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Abstract. Turbulent diffusion promotes significantly mass and momentum

transport beneath the interface between the water and air significantly in ocean

and lakes, and thus it is very important for global environment problems to reveal

such turbulence property and coherent structure. Simultaneous measurements of

velocities and free-surface elevation allow us to conduct reasonably the phase

analysis of the coherent structure in interfacial shear layer. Furthermore, multi-

point measurements such as PIV are very powerful to detect the space-time

structure of coherent motions. Therefore, in the present study, we developed a

specially designed PIV system which can measure the velocity components and

surface-elevation fluctuation simultaneously by using two sets of high-speed

cameras.
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1. Introduction

In ocean and natural lakes, water waves and turbulence are generated by wind.

Particularly, mass and momentum transport and gas exchanges are promoted

significantly beneath the interface between the water and air. It is, therefore, very

important for many environment problems to investigate turbulence structure and

coherent eddies related to such mass and momentum transfers. Many previous

studies conducted single-point measurements of a laser Doppler anemometer

(LDA) and acoustic Doppler velocimetry (ADV), and pointed out that the

turbulence generation has as significant relationship with water waves.

For example, Cheung and Street (1988) used linear filtering technique (LFT),

in which wave motion is evaluated by cross spectra of velocity and free surface

fluctuation, and they suggested that there exists a significant energy transfer from

the wave to the mean flow. They have also shown that the turbulence structures at
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the presence of wind-waves have similar characteristics to that observed in

turbulence boundary layer. In contrast, Jiang et al. (1990) proposed stream

function method (SFM), in which wave motion is assumed to be potential flow.

They have revealed that interaction between wave and turbulence plays a vital role

on energy transfer mechanism between them.

These previous studies gave valuable knowledge and database to consider

statistical properties of turbulence related to the wind-induced waves. However,

there remain uncertainties concerning the effects of wave phases on coherent
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turbulence motion. Recently, Oh et al.(2008) analyzed that time-series of vorticity

distributions by using PIV measurements, and it was found that coherent structure

is transported associated with wave motions. Sanjou et al. (2009) have conducted

phase analysis on the basis of PIV data to reveal turbulence generation mechanism

under water waves. To investigate coherent turbulence structure in more detail, we

need simultaneous measurements of velocities and free-surface elevation to

conduct reasonably the phase analysis of the coherent structure in interfacial shear

layer. Therefore, in the present study, we developed a specially designed PIV

system which can measure the velocity components and surface fluctuation

simultaneously by using two sets of high-speed cameras.

2. Experimental setup

The experimental setup is indicated in Figure 1. The experiments were

conducted in a 16m long, 40cm width and 50cm height glass-made wind-tunnel

flume. In this flume, air-flow is generated over the free-surface flow by a speed-

controlled fun. x and y are the streamwise and vertical coordinates, respectively.

The vertical origin, y=0, was chosen as the channel bed. The time-averaged

velocity components in each direction are defined as U and V, the corresponding

turbulent fluctuations are u and v, respectively. 2W laser light sheet was projected

from the flume bottom. The x−y plane was illuminated with tracer particles and it

was taken by a pair of high-speed CMOS cameras (1000×1000 pixels,

500frame/s). To measure the velocity components and surface elevation

simultaneously, two high-speed cameras are used for the PIV measurements and

the free-surface capture, respectively. The PIV algorithm used in this study was

standard direct cross-correlation method. In this method, we obtain the velocities

by calculating the coefficient of similarity with local peak patterns composed of

image brightness values. The interrogation region is 25×25 pixels, and 1 pixel

corresponds to 0.27 mm.

Miyamoto et al. (2002) proposed useful method to evaluate free-surface

distribution by using digital photograph. So, we applied their method to detect the

air/water interface. The process consists of the following steps.

To extract the air/water interface exactly, the picture image taken by the

present CMOS camera should be in good condition of focus and clearness. We

dissolved Rhodamine-B in the present flume to rise up clearness near the boundary
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Table 1  Hydraulic condition

H (cm) Hs (cm) Ua,max (m/s) Us (cm/s) U* (m/s) T (s)

4 0.4 6.8 28.1 0.0169 1/f p



of air-water interface. Figure 2 shows the original image and brightness

distribution, in which we can see discern the water and air layers by eyes.

