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Conducting fluid dynamics experiments with vertically falling soap films
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This article gives a detailed description of an apparatus in which flowing soap films are used to
perform two dimensional fluid dynamics experiments. We have previously reported scientific
findings made with the apparatus, but never carefully described the technique, or its full potential.
A brief introduction is given on the nature of soap films as fluids and then all the details necessary
for creating robust flowing films are listed. Typical parameters for the system are: flow speeds from
0.5 to 4 m/s, film thickness between 1 andd, and typical film sizes are 3 m tall and 10 cm wide
although films of 20 m tall ath 4 m wide have also been made. A vacuum apparatus is also
described in which the air drag on the film can be reduced by a factor of 5-10. Finally, a large
number of techniques for measuring flow and thickness are outlined and referencé&tD01©
American Institute of Physics[DOI: 10.1063/1.1379956

I. INTRODUCTION number of techniques for measuring film velocity and thick-
ness, as well as methods for altering the air drag on the
Soap films are perhaps the closest physical approximamoving film surface.
tion to the concept of a true two dimension@D) fluid.
They offer the possibility of performing real experiments
that are otherwise confined to the realm of theory or simula-  Soap films have intrigued many, including some great
tion. Soap films have already observed long standing predidistorical figures such as Newton and Gibbs, and much has
tions such as Kraichnan’s inverse energy and forward enstrdseen published about them. Excellent overviews by
phy cascadek,and there are many other topics which canisenberd and by Myselset al® are recommended as starting
still be explored. A soap film is perhaps the ultimate strati-points for further study of the thermodynamic and hydrody-
fied fluid and can also be used to study the interaction benamic stability of soap films. An excellent short introduction
tween fluid layers. The fluid dynamics of free surface flowsto the stability of soap films, and using films for fluid dy-
and the importance of surfaces in rheology can also be achamics experiments, was written by Couaéral®
dressed in new ways with soap films. The standard view of a soap membrane is a micrometer
It has been recognized for over a decade that soap filmgick sheet of water covered on either side by surfactant
can be used to shed light on these situati@rel we are not  (soap molecules. Without the surfactant the liquid sheet
introducing soap films to the small family of existing would be unstable and break up into droplets. Surfactants
quasi-2D experimentsWe are, however, introducing a new endow the film with an elasticity, or restoring force, against
experimental apparatus which greatly advances the possibilany local thinning that could lead to rupture. The basic pic-
ties of soap films in fluid dynamics. Compared to the experityre of a cross section of a soap film attached to rigid sup-
ments of the 1980's we have approximately logged a tenfolghorts has been sketched in Fig. 1. For a soluble surfactant
increase in fluid VE|OCity, a tenfold increase in film "fetime, such as soap, molecules can reside both on the surface and
a tenfold decrease in air friction, and a one hundredfold injnside the interstitial fluid sheet. Dissolved molecules can
crease in system size. This article will give a review of whatejther be isolated or clustered into micelles, and can replen-
we have learned from working with fast flowing soap films jsh the surface when the film is stretched slowly. The inter-
over the past five years. stitial fluid layer can be as thin as 100 A, which is the ther-
Although soap films are an appealing candidate systerfyodynamically stable state. The colorful soap films with
for studying 2D flow phenomena, there are still questions aghich are familiar from childhood are actually metastable
to whether it is appropriately described as 2D incompressiblgng will eventually reach the 100 A state, which is a color-
Navier—Stokes flow. Thickness variations in the film may|ess common Black film.
suggest otherwisand air drag on the film surfatean also The thinning process can take many minutes and in-

affect the governing equations. To help answer these, angves squeezing the interstitial fluid from between the two
other questions in the future, this article describes a largg,ifactant layerg.Our 2D fluid dynamics experiments are
generally carried out over much shorter times, and spontane-
3Electronic mail: rutgers.1@osu.edu ous film thinning is not a concern. We have never carried out

A. What are soap films?
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FIG. 1. Cross sectional diagram of a soap film spanning the gap between
two vertical wires. The film—air interface is populated with surfactant mol-
ecules. Additional soap is in solution, either freely, or in clusters called
micelles. The film attaches to the wires with some contact angle in a region
called the plateau border. The diagram is not drawn to scale. Approximate
actual sizes are: wire diameterl mm, wire spacing-10 cm, film thickness

~1 um, surfactant molecule sizel nm. The axes are defined as referred to
in the rest of this article.

