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Turbulence in a free surface
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We report an experimental and numerical study of turbulent fluid motion in a free surface. The flow is
realized experimentally on the surface of a tank filled with water stirred by a vertically oscillating grid
positioned well below the surface. The effect of surface waves appears to be negligible so that the flow can
numerically be realized with a flat surface and stress-free boundary conditions. The surface flow is unconven-
tional in that it is not incompressible and neither energy nor enstrophy are conserved. Nevertheless, according
to both experiment and numerical simulation, the second order structure fuSs(iBh scales essentially as
for a three-dimensional system. However, the surface flow seems to be more intermittent.
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Statistically stationary turbulence is readily produced in asional arguments to estimate the scaling forms of the velocity
tank of water by vertically oscillating a grid below the water and vorticity structure functionsS,(R) and S,(R). The
surface. The properties of this three-dimensional volume turstructure functions are the main focus of our analysis and are
bulence have been studied extensiid Particles floating defined as
on the free surface are driven by the horizontal component of 5
the turbulent flow below. While this is a classic problem, S2(R)=({[V(x+R) = v(x)]-R/R}) 1)
generally studied in an oceanographic context where thgnd
“particles” are micro-organisms, such as phytoplankfgh
or Lagrangian drifter$3,4], controlled laboratory measure- S, (R)=([w(x+R)— w(x)]?), 2)
ments of the relative velocity of floating particles do not
appear to exist, despite a very large number of oscillatingvhere R is the separation between two points and bwth
grld experiments which prObe the fluid flow in the bulk and :{X,y} and R are in a horizontal p|ane_ The Vorticity, of
even near the surfadd]. Such surface flows also seem to magnitudew(x,y), is perpendicular to that plane. A third

have received little attention by those interested in the funguantity characterizing the surface flow is the dimensionless
damental aspects of two- or three-dimensional turbulenc@ompressiblity coefficient, defined as

[5,6]. Our experimental and theoretical results demonstrate
that these two-dimensional surface flows have unusual prop- C=((V-V)DI{(VV)?), 3
erties that make them interesting in connection with scalar
transport. The work opens the possibility of studying certainwhich lies between 0 and 1 if the turbulence is isotrdfic
aspects of passive scalar dynamics in divergent flows beyonfis usual(- - -) denotes an ensemble average.
the ones used for the Kraichnan model which are Gaussian The measurements were made in a square Plexiglas tank
and white in timg 7]. Their properties are also needed for afilled with water to a height that was varied. The bars of the
hydrodynamic modeling of the distribution of flotsam driven grid were (PVC) and were square in cross section with di-
by underlying turbulence or chag8]. Our study is also re- mensions of 1 cm. The grid is also square and conforms
lated to recent work on quasi-two-dimensional turbulenceglosely with the square shape of the Plexiglas box. To mini-
which is probed by tracking the motion of floating particles mize flexing of the grid when it is oscillating, a number of
[9]. The surface flows being comprised of particles conthe PVC bars are replaced by brass bars. For some of the
strained to the surface in both the experimental and numerimeasurements, a vertical post was placed at the center of the
cal work, are qualitatively different from the motion of the square grid to further suppress flexing, thereby reducing the
driving fluid. amplitude of the surface waves. The apertures of the grid are
Although the fluid is incompressible, the inability of the also square, their dimensions being 3.66 cm. The grid is
floaters to enter the bulk flow assures that they will have supported by four vertical rods which run through pillow
nonzero two-dimensional divergence. The compressibility oflocks, assuring its smooth vertical motion. All the param-
the floating particles causes them to clump, an effect seen igters used in our setup were typical of prior oscillating grid
the numerical and experimental realizations. The main difexperiments[1], except that the lateral dimensions of the
ferences between their motion and that of the underlyingank were somewhat larger.The grid is driven sinusoidally
fluid comes from the possibility that the floaters can ex-from above by a 1/4 hp motor. The vertical amplitude of grid
change kinetic energy and enstrophy with the water molimotion wasA=1.25 cm. Whereas these parameters were
ecules below. Hence, the energy and enstrophy of the floatewsiried by only a small amount, the distanféetween the
still would not be constants of the motion, even if the under-grid and the water surfad@t z,=0) was rather widely var-
lying fluid were invisid and undrivei10]. With the above ied. Reducind increases the Reynolds number of the turbu-
conservation laws absent, one lacks the traditional dimenlence on the surface and in the bulk close to the surface
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(zo>0). For all the measurements presented here, the oscil 10’
lation frequencyf of the grid was 4.5 Hz 0.3 Hz.