Using the brightness data of each analyzing mesh point, we obtain the

brightness gradient in the vertical direction which is defined as below;

Gc=a+2b−2d−e (1)

in which points “a” to “e” are local brightness data as shown in Figure 3.

After calculation of Gc, considering five points in y-direction, center point Pc is

chosen as the 1st-candidate point(1st-C point) of borderline, if Pc is the largest

among them. This process is conducted in each streamwise location. Then we sort

out the 2nd-candidate points from the 1st-C points using two thresholds (HTV, LTV) in

the following way.

First,1st-C point which is larger than HTV is detected. The modified image

composed of such 1st-C points is called as “Seedmap”. Second, we find 2nd-C

points that meet these conditions below.

(a) They are one of 1st-C points.

(b) They are located next to already detected 2nd-C point on the Seedmap.

(c) The brightness gradient is larger than LTV.

The above mentioned calculation was continued, and finally, all points on the

Seedmap could be considered as air/water interface. Figure 4 shows an example of

the free-surface line plotted in the original image picture, and it was found that the

calculated interface agrees well with one observed in the original image.

The hydraulic conditions are shown in table 1. The measurement area is 7m

apart from the upstream edge. In this research, the water depth is 4cm and the wind

speed Ua,max is 6.8m/s in order to generate gravity waves. Hs is significant wave

height. Us is the velocity at the air-water surface evaluated from the ensemble of

30 samples of 3mm float. U* is the friction velocity of water side acquired from the

logarithmic-law.
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3. Results and Discussion

3.1 Spectrum of free-surface fluctuations

Figure 5 shows the spectra of free-surface fluctuations obtained by the above-

mentioned method, in which the result of capacitance-type wave-gauge was also

shown for comparison. In the present method, the spectra were calculated at two

different points, i.e., the center of image (x/Lx=0) and the right-hand-side edge of

image (x/Lx=1). Lx is the half length of image in the streamwise direction. It is

found that the spectral peak obtained by the present method agreed with that

obtained by the wave gauge. A lot of noises appear in the case of edge position

(x/Lx=1.0) of the image compared to the center position (x/Lx=0), and this is

because the light power of LLS is not strong enough to obtain good results near the

edge of images.

The point measurements using by ultrasonic wave gauge was also conducted

in order to examine the accuracy of the present method. The significant wave

height Hs obtained by the wave gauge was 0.38cm, and in contrast that by the

present image method was 0.40cm. This result suggests that difference between

them is only 3.09%, and the present measurement is comparatively accurate.

3.2 Time-series of velocity components and free-surface

Figure 6 shows the time-variations of instantaneous velocity vectors and free-
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surface boundary at every 0.04 second, in which color contour means stream-wise

u and vertical v components for (a) and (b), respectively. It is noted that crest and

trough are transported downstream with time proceeding. We can see downflows

in the windward side of crest and upflows in the leeward one. In contrast,

downflow and upflow are observed in the leeward and windward sides of trough,

respectively. Furthermore, these fluid parcels of upflows and downflows are

convected downstream together with wave propagation. It is found from contour

of streamwise velocity that large velocity zones are located near in the crest, and in

contrast, return flow zones are formed in the trough. These fluid parcels are also

transported downstream. The vertical velocity component becomes almost zero in

the crest and trough, and positive and negative values appear alternatively in the

transition stage between the crest and trough.

Figure 7 shows the correlation between the velocity component and free-

surface fluctuation, in which the reference position was chosen by the center of

image, i.e. x0=0. The correlations between free-surface fluctuations η at x0=0 and

velocity components at movable positions, Cηu(x, y) and Cηu(x, y), are defined as

follows:

Cu(x, y)=
(η(x0, t)−η(x0))×(u(x, y, t)−u(x, y))

η'(x0)×u'(x, y)
(2)

Cv(x, y)=
(η(x0, t)−η(x0))×(u(x, y, t)−u(x, y))

η'(x0)×u'(x, y)
(3)

in which, the over bar means time-average operation.