experiments with black films since they break too readily.
The film is assumed to move freely as a composite slab,
with soap molecules on either side, coupled to, and movin IG. 2: Three experi_mental _realizations of f_Iuid dynamics experiments using
. . . . . . . oap films.(a) A stationary film through which obstacles are movéefs.
with the interstitial fluid. The film itself can be considered g_g () The horizontal “soap tunnel'{Refs. 9 and 10draws a film from
2D to the extent that the film is typically 4@r 1(° times  a reservoir, across rigid rails, onto a moving water shegtAn earlier
wider than it is thick. Any interstitial fluid flowing perpen- version of the vertically falling soap film discussed in this article.
dicular to the film will be greatly overdamped since the Rey-
nolds number is much less than unity at micrometer lengthwires through small holes and perpetually supplies the fall-
scales. The flow is therefore expected to be 2D for all pracing film with new fluid. As in the design of Fig.(B), film
tical purposes. We will also discuss the 3D flow of the airmust be drawn with a squeegee to start the flow. The method
surrounding the film, and its coupling to the film surface. produces fast films, but there is little control over the flow
rate and film width. Moreover, the solution never spreads
well after being injected from the holes, leading to a very
nonuniform film. This technique was the starting point for
Couder was the first to give serious consideration to soaghe new methods described in this article.
films as an experimental platform for 2D fluid dynamics. In Two-dimensional fluid dynamics in a Taylor—Couette
the experiments objects were dragged through a stationatyeometry has also been explored using soap films. The
soap film [Fig. 2@@]. Findings on the stability of vortex method was developed by Wi al'? and proved successful
streets, and on the coarsening of vortices in 2D turbuléhce for measuring Batchelor scaling in the turbulent dissipative
were reported. More general observations made during theange. A variation of their apparatus was used to measure the
experiments are summarized in a third artftke.long turn- viscosity of a soap membrarn?.
around time between experiments and the impossibility of
steady state measurements are some drawbacks to tEe
method. :
Gharib and co-workefs built a device where the film The design currently in use by the authors is outlined in
actually flows down a channel, more like a conventionalFig. 3. A typical element of solution will be followed during
wind tunnel[Fig. 2(b)]. One draws a soap film from a solu- its downward trajectory. The letters and Roman numerals
tion reservoir, along rigid rails, and onto a sheet of rapidlyused in the description refer to those in Fig. 3. The fluid
moving pure water. The flow of the water sheet and theslement starts in the upper supply reservair where it is
surface tension difference between the pure water and thdriven downward into the feed tuli®) by a pressure head
soapy film drives the film forward. This surface tension dif- AP. A fluid metering valve(c) sets the flow rate from the
ference limits the maximum speed of the film to about 30feed tube into the nozzl@l). Two monofilament nylon guide
cm/s© at a film thickness of about gm. wires (e) splay from the nozzle. Thinner nylon pull lin€§
Kellay et al!! developed a method that can attain speedsre attached to the guide wires and hold them apart. As the
of several hundred cm/s by letting the film accelerate vertifluid element is ejected from the nozzle, it stretches between
cally downward. The design is outlined in FigcRand con-  the guide wires as it is accelerated by gravity in the expan-
sists of two steel wires attached to the bottom of a soapion section(l) of the channel. The element rapidly gains
solution reservoir and held under tension by a weight im-area due to verticaly) and horizontalx) stretching. In the
mersed in a lower reservoir. Soap solution drips between thtest section(ll) the guide wires are parallel and the fluid

B. Brief flowing soap film history

New apparatus

Downloaded 04 Sep 2001 to 128.165.156.80. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



Rev. Sci. Instrum., Vol. 72, No. 7, July 2001 Fluid dynamics experiments 3027

<«————— 155inches ——»

& o
o A
2
=
g
o
AP E
b |
3
g
v
A
I
B2
A
II
v
A
I
R2

FIG. 4. Side view of soap film tower. lllustration is generally to scale,
however, the angle at which the film spreads has been greatly exaggerated to
FIG. 3. Diagram of a vertically flowing film showing the evolution of a conserve space. The entire apparatus is surrounded by 1/2 in. steel mesh in
constant volume of soap solution. The terminology used is as follays: case of chamber rupture.