The flow was measured using the technique of particle
imaging velocimetry(PIV). There one illuminates the seed
particles with a(horizonta) sheet of laser light and tracks
their motion photographically. A charge-coupled-device
(CCD) camera was centered at a distance that was 23 cn<;
from the nearest wall. It was mounted above the tank where & 10°
we could capture images of the surface particles or those irNg
the interior. The particle illumination was furnished by a =
neodymium-doped yttrium aluminum garn@d-YAG) la-
ser, with the beam spread into a horizontal sheet by a cylin-
drical lens. This sheet of light was typically 10 cm wide and
0.5 cm thick. The floaters were particles of various diameters
ranging from 10 to 50xm. The interior measurements were
made using neutrally buoyant polystyrene spheres of diam-
eter 10 um. The images were acquired using a commercial . L i
particle imaging velocimetry apparatl], and the particle 107 10° 10°
tracking was done using in-house software. To form a statis-
tically reliable ensemble average, each measurement of F|G. 1. Log-log plot of the second moment of tiiengitudina)
S,(R) lasted several minutes and included200 image velocity difference at the indicated distand@ between the sur-
pairs. EachS,(R) was determined from roughly a million face and the oscillating grid. The oscillating frequency of the grid
particle pairs. and the surface-to-grid distanc&s are indicated. Other parameters

The surface and bulk turbulence are characterized by thare Z=8.2 cm: Rg=80l,=3.6 cmpns=1.27 cm/s;Z=18.2
outer scale of the turbulent¢g and the Taylor microscale.  ¢m: R§=50l,=1.5 cmy,s=0.7 cm/s. For both sets of measure-
The outer scale is defined as the integral of the normalizefments,C=0.5+0.1.
velocity autocorrelation function C(R)=(v(x

+R)v(X))/v/ms, Where the brackets indicate an averager>|,, where S,(R)xR°. Therefore, the extended self-
over points x,y and over many images. Here?Z . similarity (ES9 representation is usd¢d2] and a local scal-
=([vi(x,y)—(vi(x,y))]?) wherei is one of the two arbi- ing exponentD, y(R) =d logS,(R)/dlogG3(R) for all R in
trarily chosen directions in the horizontal plane. Separate exthe interval 0.1 creR<7 cm is found to give 0.700.10
periments established that the turbulence is almost isotropiGee upper panel of Fig).2For the ESS plots, the third order
in the horizontal plan¢see below. The Taylor microscale is  structure function G3(R)={|[v(x+R)—v(x)]-R/R[?) is
defined here as = \/(v7,)/([dv(x)/dx]?). The Taylor mi- needed.
croscale Reynolds number is Rev,nw\/ v, wherew is the Since the surface is entirely driven by the grid-generated
kinematic viscosity(in water v=0.01 cnf/s). The surface turbulence in the water, it is important to meas@£R)
motion is further characterized by the vertical component obelow the surface. We have made such measurements at dis-
the vorticity  and by the dimensionless compressibility co-tancesz, in the range 0.5 to 2 cm and for various grid-to-
efficientC [see Eq(3)]. surface distanceZ. At Z 9.6 cm,z;=2.0 cm, the second
Figure 1 is a log-log plot of5,(R) in the surface mea- moment is very well fitted to a power law form in the inter-
sured forZ=18.2 cm(closed circles and forZ=8.2 cm val 0.1 cm<R<4 cm. In this interval{=0.9*+0.2, which
(open circles The grid oscillation frequency for the two sets is somewhat larger than the Kolmogorov value of P33
of measurements are indicated. The outer scale of the turb@ther relevant parameters for this bulk measurement are
lencel, at Z=18.2 and 8.2 cm are 1.5 and 3.6 cm, respecRg, =100 andl,=3.1 cm. The corresponding parameters
tively. The Taylor microscale Reynolds numbers,Ree 80 measured on the surface are,Ret0 andl,=3.5 cm. At all
(Z=8.2 cm) and 50 Z=18.2 cm). Technical limitations Vvalues ofR, the bulk value of the second moment is roughly
blocked measurement &, at R less than 1 mm. The mea- an order of magnitude larger thaBy(R) measured at the
surements in Fig. 1 suggest th&4(R) is approaching its surface. A dimensional argument suggests the crossover be-
saturation value Qr?ms at largeR. The more interesting case tween bulk and surface behavior should take place at a depth
is S, at smallerR, where one finds thas,(R)«R¢, with { 8z below the surface given b§z=v/v, whereu is the bulk
=1.6 and 1.4 aZ=8.2 and 18.2 cm, respectively. The dis- rms value ofv,. This gives §z=0.1 mm. The numerical
sipative range at even smallgr whereS,(R) —R?, was not  studies[13] indicate that the prefactor in this dimensional
accessible in the laboratory experimégbi. For these, and estimate can be as large as 10, makdag=1 mm, which is
the other surface measurements, the dimensionless corstill too close to the surface for us to measure.
pressibility C defined above, was 0#50.1. Reynolds num- We consider the possibility that the surface velocity fluc-
bers in the experiment and the simulation are too small tduations originate from gravity and capillary waves generated
develop a significant interval with algebraic scalingsy{R) by the 4.4 Hz oscillation frequency of the grid. Even though
between the dissipativ&,(R)«R?, and the saturation range the amplitude of the surface waves was rather small (
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10 100 FIG. 3. Second moment of vorticity differences for the floating
R/n particles, atZ=9.6 cm. Heref=4.7 Hz, Rg=35, |,=1.7 cm,

. and v,ns=0.67 cm/s. AgainC=0.5. Inset: Model calculation of
. '.:IG.' 2. Local scaling exponenD;(R), of an exte_nded self- S,(R) at the free-slip surfaces, with Re100. HereC=0.5.
similarity plot of second order moment vs absolute third order mo-

ment. Upper panel: The parameters for this experiment are the same

as in Fig. 1 aZ=18.2 cm. Lower panel: A comparison Bf, i R) method with resolutiorN, X Ny XN, of 256X 256x65. A

in the bulk atzy=0.5 (triangle with that on the two surfaces at statistically steady state of the turbulent flow was achieved
2y=0 and 1(diamonds. Data were taken from a numerical simu- by forcing in a wave number range comparable to the inverse
lation at Rg=100. Dashed lines in both panels are drawn at of the box height(for more details, see Ref17]). Here
D,3(R)=0.73 and 0.71, respectively. Re, = 100.

