to the uncertainty are from the pixel-resolution and stereoscopic reconstruction.

The uncertainty in sheet separation makes a significant contribution to the uncertainty in the

gradient in the wall-normal direction. The absolute uncertainty in the gradient increases with

uncertainty in sheet separation. In this experiment, the wall-normal separation ∆z is fixed as 1

mm within 100 µm certainty. Table 1 lists the computed absolute uncertainty in all 9 gradients

and values normalized by each r.m.s (root mean square) of the gradients. Typically, in the velocity

fields presented, we are interested in gradients that are twice the r.m.s. values. Hence, the relative

uncertainties in larger gradients are smaller.

Column 5 in Table 1 shows the uncertainty in the gradients relative to twice the r.m.s. It is clear

from this column that the uncertainty of all in-plane gradients is exactly half the value in column

4. However, the uncertainty in the out-of-plane gradients of U and V is marginally higher than half

the value in column 4. The uncertainty in sheet separation causes this difference. It is important to

note that the uncertainties in the wall-normal gradients could be reduced considerably by reducing

the uncertainty in measuring the sheet separation. Note also that the results in Table 1 reflect the
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Table 1: Uncertainties in velocity gradients. K is any gradient and δK is the uncertainty in the

gradient.

K σK (s−1) Absolute δK (s−1) % δK
σK

% δK
2σK

(Typical)
∂U
∂x 49.49 6.87 14.02 7.01
∂U
∂y 79.21 6.87 8.5 4.25
∂U
∂z 111.53 20.31 18.2 10.4
∂V
∂x 60.52 12.03 19.87 9.94
∂V
∂y 55.64 12.03 21.6 10.8
∂V
∂z 107.55 20.11 18.7 12.74
∂W
∂x 93.86 34.38 36.6 18.3
∂W
∂y 106.89 34.38 32.16 16.08
∂W
∂z 57.97 13.85 23.89 11.95

findings of Westerweel (1994), where the author found that gradients can be computed with 10-20%

accuracy, provided the velocity data is within 1-2% accuracy.

The validity of the dual-plane-stereo gradients can be further judged by computing the wall-

normal gradient of mean streamwise velocity (∂U/∂z). This value can be compared with the wall-

normal gradient predicted by the log law:

∂U
∂z = Uτ

κz

where, z is the wall normal location and κ = 0.42 is the universal log-law constant. For our wall-

normal location, which is 0.01 m from the wall, and skin friction velocity of 0.17 ms−1, the log-law

predicts the gradient to be 40.47 s−1. The measured average value from an ensemble of 100 images

(with resolution of 100 × 100 vectors) is 36.78 s−1. The error in the mean value of the gradient is

thus 8.9 % which is within the expected uncertainty for this first order difference quantity.

4 Results and Discussion

Figures 4(a) and 4(b) show the streamwise velocity fluctuation (u) contours from the lower and the

upper planes respectively. It is clear that the two planes are very well correlated. The streamwise

velocity signature is very streaky consisting of low and high speed regions. We can zoom in on one

of these regions (marked with a box in figure 4) to study individual eddy structures and their three

dimensional properties.

The wall-normal (ω+
z ) and streamwise (ω+

x ) components of vorticity of the boxed region are shown

in figures 5(a) and (b). As seen from figure 4, this region is centered on a low speed zone. The plot

of ωz shows that the top of the low speed region is enveloped by negative values and the bottom

by positive values. Also, the vectors seem to indicate that these regions of vorticity contain swirling

motions indicative of vortex cores. However, the vortices seen here are not merely wall-normal

vortices. This point becomes clear from the ω+
x plot. The regions of positive ω+

z have predominantly

positive ω+
x , and regions of negative ω+

z have negative ω+
x . The data thus suggest the presence of

hairpin type vortices inclined at an angle with respect to the streamwise direction. Note, however,
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Figure 4: Fluctuating streamwise velocity (u) contours at (a)z+ = 125. U1 = 3.34 ms−1, (b) z+ =

140. U2 = 3.38 ms−1.

that inclined hairpins are not the only type of instantaneous structures observed. Examination of

various vector fields in the two neighboring planes indicate evidence of some structures that are

inclined at 90 degrees to the streamwise direction and others that are completely streamwise.

To present further evidence that regions of strong vorticity correspond with vortex cores, we

examine plots of the instantaneous swirl strength for the same boxed region shown in figure 4.

Figure 5(c) reveals the instantaneous two dimensional swirl strength (λ+
2D) at z+ = 125. This plot

in tandem with ω+
z (see figure 5(a)) shows that 2-D swirl isolates regions that are swirling about

an axis aligned with the wall-normal direction. A visual comparison 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. (This trend is observable in many pairs of

planes, in particular when they are viewed in rapid succession). However, if the inclination angles

of vortices are large, λ+
2D does not do a good job at identifying them. Figure 5(d) presents a plot

of the full swirl strength (λ+
3D) that was computed utilizing the complete velocity gradient tensor.

The plot reveals that the 3-D swirl identifies not only the hairpin shaped vortices cutting across the

plane but also additional regions that are not isolated by 2-D (wall normal) swirl. Note for example

the small light blue regions in the middle of the low speed zone (between the hairpin cores) that

contain significant λ+
3D but not λ+

2D. These regions could possibly coincide with smaller hairpin

vortices whose heads are cutting across the measurement volume and hence are not apparent in the

2-D swirl plot.

