PHYSICAL REVIEW E VOLUME 60, NUMBER 1 JULY 1999

Instability of the Kolmogorov flow in a soap film

John M. Burges$, C. Bizon, W. D. McCormick, J. B. Swift, and Harry L. Swinney
Center for Nonlinear Dynamics and Department of Physics, The University of Texas at Austin, Austin, Texas 78712
(Received 21 December 1998

We examine the instability of a soap film flow driven by a time-independent force that is spatially periodic
in the direction perpendicular to the forcifigolmogorov flow). Linear stability analysis of an idealized model
of this flow predicts a critical Reynolds numbeg~ V2. In our soap film experiment, we find a critical value
R.~70. This discrepancy can be ascribed to frictional effects from viscous coupling of gas to the film, which
is neglected in the idealized model. The kinematic viscosity of the surrounding gas and the thickness of gas
layers on each side of the soap film are varied in the experiments to better understand these frictional effects.
Our observations indicate that flow in the soap film cannot be decoupled from flow in the surrounding gas.
[S1063-651%99)04307-X

PACS numbd(s): 68.15+¢€, 47.20.Ft

I. INTRODUCTION numberR,=U/kv= /2, wherev is the kinematic viscosity
[10,11]. The instability of the Kolmogorov flow has been
The flow in a flat, freely suspended soap film lies in thestudied numericallyf12] and experimentallyf13]. The ex-
plane of the film. Experiments have recently used soap filmgeriment consisted of a thin layer of electrolytic fluid on a
to study two-dimensional flows, including grid-generatedglass plate in a spatially varying magnetic field. A current,
turbulence and vortex sheddinfl—6]. However, three- passed through the fluid, drove the Kolmogorov flow. Bond-
dimensional effects due to the viscous coupling of a soa@renkoet al. found that the system became unstableRat
film to the surrounding gas remain poorly understood. We~10°. This discrepancy between experiment and linear sta-
present an experiment that clearly demonstrates the impop_ility analysis was attributed to the friction between the glass

tance of this issue: the primary instability of a spatially pe_plate and the fluid. By taking this three-dimensional friction
riodic flow in a horizontal soap film. into consideration, Thess4] later conducted a numerical

A soap film consists of two monolayers of surfactant mol-linéar stability analysis that yieldeR.~ 10°, in agreement
ecules bounding a 0.1-1am thick layer of water/ with the experiment. Systems which can be modeled with a

surfactant solution. A film may be driven into motion by, for tv_vo—dlmensmnal equation .Of motion but in which three-_
) . : . dimensional effects remain important have been called quasi-
example, gravity or viscous coupling to a moving gas. For,

any forcing method, the viscous coupling to the surroundin fwo-dimensional[15]. This magnetohydrodynamic system

I t i trictly two-di ional I
gas can be non-negligible. The thinness of the film causes tQ:ou d not be described by a strictly two-dimensional model,

. 4 . , t was successfully described by a quasi-two-dimensional
viscous flow of the interstitial layer relative to the surfactant el

monolayers to be slow compared to the flows of the film as a We.study the instability of the Kolmogorov flow in a soap
whole. The difference in time scales for the flow of the film g, We apply a quasi-two-dimensional model to describe
and the flow of the interstitial fluid means that we can treaky s viscous coupling between the film and the surrounding

the interstitial fluid and its surrounding monolayers as 3gas. Figure (a) shows the Kolmogorov flow below onset of
single two-dimensional fluid. Myselst al. [7] and Couder  j,stapility in the soap film system. At a critical forcing am-
et al. [8] discuss the properties of soap films and the condiyiyde, the flow becomes unstable to a pattern of steady-
;:o%s under which they may be considered two-dimensionalie yortices with three or four vortices in each feee Fig.
uids.
. _ . . 1(b)].