The local ESS scaling exponet, fR) lies in the range
=0.5 mm) it is comparable to the thickness of the boundarpetween 0.67 and 0.74 in the intervak R/ < 100 with the
layer near the surface. The appropriate wave turbulencRoimogorov length 7= (v*/€)** (lower panel of Fig. 2
theory treats the nonlinear coupling of surface mof¢k)  Thjs result is in good agreement with the experimental data
of different wave numberk [14]. This theory is of Hamil- 350 shown in Fig. 2upper panél The simulation results

theory is obtained from a velocity potential, so that the vor-

ticity of the surface particles is zero. Measurements of the
(vertically directedl vorticity of the surface particles show
that it is quite large. Figure 3 is a log-log plot of the second
moment of the surface vorticity fluctuationS,,(R), for a
grid-to-surface distanc=8.5 cm. This function saturates
at a rather small value & and approaches the limiting value < 20
2{w?). A dimensionless measu(®) of the surface vorticity ¢ 'y A _ ]
is S, (R)R?/S,(R). At R equal to the outer scale of the tur- & dﬂﬁ["'ﬂ"r‘{:ga"'a """" =
bulencel,=3 cmQ=1, which suggests that it is probably n, 1:!
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too large to satisfy the zero-vorticity requirement of wave

turbulence theory, even though this theory successfully ac- X n=6

counts for the motion of particles floating on a container of F X

vertically oscillating fluid where capillary waves are excited 03 e 3
[15,16]. T

The experimental observations are, however, in good
agreement with a model for turbulence in a flat surface 00 01 02 035 04 05
bounding a three-dimensional volume with fully developed %o/
turbulence governed by the incompressible Navier-Stokes g, 4. Deviations of the local extended self-similari§SS
equation[13]. This fluid is in a computational box with pe-  sjope from the classical Kolmogorov scaling for different heigits
riodic boundary conditions applied to the lateral edges bubf the averaging plane and for different orders 2 to n=6. All
with the fluid particles on the upper and lower surfaces obeydata points are calculated fromx2.14 statistically independent
ing free-slip boundary conditions, with,=d,v,=d,v,=0.  samples at Re=100 and by averagin®, s(R,z,) for scalesR
The equations were solved by means of a pseudospectrétween 18 and 41;.
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exponents in both cases, at the surface and in the bulk. Inmportant characteristics of the floating particle system are
termittency corrections in the surface seem to be strongéts large compressibility, large vorticity, and the absence of
than in the bulk. In Fig. 4, a systematic investigation of theseconservation laws for energy and enstrophy. The measure-
deviations from the classical Kolmogorov scaling with re- ments and calculations presented here indicate the existence
spect toz,, the vertical position of the horizontal plane of of an inertial range wher8,(R) scales af?¢, with ¢ quite

averaging is presented. Our results indicate increasing devigtose to 2/3, as in 3D flows and in the inverse cascade of 2D
tions toward the free surface. The two-dimensional surfacg,pylence.

compressibilityC in the calculation is 0.5, in excellent agree-
ment to the laboratory-measured value of 0(1. This In this work we have profited from interactions with P.
value ofC is expected for isotropic turbulence. Alstrq)m, S. Banerjee, D. Lghse, C. Cheung, G. Falkovich, V.
The above model was also applied to the calculation oHorvah, M. Rivera, E. Schider, X. L. Wu, and M. Vergas-
S,(R), and the results are presented in the inset of Fig. 3sola. The particle tracking software of M. Rivera was very
Both the calculated and measur§g(R) are qualitatively important to the success of this experiment. Derek Hohman
similar and show that this function rises rapidly with increas-provided valuable assistance with the experiment. The work
ing R in these log-log plots and reaches its saturation valuehas been strongly influenced by the attendance of two of us
2<w2> at a rather small value &R (W.I.G., B.E) at the Institute for Theoretical Physics at
In summary, we have described a laboratory experimenbanta Barbara. Research support from NASA, the National
and a model calculation for particles that float on a sea ofscience Foundation, and the European Community is grate-
three-dimensional turbulence. Even though the surface pafully acknowledged. We thank the John von Neumann—
ticles move in a plane, there appears to be no basis for dénstitut fur Computing at the Forschungszentruniichu for
scribing the floating particle system in terms of the laws ofsupport and computing time on a Cray T-90 for the numeri-
two-dimensional turbulence or of turbulent surface wavescal simulations.
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