upper supply reservoir(b) feed tube,(c) metering valve,(d) injection

nozzle,(e) guide wires,(f) pull lines, (g) tensioning weight, anch) collec-

tion reservoir. Regions of the flow channel arA:R) the pressure head,) S .
expansion sectior(Jl) test section, andll) contraction section. four stages(1) the fluid injection schemd?) the expansion

of the channel(3) the measurement test section, ddgthe
deceleration or contraction section.
element has reached a near constant “terminal velocity” due  The apparatus usually stands ab@un tall. In the sim-
to the balance between gravitational and air drag forces. Durp|est case the upper fluid reservoir is hung from a hook in the
ing this time the soap film is between 2 angié thick and  ceiling, the injection nozzle attached to it, and the pull lines
travels between 0.5 and 4 m/s, depending on the fluid injecoperated by hand. It can however, be useful to erect a frame
tion rate. At the bOttom Of the Channel the element encounto h0|d each Of the Componentsl Options for frame materia's
ters the contraction sectidfil) where the film thickens and gpound, but we prefer a system of extruded aluminum tubes
slows in a process nearly the reverse of the expansion sectianufactured by 80/20 Inéwww.8020.nek
(). The film finally drips from the guide wire tensioning  gych a system is shown in Fig. 4. Reservoirs are located
weight (g) into the bottom collection reservofh). at both the top and bottom of the frame, and the solution
If the film breaks, one simply releases the tension on pulkecirculated between them using a magnetically coupled
lines, allowing the weight to pull the guide wires together ,ymp (Cole Parmer Ing. Recirculation saves potentially
until they are touching. Once sufficient soap solution hagostly particles introduced into the solution for flow tracking,
dripped from the nozzle to wet the entire length of the guidegjiows for runs of extended length with an essentially unlim-
wires, tension is reapplied to the pull lines, and a new filmjteq supply of solution, and can maintain a constant pressure
appears between them. head to eliminate changes in the mean velocity caused by a
The general laminar and turbulent flow characteristics ofeduction in the amount of solution in the upper reservoir. To
vertically flowing soap films have already been described ingyoid contaminating the solution during the recirculation
a number of accountg~1#219-2t process, all parts of the pump that are wetted are either stain-
less steel or Teflon. Wires for stretching the film are mounted
on the frame sides, and both these and the flow valve, are

Il. BUILDING A VERTICALLY FLOWING FILM computer controlled for accuracy and repeatability.

A variety of ways to build long lasting vertically flowing A. Fluid injection

films are outlined in this section. All the designs are varia-  Soap solution can be supplied to the flowing film in a
tions of the diagram in Fig. 3 and will be decomposed intovariety of ways. Figure &) is a variation on the method
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a) b)

—)— FIG. 6. Two methods of leading the guide wires into the fluid injection
nozzle. The nozzle rests in a hole in a horizontal metal plate. Method
uses a continuous guide wire and makes for easy guide wire replacement.
Method (b) is recommended when a tighter seal between nozzle and feed

W tube are needed. The guide wires exit the nozzle through small holes and
lllll knots prevent them from slipping out.

C) d) width. Film rupture rarely propagates across the pinched

area, leaving the upper triangle intact. The film is easily re-

FIG. 5. Various methods of injecting the soap solution. Refer to the text forg_enerate_d by _Jomlng and reseparating the wires below the
detailed explanations. Ifa) the film is syphoned out of the upper reservoir. pinch point, without the use of a squeegee.

The channel terminates abruptly at the bottom of the upper reserv(y,in The injection scheme currently in use does away with

and soap solution is fed through a series of holes. The number of holes i ; : s : ;
reduced to one ic) and the guide wires are pinchéarows to a constric- the meh point and injects the fluid dlreCtIy from a nozzle

tion before expanding again. A nozzle injects fluid directly onto the guideqnt(_) the gUiq(?.WireQ_:igS-? andz Ej)] The disposable plas-
wires in (d). Variations(c) and(d) were most successful in producing long tic tip of a milliliter mICI’OpIpetté is used as the nozzle. The

lasting films of uniform thickness. conical tip can be cut to the desired hole size and squeezed
with a vise (before cutting to change the cross sectional
shape from circular to approximately elliptical. The guide
developed by Gharib and co-work&f§ in which the soap jres lead into the nozzle as shown in Fig. 6. A soft silicone
membrane is perpetually renewed through a syphoning agypper tube is then pushed into the nozzle top and fluid is
tion. Beizaie and Gharif} explain how the film thickness can metered through the tube by maintaining a constant pressure
be controlled by varying the concentration of soap in thenead across a metering valve. This gives a much improved
solution. However, once the film breaks it is relatively cum-cgntrol over the film thickness. A metal plate supports the
bersome to restart since it requires one to draw a new filfhozzle and the guide wire tensioning weight. The suspension
across the curved guide rails using some sort of sque@gee method in Fig. 63 has the advantages that the guide wire
plastic ruler will suffice. Kellay etal'' developed the and the nozzle can be easily replaced, since it is not directly
method depicted in Fig.(B), where the film guides are flex- attached to the nozzle, and that the nozzle itself does not
ible stainless steel wires suspended from the bottom of gypport the tension on the wires. If a better seal between the
container and held under tension by a weight. Soap solutioflyid supply tube and the nozzle are required, small holes can
is injected through a series of small holes. The flow rate, ange drilled into the nozzle to allow the guide wires to exit
hence the film thickness, can be roughly controlled by vary{rig. gb)].
ing the hole diameter and the pressure head of fluid in the Though we currently use the nozzle method exclusively,
reservoir. When the film breaks, it must be manually redrawn s not clear that it outperforms the pinched channel of Fig.
with a squeegee. The biggest drawback of this method is thajc). The nozzle method is, however, easiest to implement
the jets of soap solution emanating from the array of holes d@ng guarantees easy film renewal after rupture. The unifor-
not thin appreciably over the fall time of the film. The result- mity of film thickness is quite sensitive to nozzle shape but
ing film has such large thickness variations that one has difpe have not systematically researched this and encourage
ficulty seeing through it; it is as if looking through a glass fyrther experimentation. Acceptable results are obtained with
sheet with very wrinkled surfaces. an elliptical cross section of 1 by 2 mm. Small nozzle diam-
The method evolved from Fig.(B) to 5(c), first by re-  eters produce more uniform films at slow flow rates, while
placing the steel wires with nylon and then nearly pinchingjarger sizes are recommended for high flow rates. The opti-