While the soap film itself behaves as a two-dimensional (b)]
fluid, the viscous coupling between the film and the sur-
rounding gas is a three-dimensional effect. Our results indi- Il. EXPERIMENTAL APPARATUS
cate that flow in a soap film cannot be decoupled from flow

in the Sl_Jrroundlng gas. S . forcing a soap film as shown in Fig. 2. A horizontal film

. ConS|_der_ a two-dme_znsmnal fluid _W'th an imposed SP&stretched across a metal frame is suspended over a set of

tially periodic body forcing Fyoqy=Fosinky)x, wherexand = pelts with alternate belts moving in opposite directions. The

y lie in the plane of the film. Kolmogorov suggested this pejts pull the gas above them, and due to a viscous coupling

forcing geometry as a toy problem to study the transition toyetween the film and the gas, the film is driven into motion

turbulence in an ideal two-dimensional fli#l]. The result- g5 well.

ing base flowU(y)= U sin(ky)x is called Kolmogorov flow The belts supply a forcing that is periodic, but not exactly

and is predicted to become unstable at a critical Reynoldsinusoidal. Figure 3 shows hot film anemometry measure-
ments of the horizontal velocity profile in the gas above the
belts in the absence of a soap film. Farther above the belts,

*Electronic address: jburgess@chaos.ph.utexas.edu the velocity profile more closely approximates a sinusoid.

We implement the Kolmogorov flow by mechanically
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FIG. 3. Experimental measurements with a hot-film anemometer
FIG. 1. Soap film imagda) below and(b) well above the pri- of the horizontal velocity profile in the gas without a soap film

mary instability; the boxes on the right indicate the locations andpresent. The forcing very near the belts is periodic but not sinu-
directions of the moving belts under the filfof. Fig. 2. The in-  soidal. Above the belts, the high frequency modes in the shape of
tensity variations in the images correspond to thickness variationthe horizontal velocity profile are viscously damped, leaving a pro-
in the film. These images have been averaged over one second fie more closely approximating a sinusoid.
enhance the underlying structure of the fluid flow for the purposes
of illustration; the vortex turnover time is approximately four sec-
onds for these images. Each image (12.5%¢htb cm) has been
cropped to reduce the importance of end effects during analysis.

in contact with an aluminum plate to reduce vibration. The
pulleys are driven by a stepper motor.

We suspend a Plexiglas plate a distahg&adjustable in
éhe range 0.2-1.0 chvabove the film to suppress the growth
of the Blasius boundary layer in the gas, thus imposing a
two-dimensional Couette velocity profile in the gas above
the film. Hot film anemometry measurements of the vertical
velocity profile in the gas between the belts and the Plexiglas

late in the absence of the soap film confirm the linearity of
he profile(Fig. 4). The importance of this well-defined lin-
ear velocity profile is discussed in Sec. IV.

The belts are spaced such that a zero-velocity line in th
Kolmogorov flow coincides with the side walls of the frame
from which the soap film is suspended.

The soap film is suspended horizontally at a distamge
above the beltsh, is adjustable in the range 0.2—1.0 cm.
The belts move around pulleys with a horizontal axis and ar

Top View . . .
The film is created by submerging a rectangular metal
O O frame with a 10 cnx15 cm hole in a reservoir of 1% by
volume commercial liquid detergefivory brand, manufac-
tured by Proctor and Gamblel0% glycerol, and 89% dis-
tilled water. This concentration of surfactant corresponds to
g 30% of the critical micelle concentration. Upon removal
=)
§ R T T T ]
O O y o8k N
Lx i 1
15 cm L 4
Side View o ) 3 0.6 B §
[ Plexiglas | 2(,, F i
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FIG. 2. Top view: stainless steel bel®.01 cm thick and 0.63 i 1
cm wide move at a constant, adjustable speed, but alternate in ool.. ... ..., L L

