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Vorticity Measurements in Turbulent Soap Films
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Measurements of vorticity fluctuations are carried out in rapidly flowing turbulent soap films driven
by gravity. Isotropic turbulence is generated by inserting one-dimensional grids through the film. The
vorticity fluctuations are measured using two optical-fiber velocimeters capable of measuring the fluctu-
ations of both the longitudinal and transverse components of the velocity simultaneously. Our results in-
dicate scaling of the vorticity spectrum, yet this scaling is different from what is predicted theoretically.
[S0031-9007(97)04569-9]
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Measurements of vorticity fluctuations in turbulent flows workers [4], and Gharib and Derango [5]. In a subsequent
is remarkably difficult and few if any measurements havestudy of ours, measurements of velocity differences and
been attempted [1]. Here we present measurements @€locity power spectra showed that the properties of tur-
vorticity spectra in a turbulent soap film flowing betweenbulence generated behind one-dimensional (1D) grids in
two parallel wires under the action of gravity. These filmsa soap film channel driven by gravity are in reasonable
are sufficiently thin (thickness of a few micrometers) thatagreement with the existence of an enstrophy cascade from
the velocity vector is confined to the plane of the film andlarge scales to small scales. However, no evidence of an
the vorticity is perpendicular to this plane. We here takenverse energy cascade was seen [6]. Some evidence of
advantage of the two dimensionality of the flow in thesethe existence of the inverse cascade in 2D turbulence was
films and use a recently developed optical fiber velocimetereported by Gharib and Derango [5] and by Sommeria [7].
to measure the two components of the velocity vector at The soap film channel used for this study was developed
two different locations simultaneously. The Taylor frozenrecently to investigate the properties of turbulence behind
turbulence assumption, which assumes that the small-scal® grids (combs) inserted through the film [6], and has
eddies are swept by the mean flow past the observatiomeen refined considerably to study laminar flow [8]. The
point without suffering much change, is used to obtainflow behind grids in such a channel was already studied
the velocity at two other locations and the vorticity is using homodyne correlation spectroscopy (HCS). Also
constructed from the velocities at the four points. single-point measurements of 1D velocity spectra were

Two-dimensional (2D) turbulence is very different from made using a novel optical fiber velocimeter. The first
three-dimensional (3D) turbulence; the conservation ofnethod measures the symmetric part of the probability
both energy and enstrophy or mean-square vorticity imlistribution function of velocity differences between two
2D turbulence introduces additional constraints on energgoints separated by a distanéewhile the second method
transfers between different spatial scales [2,3]. In 3D turgives the instantaneous velocity vector. It was found
bulence the phenomenological theory of Kolmogorov prethat in such a channel, isotropic turbulence could be
dicts an energy cascade from large scales to small scalgenerated behind a 1D grid inserted through the film.
and a scaling law for the energy density spectiith) =  The transverse velocity differences between two points
k~b with » = 5/3. In 2D turbulence, similar phenomeno- separated by a distanéeas measured by HCS, were found
logical theories predict an inverse energy cascade from the scale linearly with this distance fér5 < ¢ < 4 mm.
injection scale to larger scales and a direct enstrophy caghe 1D power spectra for both the longitudinal and the
cade to smaller scales. The scaling law for the energy denransverse components were also found to scale with the
sity spectrum is the same as in 3D but only for scales largeffequencyf or the wave numbek,, where the flow, of
than the injection scale. For scales smaller than the injeanean speed, is in the +y direction as shown in Fig. 1.
tion scale, the energy density spectrum is different and hashe wave vector componer, is related tof through
the exponenb = 3 while the enstrophy density spectrum the frozen turbulence assumptiok; = 27 f/V. The
is predicted to scale agk) = k¢ with c = 1. By defi-  energy density spectrum was found to scale as the wave
nition [ e(k) dk = %<w2>, wherew is the vorticity,k =  number to a power of roughly 3.5. Our measurements
vk + kg, and the brackets designate a spatial average. were in reasonable agreement with theories predicting an