in the small triangular region above the pinch point and theRyires.

slowly expanded again below. The guide wires are held to-

gether by a pair of thin metal rodfocated at the arrows in B. Ch | .
Fig. 5(c)] and held apart downstream by surgical steel hooks. " annet expansion
The resulting film can be so uniform in thickness that it will We have had the greatest success with vertically flowing
exhibit no interference fringes across the entire channeilms which originate from a very narrow channel which ex-
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1) a)

a) b) C)

> b) FIG. 8. Various techniques for studying flows near wigc or sheet
boundariegb). The wires in(a) and(c) are held in place by thin hollow rods
perpendicular to the filmc) Allows the study of flow through very narrow
channels with perfectly straight walls.

;“ ) guide wire tension is impractical since it causes difficulty in

operating the pull wires. When parallel channel walls are

necessary, we use a ‘“channel within a channel” method,

R s § duci tfective knot bet the oull I where a second set of thinner wires is placed in the larger

(hor-izo.nta)rzsdstﬁgsguci):jep:/?/ir:gg?tiigbéﬁz I\slgapnlszlm %(\:Aéii)ri]es ?hgugra:;eSChannel as in Fig.@®). This SetL.Jp.IS _very useful for studying

area. Flow disturbances near the guide wire are minimal if thin pull lines ard@minar channel flows where it is important to have a well

used. defined distance from the inlet of the channel. To study flow
behavior near wallS we have used a variations of this

pands gradua”y_ The channels we use genera”y expand ovg}ethOd by inserting a single vertical wire, or a single vertical

one vertical meter from 1 mm wide at the nozzle to a 5—10sheet into the filn{Figs. 8a) and &b)].

cm wide in the test section. The details of optimizing the

flow conditions and film uniformity will be discussed in Sec.

ll. As a general rule one adjusts the length of the expansiof. Channel contraction

section for a given set of parameters such as flow speed, film /5ri5us ways of collecting the fluid at the bottom of the
thickness, and soap solution constituents. A more gradu@lysnnel are outlined in Fig. 9. In the original design the

expansion will lead to more a uniform film thickness. In our \yeight was immersed as in Figi@ (and is still in use in one
case the expansion section is usually limitedltm and the

total channel lengthot 3 m due to the the height of the

laboratory ceilings.
HH AL
C. Channel test section
The test section is the area where the guide wires are
parallel. It is in this 1 m section that experiments are usually
performed. We have chosen to hold the guide wires apart

here by either running them over surgical steel hooks, or by a) b)
attaching thinner nylon pull lines directly to the guide wires.
In the case of the hooks one can pull the guide wires across

the hooks with one’s fingers, given they are prewetted with

soap solution. The hooks actually puncture the f{lifig.

5(c)] but do not affect the flow in the channel. Tying thinner Wi
nylon pull lines to the guide wires minimizes the time re-

quired to regenerate the film and causes the least intrusion to

the flow. The pull lines must, however, be guided fairly ac-

curately to ensure a reproducible channel width. We have
had much success using bent syringe needles both as hooks
and pull line guides. Tying the pull lines to the guide wires is C) d)
best done with the type of knot outlined in Fig. 7.