0.0 0.1 0.2
Vertical distance from belt (cm)

o
@

direction. Side view: gas surrounds the film both above and below.
The Plexiglas plate suppresses the growth of the boundary layer in
the gas above the film, and an aluminum plate below the belts and FIG. 4. Experimental measurements with a hot-film anemometer
the belts themselves impose a similar condition below the soap filmof the z dependence of the component of velocity without a soap
The distance between the aluminum and Plexiglas platBs=i$, film present. A rigid Plexiglas platé).28 cm above the be)tsup-
+h;+h,. The film thicknessh; and the belt thickness are not presses the growth of the boundary layer and results in a linear
drawn to scale. velocity profile in the gas.
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TABLE I. Dynamic and kinematic viscosities for several gasesappreciable change in properties.
saturated with water vapor, as measured with a capillary tube vis- The sealed box also allows us to study the effect of

cometer at 1 atm and 24 °C. changing the gas contained within. We use helium, nitrogen,
argon, and carbon dioxide for their range of viscosities
Gas mg (107° gemtsh) oy (cnPsTh) (Table . The viscosity of the gas is measured with a capil-
Helium 20.0 1.09 lary tube \_/isco_meter, in Which the d_ecay of an applied pres-
Argon 292 0.12 sure gradient is measured with a piezoelectric pressure sen-
Nitrogen 17.7 0.15 sor.

The effects of variation in the viscosity of the gas sur-
rounding a soap film on the flow of the film have not been
previously examined. However, a gas pressure dependence

from the reservoir, the frame has a flat soap film stretched" S0P filr_n flows has been reported by Rutgiral.[4], as
discussed in Sec. IV.

across the hole. When oriented horizontally, as in the experi- A thermistor thermometer i d to monitor the temper
ment, the film sags approximately 0.05 cm under its own thermistor thermometer 1S used 1o monitor the tempera-
weight. ture inside the box, as the system is continually heated by

Visualization of the flow is achieved with illumination by WO sodium lamps used for illumination and cooled by the

a monochromatic sodium lamp. Random thickness ﬂuctuai—njeCtion of compressed gases. Experiments were performed

tions formed at the creation of the film provide reflecteda;[ a tter;geratutre of I(MZ) 'Cd The ror?f r?f tne bct)r): IS C%ﬂ'
intensity variations via the interference pattern created by th ructed from two giass windows which aflow the Sodium

: ; ht to illuminate the film and a charge-coupled diode
optical path length difference between the two monolayers o 9 . i
surfactant(see Fig. 1 The flow is observed by following CCD) camera to record the film behavior from above. Im_-
ges of the film are recorded onto a personal computer with

fluid elements of constant thickness, which are advected b cCD ( te of 15 f d. with h
the flow due to the separation of time scales mentione N camera at a rate of .5 frames per second, with eac
rame containing 512 256, 8-bit pixels.

above.
The apparatus is encased in a sealed glass and Plexiglas

qu to suppress fjrafts and dust conta_mination and to main- IIl. EXPERIMENTAL RESULTS

tain a high-humidity environment. Slowing the rate of evapo-

ration is an important experimental consideration, as the two- By changing the gas surrounding the soap film and the

dimensional density of the film and the film viscosity dependthickness of the gas layerb{ andh,), the onset of instabil-

on the thickness of the film. Evaporation can be slowed onlyity of the soap film flow changes in a manner demonstrated

by maintaining a high-humidity environment, because then Fig. 5. We can see a general trend for the dependence of

soap film is freely suspended and not in contact with a resenset belt velocity orh, andh,: the belt velocity must be

ervoir from which it could replace lost mass. In a high- increased to destabilize the flow as eitligr or hy is de-

humidity environment, films can be studied for hours with nocreased. In both cases, the Plexiglas plate is moving closer to

Carbon dioxide 15.0 0.084
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FIG. 5. (a) Belt velocity at the onset of instability as a function of the thickntessf the upper gas layer for argon, helium, and nitrogen
gases, wherb,=0.23 cm.(b) Belt velocity at the onset of instability as a function of the thicknessf the lower gas layer for the same
gases, wherb,=0.33 cm. The lower plots show the belt speed at onset for argon and nitrogen.
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2o T T in our system must depend on both the gas and the thickness

of the gas layers.