Few ways are known to produce isotropic 2D turbu-enstrophy cascade to small scales in 2D turbulent flows
lence in the laboratory; one of them uses rapidly flowing[3,6]. The mean-square vorticity or enstrophy spectra
soap films. The use of soap films in the study of quasiwe report here will be compared to what is expected for
2D hydrodynamics has been pioneered by Couder and c@D isotropic turbulence in the enstrophy cascade range
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To produce turbulent flow, a comb or 1D grid is inserted
"\10_:.2 014 through the film. The teeth of the comb are equally
v X spaced, with a separation distance of 6.5 mm, and the
diameter of each tooth is 3.5 mm. For locations a few
centimeters below the grid, isotropic turbulence can be

Lons  Fibor Film obtained. These are the locations at which the vorticity

Y Y

Film

1D Grid spectra are measured.
Z?@@ Each velocimeter consists of an optical fiber, one end
@@ of which penetrates about 0.5 mm through the film and
which is deflected by the film flow. The distande
between the fiber tip and the fiber holder is 6 mm, as
shown in Fig. 1. The output of a small laser is connected
Miero to the far end of the fiber, producing a somewhat diffuse
. Pump spot at the deflecting end. Thdr) andy(r) deflections
m of this spot are measured by a position-sensitive detector
and recorded in a computer. Independent measurements
establish that the vertical deflection is proportional to
B) the y component of the velocity. This linearity of the
FIG. 1. (a) A schematic of the fiber setup. The fiberfiber response requires that one is below the resonance
penetrates the film for less than 0.5 mm and its length measureﬂalequencyfo of the fiber deflection. The proportionality
from the fiber holder is 6 mm. (b) A schematic of the so0ap¢ geflection and local velocity depends on the fact that

film channel setup. Using a micropump the film is constantly . . . .
replenished with soap solution. The frame of the channel idhe thickness of the filmk(z) deviates only slightly from

nylon wire of diameter 0.08 cm. The width of the channel wasits mean valuéh). With the fibers used here, diameter
6 cm and its length is 200 cm. 60 wm, fo was 1.5 kHz.

To measure vorticity fluctuations we use two veloc-
of scales. |If the turbulence is isotropic and the fluidity probes at the same vertical position and separated
is incompressible, then the enstrophy spectrefh) is  horizontally by a small distancAx (typically 1 mm) to
uniquely related to thé& (k) through the equatioa(k) =  measure the velocity in two different points in the flow.
k?E(k) (see Chap. 5 of Ref. [3]). The vorticity is constructed from the measured velocity

The channel used for this experiment has a length of 2 nn two different locations: both components of the ve-
and a widthw of 6 cm. A schematic of the setup is shown locity are needed at different positions simultaneously,
in Fig. 1. Soapy water was pumped from a reservoir to thesince the vorticity is given bys = dv,/dx — dv,/dy,
top of the channel with a variable speed micropump whictwhere v, and v, are, respectively, the transverse and
has a range of flow ratéd) from less than 0.1 to 1 ndls.  longitudinal components of the velocity. In the above
Estimating the mean film thickneés) as3 uwm and using equation, the first derivative term, for a small horizontal
the above range of flow rateg(= (J)/W(h)) falls in the  separation between the two probes, is taken as the
range between 0.5 and 4/m. We used a commercial difference between the longitudinal velocities at the two
detergent at a concentration of about 2% in water for thénorizontal points. The other derivative term is constructed
soap solution. The channel frame was made of nylousing the frozen turbulence assumption: the transverse
wires of diameter 0.8 mm, which were draped over hooksomponent is measured at time and time ¢ + At
for support with a weight suspended at its bottom endsuch that VAr = Ay = Ax and the spatial deriva-
to tighten the frame. The soap film obtained with thistive dv,/dy is taken as[v,(t + At) — v,(t)]/VAt.
method is sufficiently robust to last several hours withoutDenoting the four velocities, two for each point are
breaking. The flow in this channel was studied recentlyrecorded asv,;, vy1) and (v, vy2), and the vorticity is
and a laminar flow regime was found and characterized [S]evaluated as

07

2D Detector

(A)