fNO matte_r ho"]i’ hhlghf.lthe tﬁPS|0n "Lthe gll.'“?]el wlres, theFIG. 9. Four possible ways of terminating the chanrtal. The original
surrace teqspn 0 t_e ilm will bow them s ightly m_""ard'_ design,(b) a variation which slows the film near the bottom, thereby reduc-
For a tensioning weight of several kg the test section willing foam production,(c) tying the guide wires to a single point on the
routinely be 1 mm narrower in the vertical midpoint of the tensioning weight makes for easier film renewal and eliminates the need for

channel. For channels wider than 5 cm this is negligible butmmersing the weight, an@) passing the guide wires through a ring at the
) ' ~7end of a support rod allows one to attach a spring or elastic band for ten-

for narrower channels the guide Wire bowing b_ecome_s &joning. When there is not enough vertical space for a weight, the spring can
large fraction of the total channel width. Further increasingoe pulled in directions other than down.
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of the experimental setupsThere are some disadvantageswith the aluminum. The washers corrode rapidly, and can be
however. For instance, the wires must be pinched togetheeplaced periodically, while the aluminum is left nearly un-
manually beneath the fluid surface to regenerate the filmtouched.
Also, for high flow rates a significant amount of foam can be  If the soap solution is to be recycled, the tensioning
generated where the film impacts the reservoir fluid surfaceweight must not corrode either as it will contaminate the
Here the film thickens and undergoes accordion likesoap solution. The weight can be plastic coated, or can be
buckling, which can trap air inside bubbles. The bucklingavoided altogether as shown in Figd®
can also send waves back through the test section of the film. The guide wires and pull lines are best made of
This buckling can be minimized by a rapid expansion ofmonofilament fishing line. Braided Kevlar wire, while offer-
the film as shown in Fig. ®), but is somewhat cumbersome ing much less stretch, led to short lived films. The authors
to implement. More recent designs contract the channel are aware of varieties of nylon sheathed kevlar braids which
the bottom, either by tying both lines to one point on amay be ideal but they have not been tested as of yet. Guide
tensioning weighfFig. 9(c)], or by passing the wires through wires should be of a heavy gauge, generally 0.5—1 mm thick,
a loop at the end of a rod and applying tension with springsand capable of supporting about 15 kg. Thinner guide wires
or elastic bands[Fig. 9d)]. This method allows the caused problems with film stability, probably because they
guide wires to be moved entirely by the pull lines and cutscannot properly guide the very thick film near the injection
the film regeneration time down to seconds. The contractiomozzle.
is best kept gradual, though it can be more abrupt than in  Pull lines should be thinnet0.2 mm thick, capable of
the expansion section. In a typical case the channel corsupporting about 2—3 Kgo minimize the intrusion on the
tracts fran a 5 cmwide test section over 20 or 30 cm. More flow. Thinner pull lines are also less rigid and more easily
abrupt contractions apply unnecessary tension to thguided away form the pull points.
pull lines and can cause violent flows which may rupture the  Even though flowing soap films can last for more than a
film. day, breakage will generally occur more frequently during
After the contraction section the fluid is collected in a experimentation. Each rupture will send down a mist of soap
lower reservoir. It can be recirculated to the supply reservoisolution which will cover an appreciable ar@epending on
with a pump. We have used both gear pumps and diaphragthe channel heightat the base of the apparatus. In the
pumps. Prolonged recirculation will lead to a thickening of middle of the test section the fallout is less severe but one
the mixture as some evaporation occurs from the surface afhould take care to protect any delicate instruments, such as
the film, and can cause a buildup of dust and other contamieptical translation stages, by keeping them some distance
nants. from the film, or by wrapping them in plastic.
We have had problems in the past where soap films
would suddenly have lifetimes of only a few seconds, where
E. Other useful equipment they were lasting for hours the previous day. This was usu-
, ) i i ally caused the the replacement of some part of our recircu-
Wh|lg d'ebuggmg aqd fine tuning the apparqtus, a MONO4tion system. We have found that the use of certain plastic
ch_romatlc light SOurce Is very helpful to visualize the f'l_m or rubber types of tubing can, over time, release substances
thickness by optical interference fr_om t_he fr<_)nt and l_)ack fllminto the solution which causes it to turn turbid, and the film
surfaces. All photographs shown in this article, for instance, rupture incessantly. Recently we switched to a system of

Wer? Illlunlnnated V‘;']th a low ;?rzs(jure sodlu_rg lamp. Otherp, o) containment vessels, Teflon lined Tygon tubi@gle
useful tools are a charge coupled deviC€D) video camera  pmer with a short section of silicone tubing between the

(with shutter control down to 1/10000,sa video monitor,  eseroir and nozzle. The turbidity and rupture problems

and a video cassette recorder, which can be used to visuali;]%ve ceased since these changes. We therefore recommend
and record intricate and rapid flows too small or fast for thethe use of the most inert materials 'possible

unaided eye.