Bondarenkeet al.[13] encountered a similar situation in a
. magnetohydrodynamic realization of the Kolmogorov flow;
- the friction between the fluid and the supporting glass plate
1 played a significant role in the stability of the quasi-two-
dimensional flow. They found that by including consider-
ation of a frictional force acting from the third dimension in
the equations of motion, they could extend the theoretical
model to account for the discrepancies between the experi-

Power

[ ] [ ] r'Y
° j mental R.~10°) and previous theoretical resultsR{
=/2). In our experimental system, although the flow field in
r 1 the film is two dimensional, we clearly see a variation in
oL . . . 0 o0yl . .
2 4 6 8 10 12 14 onset belt speed when the parameters corresponding to influ-
Belt speed (cm/s) ences of the gas in the third dimension are varied.
FIG. 6. Determination of onset from the sum of the amplitudes
squared of modes 3 and 4 in the power spectra. The belt speed at IV. MODEL
onset for this set of parameter@itrogen, h,=0.40 cm, h,
=0.52 cm) is 10.4£0.5 cm/s. To understand the stability of the Kolmogorov flow in the

soap film, we need a model that includes the three-
the belts D is decreasing which increases the drag on the dimensional drag effects of the gas on the film. Coueteal.
film. [8] proposed that the force on the soap film due to the sur-

We determine the onset of the flow instability by taking rounding gas may be treated as a frictional force given by
the two-dimensional fast Fourier transfor@@DFFT) of  u,dU/dz whereu is the dynamic viscosity of the gas and
single images at different belt speeds with all other parameU/dz is the derivative of the gas velocity tangential to the
eters held constant. Rows of three or four vortices in thefilm. In our experiment, the Plexiglas plate parallel and close
images correspond to low-frequency modes in the 2DFFTto the the soap film leads to a linear velocity variation veith
The power in modes 3 and 4 is summed to give the amplias Fig. 4 demonstrates, so that the expected frictional force is
tude squared of the pattern. tgUsim /N . This conflicts with our datéFig. 5, which sug-

We plot the power in modes 3 and 4 as a function of beligest that the belt speed at onset is related to the kinematic
speed in Fig. 6. We fit the power versus belt speed wellather than dynamic viscosity of the gas. Table | shows that
below onset to a horizontal line. We fit a second line to theargon has a higher dynamic viscosity than helium, but a
data well above onset. The point at which these two linesower kinematic viscosity. Our observation that the belt
cross is taken to be the belt speed at which onset of thepeeds at onset of instability in argon for differdnt, hy,
primary instability has occurred. In Fig. 6, we see that theare consistently lower than those in helium indicates that the
data follow a straight line above onset. The linear growth ofkinematic viscosity and hence the density of the gas sur-
squared amplitude above onset and a lack of observed hygsunding the soap film should be considered.
teresis indicate that the system undergoes a supercritical bi- This is further supported by experiments varying gas pres-
furcation. The onset belt speeds obtained by this method cosure by Rutger®t al. [4]. When the pressure near the soap
respond closely to speeds obtained through a visugilm was lowered to the vapor pressure of water
determination of the onset of fluid motion transverse to thq~25 Torr), the drag on the film became small. Since dy-
direction of forcing and are reproducible to within 5%. namic viscosity does not change with pressure until less than