@ = 3 [032(0) = vy1(0) + vyt + A1) = w0 + A))/Ax

- %[vxl(t + AL — va(1) + vlt + Af) — va(D)]/V AT

For these measurements the two probes must have thet this difference was minimized as much as possible.
same response and therefore the same resonance frequeAtso small variations of the horizontal separation did not
fo- We use two fibers with the same diamet@rum, the  change the results either.
same lengthL, and the same penetration length through The horizontal separatiahx of the two fibers was typi-
the film. We checked that small differences between theally between 1 and 0.7 mm which are orders of magni-
resonance frequencies of the fibers did not affect the resultsde larger than the amplitude of the fluctuation at the
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tip. The intervalAr used was between 0.5 and 0.33 ms5 cm at a flow rate of 0.68 nfls. Spectrum (b) is taken
for speeds between 200 and 300 tsn The four sig- atY = 7 cm at a flow rate of 0.75 nfls. The spectra are
nals from the position detectors were connected to abroadband showing that the flow presents a continuum of
analog-to-digital (/D) converter and could be read al- modes which is a characteristic of turbulent flows. The
most simultaneously. The time delay between consectenomalous two points at low frequency regime are due to
tive channels was fixed by the /® board hardware and vibrations of the experimental setup. Note also that the
was?2 us. The four signals were then sampled at a fre-spectra flatten at frequencies below 50 Hz corresponding
guencyf, fixed by the time interval\z: (f; = 1/Ar) and  to a length scale of about 4 cm, which is comparable to
was typically between 2000 and 3000 Hz. The time dethe channel width of 6 cm. At frequencies above 60 Hz
lay between two consecutive signals is much smaller thathe spectra show a decrease as the frequency increases.
the intervalAz. This allows us to consider that the four This decay of the amplitude can be approximated by a
signals are measured almost simultaneously. power law for about a decade between 60 and 500 Hz. In
We first measured the velocity fluctuations(s) and  Fig. 4(a), enstrophy power spectra are shown for a location
v, (¢) at a pointY’ several centimeters below the grid. This of 5 cm behind the grid but for a series of flow rates.
is roughly the same position where the vorticity spectraFor small flow rates (less than 0.4 fs) the amplitude
(lo(f)?) were subsequently measured. Figure 2 showsf the vorticity power spectrum decreases rapidly for
such a measurement for a flow rate of 0.6/ml The frequencies between 40 and 200 Hz. For these flow rates
spectraS,.(f) = (lv.(/)I* and S,,(f) = (v, (f)I*>) of there is little high frequency dynamics and the spectrum
the transverse and the longitudinal velocities have the sanflattens at frequencies above 200 Hz. As the flow rate
amplitude for most of the frequency range probed excepincreasese( f) increases and the scaling appears more
at low frequencies where the transverse velocity spectruralearly, extending to higher frequencies at flow rates above
decreases as the frequency decreases. The bracket in @4 ml/s. Nearly identical results are obtained at other
of the experimental measurements indicate a time averagkcations behind the grid as can be seen in Fig. 4(b) for
This shows that the flow is isotropic at small scales ranging
from a few centimeters down to a few millimeters but 100
is anisotropic at larger scales. At high frequencies both o (@)
components show a scaling range wherg 1) ands,, (f)
are proportional tg"~” with y close to 3. A line with this
slope appears in the figure. This valueyofs consistent 10 ° 7T 0 oo g
with freely decaying 2D turbulence [9]. The spectrum 3 R,
shown here is typical for high flow rates at locations o~
between 3 and 8 cm behind the grid. This is the region I
where the vorticity is measured. The appearance of the % o
fiber resonance is the source of the rise inSheands,, T :
nearf = 800 Hz.
The measured enstrophy speci(d) = {|w(f)|?>) are
shown in Fig. 3 for a high flow rate at two different
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FIG. 2. Longitudinal (filled circles) and transverse (filled
squares) velocity power spectra measured at disténee6 cm FIG. 3. (a) Vorticity power spectrum behind a 1D grid
below the grid. The flow rate is 0.6 nhé. Isotropy is clearly measured at = 5 cm and with a flow rate of 0.68 nfik. (b)
seen at high frequencies corresponding to small wavelengtiorticity power spectrum measured &= 7 cm and with a
velocity fluctuations. The line has a slope -68. flow rate of 0.75 m/'s.
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100 flows [11]. This issue raises the question of the coupling
between the velocity and the thickness fluctuations of the
film and can be addressed by a direct study of the thickness
field, a subject which we are currently investigating.