Ill. OPERATION

F. Materials considerations . .
The goals of operation are often to create a long lived

Soap solution is surprisingly corrosive and prolongedfilm having constant thickness and flowing with a uniform
exposure will corrode most metals including many stainlesselocity. Once an apparatus, such as in Fig. 3, has been built,
steels. To minimize corrosion problems, we recommend thehe correct soap solution must be prepared, then injected
solution come in contact only with anodized aluminum, Te-from a nozzle of the correct shape into a properly shaped
flon, glass, or surgical stainless steel. The fluid meteringhannel under the right ambient conditions to optimally
valve should also be very corrosion resistant. An alternativeichieve the operational goals. This section will commence
to a valve is to clamp the fluid feed tube partially shut. Thisby describing some typical situations and how they relate to
method is effective though not as reproducible. A resilientthe operational parameters.
tubing made of silicone or Viton is recommended.

When using unanodized aluminum for the supporting
structure, excessive corrosion can be avoided by attaching Figures 10 and 11 show some typical interference pat-
numerous Galvanized washers kept in good electrical contaterns(basically maps of the film thicknessf well behaved

A. Flow control and channel geometry
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FIG. 12. Profiles ofv, across the channel for different film thicknesses:

FIG. 10. Steady state photographs of the expansion section. The imag(éé> I;éds '“;ég ;2;1éu:ér%;éltgn(;ﬁwmh:azggnthghneosf)lfl:gis(,:eur\illﬁa 'i; Crzl-of the
progress from@) a slow flow rate(h~1 um andv~1 m/9, to (f) a high u P P u u

flow rate (h~6 um andv~4 m/9. The interference fringes were made flow, due to air drag on the film.
visible with a sodium lamp. Scale: 2 cm channel width at bottom.

: . . . . press the marginal regeneration instability, which usually has
flows in the expansion section and test section, reSpeCtlvel¥htrinsic time scales of 0.1-1 s

Quite some effort was put into adjusting the nozzle shape At slightly faster flow rates the separation of fluid near

and size, as well as the channel symmetry, to achieve the?ﬁ ; LT

. . L e nozzle lessens and the marginal regeneration is sup-

images. Even while collecting images we encountered prOIO-ressed The film in the center of the channel will still be

lems of the fluid wetting the nozzle unevenly leading tofhinner fhan the film near the edges. This thinner film also

asymmetries in film thicknesgrobably due to small burrs ges. . T
. . moves more slowly, as can be seen from the slight dip in

on the nozzlg Usually these asymmetries will even out once -

o vy(x) of the slowest curve in Fig. 12.
the test section is reached. y

L ; . . . For medium flow rates the separation of Fig(dQdis-
The flow rate is increasing from left to right in the serlesa ears. Figure 16) is the optimal situation leading to uni-
of images in Fig. 10. For very low flow rates, the fluid in the pp -9 P 9

. . . . form films in the test section, such as in Fig(dlwhere the
film tends to separate symmetrically and cling to the guide. . ;

: . - : ilm thickness varies by less than one quarter wavelength of
wires, leaving a very thin filnf<1 um) in the center of the

. . . : ight (~0.1 wm) over its entire width. The blunt fringes in
channel. The sharp tip of this separation will eventually mee he expansion tigfFig. 10d)] are the hallmark for opti
with the nozzle tip and lead to a line of thin film in the center € expansion sec 9. are the hafimark for opti-

f thechammel i, 1) Ths sepraton can be avored [ DTl 2 Joueh b Sehievene o 8 el
by using a smaller nozzle tip diameter, or by reducing the 9 P P

channel expansion angle. Thin films, moving at less than fngle and nozzle design. Forralim long expansion section

L . S : Into a 5 cmwide test section, the optimal film thickness
m/s often exhibit violent instabilities in the test section of theran es between 2 andyBn with corresponding films speeds
channel, as is apparent on the left side of Figal1This is 9 P g P

due to the spontaneous generation of thin soap film at '[h8]c 2-3 mys. If such uniform films are essenngl toan experi-
point of contact between the film and the guide wire. Thisment’ the channel geometry can easily be adjusted to optimal

. P L conditions. The choice of soap solution can also play a large

so-called marginal regeneration is nearly ubiquitous where : .
- role, as discussed in Sec. Il B.

soap films attach to surfaces and we refer the reader to other For the highest flow rates a thicker iet of fluid shoots

works?3 dedicated to this subject. Once the thin patches of 9 . : :

down the center of the channel and the interference fringes in

film are generated, they float to the top in an unstable fash; : . T
g y P .the expansion section show a characteristic dip in the center

ion. Interestingly, we never observe marginal regeneration "IEFigs. 1de) and 1f)]. The fluid jet persists weakly into the

frzzzrrﬂaoa\\?”?hge fgmz;ecv)vri]risengtae?]aitaog):se;hsag]}hlwég;;’_heatest sec_tior[Fig. 11(c)] and causes_the flgid to move fa_stest
' there (Fig. 12, top curve Four bright fringes are visible
between the channel center and side in Fig(cllcorre-
sponding to a total change in thickness of &, which
translates to a graduat15% change in film thickness.