It is found that Cηu has maximum value at the reference position, x/λ=0 and

minimum value at x/λ=±1, in which λ is the wave length. This implies that the

streamwise velocity varies with same phase with waves. Whereas, Cηv becomes

maximum at x/λ=0.5 and minimum at x/λ=−0.5. This property is almost same

in the whole depth region. These results suggest that there is a phase lag between

the vertical velocity and waves.
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3.3 Phase analysis for turbulent energy production

Phase analysis is very useful to reveal effects of free-surface fluctuation on the

turbulence generation. Figure 8 shows the definition of phase used in the present

study, in which eight bands were given corresponding to the time-variation of free-

surface elevation. For example, the phases 3 and 7 correspond with the crest and

trough, respectively. In the phase averaging process, first each wave was detected

from measured time-series of surface elevation by the zero-up-cross method.

Thereafter, corresponding times to crest and trough, were determined for each

wave. Further, the rising stage from trough to crest was divided into four phases,

and the falling stage was also divided in the same way. Finally, we obtained eight

phases in one wave. It is noted that time-span of one phase depends on each phase.

Figure 9 shows distribution of the phase-averaged turbulence generation term

−uv�U /�y which appears in turbulence kinetic energy (TKE) equation. We can

see negative values in the crest (Phase-3) and the trough (Phase-7). In contrast, in

falling stage of free-surface elevation (Phase-4) and rising stage (Phase-8),

positive values appear significantly. This tendency is more accentuated nearer the

free-surface. Consequently, it was found from the present result that turbulence is

generated more significantly in the rising and falling stages and it was inferred that

coherent turbulence structure strongly depends on the phases of wave motion.

3.4 Detection of coherent vortex structure

Oh et al.(2008) pointed out the existence of coherent vortex structure by using

instantaneous vorticity. Figure 10 shows the time-variations of the instantaneous

vorticity, ω≡�u/�y−�v/�x. At t=0(s) to 0.06(s), strong positive parcel exists in

the crest zone, and vorticity is larger in the leeward side of the crest than in the

windward one. This property agrees well with the result proposed by Okuda

(1982). The crest region is convected downstream accompanied with the strong
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vorticity parcel with time proceeding. In contrast, at t=0.14(s), vorticity is larger

in the leeward side than the windward one. This may be because convection

velocity of coherent vortex differs from the Stokes drift velocity.

Some researchers have proposed several mathematical methods to detect the

vortex core of coherent structure in shear layer and mixing layers. One of them is

the delta method proposed by Chong and Perry (1990). They considered the

eigenvalues σ of the velocity shear tensor (�u i / �x ) in shear layers. The

eigenvalue equation in 2-D shear flow is given by

σ
2−Pσ+Q=0 (1)

in which, P≡
�u i

�xi

=0 and Q≡
1

2 
�u i

�xi

2

−
�u i

�xi

�u 

�x 
 (2)

and Δ≡P2−4Q (3).

ui is the instantaneous velocity component. Complex eigenvalues occur when the

discriminant Δ is negative. It is assumed that Δ<0 corresponds to an existence of

vortex core. Figure 11 shows the distribution of Δ corresponding to Figure 10. At

t=0(s), a large-scale vortex zone is observed between the crest and trough. At

t=0.04 to 0. 10 (s), vortex is generated in the downstream side of the crest.

Furthermore, at t=0.06 to 0.14 (s), another vortex is observed in the left-hand-
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side of the figure, whose location corresponds to the transition zone from the

trough to the crest. Of particular significance is that coherent vortex is generated

significantly in the transition stage between the crest and trough, and this result is

consistent with the phase property of turbulence production as shown in Figure 9.

4. Conclusions

In this study, the specially-designed PIV system for simultaneous

measurements of velocity components and free-surface distribution to consider the

relationship between current and turbulence near the air/water interface. The main

findings obtained are as follows;

1) Time variations of velocity components and free-surface elevation could be

simultaneously evaluated. It was found that stream-wise velocity has same

phase as free-surface fluctuation, and in contrast, there exist a phase gap

between the vertical velocity and free-surface fluctuation.

2) Present PIV allows us to understand that the coherent vortices appear near the

air/water interface. The delta method could detect the vortex structure in even

such a complex flow field.

3) Time variations of vorticity and delta distributions enable us to consider the

transport property the coherent vortices. In particular, it was suggested that large

vorticity zone exists near the crest of water waves. Furthermore, coherent

vortices detected by the delta method appear in the transitional zone between the

trough and crest.
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