The simplest attempt to describe this system, i.e., model4 Torr, the change in gas density must be responsible for the
ing the soap film as a strictly two-dimensional flow decou-change in friction between the film and the gas. This also
pled from the surrounding gas, does not involve parameternplies the kinematic viscosity is the relevant parameter for
such as the thickness of the gas layers or the viscosity of thgis frictional effect.
gas. With a Reynolds number defined in such a manner, In light of these observations, we propose the following
Rexp= Utim/Kv¢ , Wherek is the forcing wave number ang  model. Rather than treating only the film as a two-
is the kinematic viscosity of the film, we can calculate adimensional fluid interacting with the third dimension, we
critical value to compare to linear stability analysis. Assum-treat the entire region between the moving belts and the
ing a linear variation of velocity from the belts to the Plexi- Plexiglas plate as a two-dimensional fluid. Starting from the
glas plate with the soap film present, and experimentally sethree-dimensional Navier-Stokes equations, we assume ve-
ting h,=hy, we let vgn=vper/2. FOr v =10 cm/s(in locity, density, and viscosity profiles in ttedirection and
nitrogen, for examplek=2.47 cm'!, »;=0.03 cnf/s,and integrate over to produce two-dimensional equations. This
Rexpr=70. (This v; was reported by Couder and Basdevantprocedure is similar to that used to calculate two-
[1].) Linear stability analysis for this strictly two- dimensional equations of motion for the flow of fluid con-
dimensional system predicts a critical Reynolds nunfRer fined between two parallel platg$6]; although the velocity
=+/2. This factor of 50 discrepancy cannot simply be as-field may be considered two-dimensional, friction with the
cribed to an incorrect value of;. Since the measured belt bounding walls plays an important role in the flofis,17.
speeds at onset of instability change with gas and geometric The flow of gas and film may each be described by the
parameters as shown in Fig. 5, the dimensionless parametdigee-dimensional Navier-Stokes equation
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&u+( V) VP+ VZ (1) A N 2thf’yha (5)
—+(Uu-Vju=—— u, = _

at p 7 Ya" D(hy+ yhy)

whereu(x,y,2) is the three-dimensional fluid velocitf, is 204(1-7)

the pressure, and(z) and »(z) are the fluid densities and g L9~V 6)
kinematic viscosities and depend only nrWe assume that hp(hp+ ¥ha)

the velocity u may be treated as the product of a two- _ _ _ _ _
dimensional velocity fieldv(x,y)Lz and a profile f(2), Integration of the three-dimensional equations overzhe

where the film lies in the-y plane. Because the soap film is rection has produced an extra term in the two-dimensional

highly resistant to shear in thedirection, we take the veloc- €duation of motion;—Bv; this term, proportional to the two-
ity to be independent af within the film; in the gas regions, dimensional velocity, plays the_role of an extra drag force.
we allow the velocity to vary linearly witlz, as measure- Such a term was also derived in the model of Kolmogorov
ments without the soap film indicat&ig. 4). This defines flow in a thin layer of electrolytic fluid, where it was respon-
our profile as s_|ble fo_r an increase in th_e critical fluid velocity, as men-
tioned in the previous sectidri 3].
We incorporate the forcing by adding a body force to the
[1—2z(1—yh,/D)/hp], 0<z<hy, two-dimensional equation of motion, rather than by enforc-
ing a boundary condition on the three-dimensional system
f(2)= 7ha/D, hp=<z<hp+hy, (2) prior to integration. This is accomplished through the addi-
v[1-2/D], h,+h;<z<D,

tion of a termFsinky)x to Eq. (3). Given this forcing, a

) steady-state solutiombensin(ky)i exists when Fy=(B
wherez=0 corresponds to the location of the bels=h, 1 AK?)y,,.
+hpt+he, hi<hg,hy, and yha /D= vy, /vper- The slopes We nondimensionalize E¢3) plus the additional forcing

of the velocity profiles in the gas layers on either side of theerm with the wave vectok and a velocity scale ;. This
soap film have different values due to the drag within theleads to the two-dimensional equation of motion

film. If the slopes were identical, the velocity profile across
the three-layer system would be linear rather than piecewise

linear andy would be unity. The value of differs from this ' Do, bV,P

value in our experiment and is determined from direct obser- WJFN(V VOV fo vﬁeltkpdz

vation of the film speed. This definition é¢{z), which cor-

responds to keeping only the first-order terms in expansions 11 2, 1y .