Another factor is the validity of the frozen turbulence
assumption which is used extensively here. In our previ-
ous study of turbulence in flowing soap films we had com-
pared measurements using two techniques: one of them
(optical fiber velocimetry) used the frozen turbulence as-
sumption while the other one (HCS) did not. The results
we reported were in reasonable agreement with each other
for small scales (0.05 to 0.4 cm) which suggests that the
use of the frozen turbulence assumption for small scales is
acceptable; however, for scales larger than a few millime-
100 ters, the use of this assumption may still be problematic.
° (b) The other interesting possibility is that 2D turbulence is
highly anomalous (or intermittent), giving rise to scaling
exponents which are different from the phenomenologi-
cally predicted ones.

In conclusion, we have presented one of the first studies
of vorticity fluctuations in a turbulent soap film flow. We
have introduced a new technique for the measurement of
vorticity fluctuations in 2D flows which takes advantage
of the two dimensionality of the flow and of a recently
developed optical fiber velocimeter capable of measuring
the two components of the velocity simultaneously. The
10 100 1000 measurements show that the velocity and the vorticity are

. . . self-similar in the range of scales from a few millimeters
gilsgér?ée ;a): \goégf"ty T%%W?{Ovipfggas g?g'ng.zt%; g(rflitlilegt %o a few c;entimeters. The scgling exponent measu'red for
squares), 0.4 mjils (filled triangles), 0.68 mis (diamonds), the vorticity power spectrum differs from the theoretically
and 0.8 mfs (open squares). (b) Vorticity power spectra expected one.
at a distanceY = 7cm from the grid. The flow rates This work was supported by grants from Conseil Re-

gr%o.zll/m}zs. (:jia)mo%s), tO'SShﬂI'S (?]penthdiamonds),la?d gional d’Aquitaine, and the NSF under Grants No. DMR
. mi/ s (Circles). e stralg Ine nas € canonical slope,
of onity 9424355 and No. INT 9603361.

0.1

0.01

10 100 1000

0.1

Y = 7 cm. Quantitatively, the vorticity spectrum decays _ _

as <|w(f)|2> ~ f_C, with ¢ close to 2. The results are [1] M. B. Frish and W.W. Webb, J. Fluid MeChLO?, 173
robust as they can be reproduced at different locations in (1981). .

the flow and with different flow rates. [2] R. Kl‘aIChnan, PhyS F|UId510, 1417 (1967), G. K.

I T . Batchelor, Phys. Fluids Suppl. 12, 233 (1969).
At sufficiently high injection rates, the flow is turbulent [3] M. Lesieur, Turbulence in Fluids(Kluwer Academic

and _self—similar_ as indicated by the scqling of both Publishers, Dordrecht, 1990), 2nd ed.
velocity and vorticity power spectra. By using the frozen (4] v, couder, J. Phys. (Paris), Leté5, L-353 (1984);
turbulence assumption to convert frequency to wave v, Couder, J.M. Chomaz, and M. Rabaud, Physica
number (k, = 27wV /f), the 1D enstrophy spectrum is (Amsterdam)37D, 384 (1989).
found to scale as(k,) = (@?%(k,)) = k, < with ¢ falling [5] M. Gharib and P. Derango, Physica (AmsterdaB?)D,
between 1.8 and 2.2. Theoretically a value of 1 is 406 (1989).
expected forc in the enstrophy cascade range of scales.[6] H. Kellay, X-l. Wu, and W.1I. Goldburg, Phys. Rev. Lett.
The straight line in Fig. 4 has a slope of unity. 74, 3975 (1995).

The measured exponent differs considerably from  [7] J. Sommeria, J. Fluid Meci170 139 (1986).
the theoretical prediction. In some numerical simulations [8] M: Rutgers, X-l. Wu, R. Bagavatula, A. A. Petersen, and

. W. I. Goldburg, Phys. Fluid8, 2847 (1997).
of decaying 2D turbulence the enstrophy spectrum was :
. . ! [9] J.R. Chasnov, Phys. Fluids 171 (1997).

calcula_ted and its scaling also appears to differ from th 10] W.H. Matthaeus, W.T. Stribling, D. Martinez,
theoretical prediction [10]. In our case severalreasonscan * 5. Qughton, and D. Montgomery, Phys. Rev. Lett.
be invoked to explain this effect. The main effect is the 66, 2731 (1991).
compressibility of the flow since the soap film can sustair[11] C.T. Yap and C.W. van Atta, Dyn. Atmos. Oceah8
thickness fluctuations; this has been noted in stratified 289 (1993).

280