If the channel expansion angle is too large, the center jet
of fluid will separate from the channel walls and wander
laterally in an unstable fashion. This situation is remedied by
lengthening the expansion section.

For higher flow rates the film becomes supersonic and
unstable with respect to transverse undulations of the film.

a) b) C) As the flow rate is increased, film thickness increases and the

F1G. 11, The interferomet rance of the test sectiofafdhin fim transverse wave speed decreases. At the same time, the film

(he1 M'm),fb') nfejis’m ‘:ilr:fsagf‘za;m‘;f (2) th‘iackezl r:gzr:i 3M'n)_'FOSr moves faster. When the film speed exceeds the wave speed,
shock waves appedsee Fig. 13 and the film eventually

(a), (b), and(c) the corresponding expansion sections appe&a)agd), and
(f) in Fig. 10. Scale: 5 cm channel width. breaks.
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water and one would not expect such a large effect on the
film flow. Perhaps the addition of glycerol affects the dilata-
tional viscosity (for definition see Edwardst al)?* of the

film more strongly. We plan to study these effects more sys-
tematically in the future.

It should be noted that the soap solution will deteriorate
with age and prolonged recycling is not recommended. For
some experiments we do not recycle the solution at all, since
it changes its characteristics due to evaporation, possible oxi-
dation, and contamination with dust.

C. Surrounding conditions

Vertically flowing films, as described in this article, are
very robust under almost any conditions. For instance, high
FIG. 13. Supersonic flow past the tip of a need®:slightly subsonic(b) Zumldltyt.ls tljy no T.eansfnf.elces.sarytto I[I|)r0|0l’|19 fllm Il.fettlmes'
slightly supersonic, an¢t) fully supersonic. The needle tip is located at the ny particular section o '| mis 6.‘0 ua y only In e).(IS' enlce
same vertical position for each image. It most easily identified at the apex ofor about 1 s, from the time of inception at the injection
the shock waves ifc). Shock wave displacements are out of the film plane. nozzle, to the time of destruction at the bottom of the chan-
Interference fringes translate to film thickness. Scale: 2 cm channel width.nel Evaporation is likely to occur only within the air bound-

. . ] o o ary layer surrounding the film.

_ Vertically flowing films in air are thereby limited to Frequent film breakage can be prevented in a number of
thicknesses of about 6m traveling at about 4 m/s. One can \yays: keeping the solution fresh, cleaning the guide wires
decouple the relation between film thickness and velocity by;nq nozzle with alcohol from time to time to remove soap
tilting the entire fI_O\_N channel, effectively reducing the force buildup, avoiding improper channel geometries which lead
of gravity. The tilting of the channel can also be a veryy separation of the main fluid stream from the guide wires
accurate way of controlling flow speed when trying to mea-anq can lead to stagnation areas where the film is not replen-
sure the onset of various instabilities. A series of photojgheq, and staying away from abrupt termination of the chan-
graphs, by Rutgerst al,™ outlining the onset of 2D grid el which can cause the film to buckle and rupture. The film
generated turbulence were taken using an inclined channeloyiq also be protected from excessive air currents, espe-

Ecke and co-workers have made significant use of thigia|ly when performing scientific experiments. Air currents
techniqué’ And Beizaie and Ghari have experimented iyl biow the film out of the plane defined by the guide wires

with inclined versions of the apparatus in FigbR Inclined 5,4 can cause waves to travel up and down the channel.

channels can, however, suffer from bowing in the plane oiyhjle 4 deflection of 1 mm will probably not severely affect
the film due to gravity. Once broken, thick inclined films are o in-plane motion of the film, it does change the distance