Figure 6 is yet another example to illustrate the performance of λ+
3D. It is clear from figures

6(a)-(c) that three dimensional swirl isolates a lot more than wall-normal vortices. Figure 6 also

reveals a closer look into a region identified as a hairpin packet (outlined by the thick black line)

by the algorithm described in Ganapathisubramani et al. (2003). Figure 6(d) shows instantaneous

production, uw+(∂U+/∂z+). Some locations of strong production lie close to swirling zones. Pre-

vious work by Ganapathisubramani et al. (2003) indicated that regions of high Reynolds shear

stress occurred within hairpin packets. Figure 6(d) shows high production levels in the packets near

6



x+

y+

-400 -200 0 200
-600

-500

-400

-300

-200

-100

0

100
-0.12 -0.10 -0.07 -0.05 -0.02 0.00 0.02 0.05 0.07 0.10 0.12

ω+
z

(a)

x+

y+

-400 -200 0 200
-600

-500

-400

-300

-200

-100

0

100
-0.14 -0.11 -0.08 -0.06 -0.03 0.00 0.03 0.06 0.08 0.11 0.14

ω+
x

(b)

x+

y+

-400 -200 0 200
-600

-500

-400

-300

-200

-100

0

100
0.000 0.006 0.012 0.018 0.024 0.030 0.036 0.042 0.048 0.054 0.060

λ+
2D

(c)

x+

y+

-400 -200 0 200
-600

-500

-400

-300

-200

-100

0

100
0.000 0.008 0.016 0.024 0.032 0.040 0.048 0.056 0.064 0.072 0.080

λ+
2D

(d)

Figure 5: Various quantities at z+ = 125 (a) ω+
z , (b) ω+

x , (c) λ+
2D and (d) λ+

3D.
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Figure 6: Various quantities at z+ = 125. (a) ω+
z , (b) λ+

2D, (c) λ+
3D and (d) Instantaneous produc-

tion, uw+ ∂U+

∂z+ . The dark line in the plots is the envelope of a low speed region identified as a hairpin

packet by the algorithm described in Ganapathisubramani et al. (2003).
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Figure 7: Two-point correlations. (a) Production auto correlation, contour levels range from 1.0 to

0.1 with 0.1 spacing, (b)λ+
2D and uw+(∂U+/∂z+) cross correlation, contour levels shown are labeled

in the figure.

the legs of hairpins. Other examples (not shown here) reveal strong Reynolds stress production in

regions that lie close to zones of significant λ+
3D (but, no λ+

2D) that could be heads or streamwise

legs of hairpin structures.

Figure 7(a) shows the two-point auto-correlation of the production term at z+ = 125. It is clear

from the plot that turbulence production is spatially compact in both streamwise and spanwise

directions. A characteristic length-scale for turbulence production in the streamwise direction of

75 wall-units can be inferred from this plot. The length-scale is smaller in the spanwise direction.

The relationship between vortex cores and production can be further investigated by computing

the two-point cross correlation between λ+
2D and uw+(∂U+/∂z+). Figure 7(b) reveals the contour

plots of the aforementioned correlation. The plot reveals the extent of dependence between swirl

strength and instantaneous production. Production seemingly occurs on either spanwise side of a

vortex with significant wall-normal vorticity component which is analogous to turbulence production

in both Q2 (u < 0, w > 0) and Q4 (u > 0, w < 0) regions. The two-point correlation between λ+
3D

and uw+(∂U+/∂z+) does not have the two-lobed structure, which could be due to the presence of

additional correlations from heads and streamwise legs of vortices. Note that these correlations were

computed with a set of 100 images and hence the results are not well converged; however they are

good enough to make qualitative conclusions.

The inclination angle of vortex structures can be computed by determining the orientation of

the vorticity vector. If the vector angle is computed at every point in the field, the results are noisy

because of both measurement uncertainty and the fact that instantaneous vortex lines in a turbulent

flow are not very organized. By contrast, computation of the vorticity vector averaged over a region

identified as a vortex core by the swirl strength λ+
3D, leads to determination of the orientation of the

vortex core. This orientation can then be interpreted as the local inclination of that vortex.

Figure 8(a) reveals the probability density function (p.d.f.) of the inclination angle (θe) vortex

cores make with the x − y plane. The angles were computed for all distinct regions of significant

λ+
3D. This distribution (square symbols) includes a wide range of structure angles at this wall-
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Figure 8: (a) p.d.f. of inclination angle (b) Schematic of hairpin structure

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 the x−y

plane with the x axis, reveals that most λ+
3D regions with small inclinations are spanwise structures

indicative of heads of smaller hairpin 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 includes λ+

2D were computed. This additional criterion filters out spanwise and streamwise

structures since λ+
2D does not capture them. The resulting p.d.f., shown by circles in figure 8(a))

yields peaks at ±25◦. This suggests that most cores are inclined at 25◦ to the x − y plane. The

angle made by the projection of the vorticity vector in the x − z plane with the x axis is defined

as the eddy inclination. The eddy inclination in the x − z plane has a peak 32◦. A schematic of a

representative hairpin is shown in figure 8(b).

5 Conclusions

Simultaneous dual-plane PIV experiments were successfully performed to compute all nine velocity

gradients in a turbulent 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. Contours of different

components of the vorticity vector and 2-D swirl strength from the two neighboring planes indicate

the existence of hairpin shaped vortices inclined downstream along the streamwise direction. These

vortices envelop the low speed zones and generate Reynolds shear stress that enhances turbulence

production. 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 intersecting the measurement

plane. The dual-plane data could also be used in computation of 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 multiple wall-normal locations are required to resolve the complete

vortex structure and learn more about the dynamics of a turbulent boundary layer.
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