in z for each layer, does not conserve the tangential stress "oVt rRV.V*HIRT QMY @

across the soap film, and is therefore unphysical. However,

using a piecewise-linear approximation to the actal-  \here primed variables are nondimensional. Thus there are
known) velocity profile allows us to simplify the three- tyo dimensionless control parameters
dimensional, three-fluid model to a single two-dimensional

equation of motion.
To arrive at a two-dimensional equation, we substitute Upelt

u(x,y,z)=f(2)v(x,y) into Eq. (1) and average ovez, i.e., R=vpen/ Ak= K[ g+ 27:hihay/D(hy+hay)]’ ©®)
we take (1D)[Pdz of the resulting equation. Most of this

calculation is straightforward, with the only subtlety occur-

ring in the termy(z)vV2f(z). At the gas-film boundaries UpeikNp(hp+hay)

f(z) is continuous, but the effectively infinite resistance to Q=vpeik/B= 2vg(1—y) ©

shear between the two surfactant layers maki€g)/dz dis-
continuous, so thal?f/dz? is a Dirac delta function at these
boundaries. Integration overthen requires us to evaluate V. DISCUSSION

at the gas-film boundary. Since we expect that the greater o chojce of velocity scale has allowed us to cast the
susceptibility to shear of the gas will cause most of the ve-

locity variation to occur there, rather than in the film, we problem so that the coefficient of the forcing term g is

assign the viscosity of the gas to the viscosity at the bound® Sum of the coefficients of’the linear friction terrv

ary. This then produces the two-dimensional equation of moand the Reynolds friction tenﬁiv’. In this form, the prob-

tion for columns of gas and film, lem of the stability of Kolmogorov flow in a plane with a
linear drag force has been studied by THé<H, and we may
DV, P compare our experimental results to his calculations. Note
+N(V'V¢)V+J dz=Ava— Bv, 3 that by using a more complicated velocity scale for nondi-
o Dp mensionalization, we could sBt=1, corresponding directly
to the numerical results presented by Thess. Such a choice
results in a different scale factor fét and Q, but does not
E hy n Yha 4) alter the physical results. For clarity, we have chosen a sim-
3|(h,+yhy) D | pler representation for this discussion.

ov
at

N=
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For each experimentyy, h,, andh, (and thereforeD) T T T ]
are fixed. We measure by finding the film velocity over the o1 g He O 7]
center of a belt. For one set tf, and hy,, in nitrogen,y - Ar x
=0.83*+0.02 for several different belt speeds. For simplicity, sl Unstable ggz N ]
we use this value in our calculations as a constant for all i
experiments. A more sophisticated model could inclydzes L
a function ofh,, hy,, andvy, although such considerations . °[
may be overshadowed by the inaccuracy of the piecewise- [
linear approximation of the vertical velocity profile. 4

The only undetermined parameter in our modehjs; ,
the product of the film thickness and film viscodiig. (8)].
Because botfR andQ depend linearly om;, their ratio is
independent of . An onset observation involves fixing all
exper|mer_1tal parameters but belt velocity and th.en ramping °0 e T T T
belt velocity to move radially outward from the origin in the Q
R-Q plane along the line with slope

Stable

FIG. 7. Comparison of onset of instability from experiment and
theory for different gases and differeémg andh,. 1/R is the coef-
2(1—v) 1 ficient of the Reynolds friction term in the equation of motion, and
kzhb(hb+ha7) 1+2(vf/vg)hfha‘y/D(hb+ h.y) 1/Q is the coefficient of the friction due to the visc0u§ coupling .
(10) between the gas and fllm_. Above the curve, the flow is ynstable,
below the curve, the flow is stable. Each experimental point corre-
until the flow becomes unstable to a pattern. The process &P0onds to the?,Q value at which the flow in a particular experi-
then repeated for a variety of gases and geometric paranfient became unstable.
eters. By fitting the experimental data in nitrogen to the lin-
ear stability results, we determirgr¢~0.63 cni/s. So if

R/IQ=

. ; - ence of the hot-film anemometer destroys the soap film, we
hy is typically 3 um, »~2100 cni/s. As mentioned  cannot measure the velocity profile while the film is in place.
above, Couder and Basdevét reported a film viscosity of  \ye assume, then, that the velocity profile in the gas is linear.
v;=0.03 cni/s for a 10 um soap fim(assuming the film  Aiso, the horizontal velocity profile in the gas is demon-
density is equal to that of waterBeizaie and Ghari§5]  sirated to not be a pure sinusoid, as we assume in the model.
reported values from 0.0375 to 0.1072 2quf_or film thick-  This may have an effect on the comparison between the ex-
nesses from 5.4 to 1.6.m respectively. Martin and WLLS] periment and the model.
reported film viscosity values at least’10mes larger than Finally, and most likely, there may be a three-dimensional
those of Refs[1] and[5] for a 0.5-1.0 um film. This large  flow associated with onset that cannot be captured by quasi-
discrepancy between reported values of soap film viscosityyo-dimensional modeling. We now briefly discuss a succes-
and our fit value suggests that our model overestimates th§ion of increasingly sophisticated two-dimensional models to
drag forces of the gas on the film. For the model to properlygescribe the three-dimensional effects evident in the soap
account for the effects of the film viscosity, its value hasfijim system. The simplest model, as discussed in Sec. Il
been inflated by the fitting procedure. completely decoupled the flow of the film from the flow of
Figure 7 shows the comparison between experiment anghe surrounding gas. This analysis led to a disagreement be-
theory for several values df,, hy, andvg. In the highQ  tween theory and experiment by a factor of 50.
limit that would correspond to models of Kolmogorov flow A next step, not previously discussed in this paper, is to
which lack a friction term linearly proportional to the veloc- apply the approach of Coudet al.[8], in which the film is
ity, the stability boundary asymptotically approaches a valugoupled to the gas, but the gas plays a purely passive role.
R.~4.1. This asymptotic value correspondsRe=+2 in  Assuming that the velocity profiles in the gas are linear then
the simplest model, but has a different value since the noneads to equations of motion for the film only; these equa-
linear term in our model has a coefficient2/3 rather than tions include a drag term linear in the velocity. Stability
unity. In the lowQ limit, where gas kinematic viscosity dis- analysis of these equations fails to even qualitatively repro-
sipation dominates the flow of the three-fluid-layer systemduce the experimental data.
R. becomes unbounded. In this limit, the systematic devia- These considerations led us to develop the model outlined
tion of our data from the linear stability curve becomes largein Sec. 1V, in which two-dimensional equations of motion
The large value of the soap film viscosity in the modelfor gas-film-gas columns are derived and studied. While the
and its systematic deviation from the data in the high-gasagreement is better than for previous models, it has the in-
viscosity limit show inadequacies in the model. We haveadequacies described above, suggesting that the role of the
made several assumptions and approximations in the procegas is still not properly represented.
of modeling this soap film. We have assumed thas inde- Probably only a full three-dimensional analysis of the
pendent oth,, h,, andv,. Our lack of direct film velocity three-fluid system can completely describe the experiment.
data makes measurement of this parameter difficult. We haw/hile such an analysis would be extremely laborious, it
observed, however, thatdoes not depend on the velocity of would be quite useful: satisfactory agreement with experi-
the belts. We have measured that the velocity profile in thenent would provide the first measurement of soap film vis-
gas between two rigid plates is linear. However, as the preseosity that properly accounts for the effects of the film-gas



PRE 60 INSTABILITY OF THE KOLMOGOROV FLOW IN A SOAP FILM 721

coupling. Further, preliminary calculations along these linedflows must be conducted with care to avoid misinterpreta-
strongly suggest that the flow does not remain quasi-twotion.

dimensional. Even if the perturbations are initially quasi-

two-dimensional, flow incompressibility appears to drive ACKNOWLEDGMENTS
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