also more difficult to regenerate. between the measurement instruments in an erratic way. Hot
wire and laser Doppler anemometry can be made difficult by
such deflections of the film. Enclosing the experimentation
We have obtained the best results with a mixture ofarea with curtains is often sufficient. A good way to monitor
1%—2% liquid dishwashing detergefftroctor and Gamble’s the film surface is to shine a sheet of ligigenerated by
Dawn Brand and 98%—-99% percent distilled water. Plain passing a laser beam through a glass mto the film with
tap water appears to work equally well. The flowing films in @ grazing angle of incidence. If the film undulates, the line of
the laboratory can last up to 24 h, and we have made films ufight on the ceiling will wiggle correspondingly. We have
to 20 m tall anl 4 m wide which last for minutes. Signifi- been successful in suppressing waves entirely by placing two
cantly lower soap concentrations lead to more frequenglass plates at 5 mm on either side of the filsee Rutgers
breakage. et al®). Wider films are more prone to deflections since they
The soap solution is above the critical micelle concen-<catch air currents more easily, and a given fixed motion out
tration but we have not yet done a systematic study of th@f the film plane costs comparably less elastic energy. By
effects of solution constituents and concentration on filmcasual observation we note that evacuation of the air sur-
longevity. Much higher soap concentrations, or the additiofounding the film, described in Sec. 1V, also appears to sup-
of glycerol, make it much more difficult to generate uniform press film deflections. This remains to be verified using the
films. Such viscous fluids typically do not spread uniformly laser light sheet technique.
in the expansion section of the channel. Most of the fluid
immediately separates from the guide wires and shoots dow
the center in a thick jet no matter how gradual the channe
expansion. The thin film on the sides then dries out and In order to study 2D flow around objects, they must be
causes the film to rupture. This was observed to happen witimserted through the film. Any object which has been prewet-
a solution of 25% glycerol, 2% Dawn, and 73% water. Theted with soap solution can be thrust through the film if done
bulk viscosity of such a mixture is scarcely twice that of carefully. Nonetheless, the film may still break quite fre-

B. Optimal soap solutions

. Insertion of flow obstacles

Downloaded 04 Sep 2001 to 128.165.156.80. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



Rev. Sci. Instrum., Vol. 72, No. 7, July 2001 Fluid dynamics experiments 3033

guently while inserting the objects. Breaking a film ten times Camera
in a row while trying to insert a turbulence generating grid

(comb is time consuming, aggravating, and causes unneces-

sary corroding soap spray.

The following technique allows even dry objects to be Cylinder End Ring
pushed through the film. We observed that this can be done[o o o o
when the film is thicker than 10 or 20m. This is usually the
case at the end of the channel where the film “piles up”
before it drains into the collection reservoir. A flat plate can
be used to similarly obstruct the flow further upstream in the
channel and create a region of thick film at any convenient
place. A small drafting triangle ruler works very nicely. It
can be prewetted, or inserted at the bottom of the channel,
moved up to the point where the comb or rod is to be in-
serted, and turned across the flow to temporarily create a
section of thick film. The dry object can then be inserted and
the ruler removed.

o O

\— 7

tSoap Film

IV. VACUUM METHODS

Air plays a primary role in flowing soap films. It largely
determines the verticdly) and horizontalx) laminar varia-
tions of v, and also dampens out velocity fluctuations, tur- |°
bulent and otherwise. Air also compromises the two dimen- [o o
sionality of the film since the air boundary layers extend over
1000 times the film thickness into the thifd) dimension.

The issue of air drag in turbulent soap films is discussed

more thoroughly by Rivera and WuFor laminar films the

air drag can be modeled with a classical laminar boundary

layer on either side of the filrt’. The drag force due to this
boundary layer depends on the square root of the gas density.
Thus, by placing a flowing soap film in a partial vacuum ON€prig. 14, Top view of soap film tower and vacuum chamber used by Rutgers

can reduce the drag force by nearly a factor of 10. The effecihowing placement of LDV head, as well as strobe and camera positions for
on laminar and turbulent flows is dram&fiand a vacuum  doing DPIV.

system is often a necessary piece of equipment.

A. Construction and operation perfectly smooth ends we found that a small laboratory

The first vacuum work was done by Rutg@rsand vacuum pump does not have sufficient capacity to overcome
a larger system is currently in use by Daniel and Rutgersinitial leaks between the pipe sections and the gaskets. How-
Both are supported by a flat platd in. thick anodized ever, a large throughput Stokes puimpodel 212H-11 was
aluminum in the latter cagewith threaded holes for a able to evacuate fast enough that the seals were sufficiently
vacuum pump, as well as electrical feedthroughs for the reeompressed by atmospheric pressure to effectively close any
circulation pump and stepper motofhich control flow leaks.
speed and guide wire operatjoisince the system will never Yet, the simplest way to build a vacuum vessel for a
go below pressures of 10 Torr, National Pipe Threaded holeBowing film was probably designed by Ecke and
and fittings attached with Teflon pipe tape are sufficientco-workers'® A clear acrylic cylinder with vacuum tight end
equipment. caps provides the main vacuum vessel, and as well acts as

To encase the support structure we used three sections tife rigid support structure to hold the guide and pull wires.
clear acrylic pipe, 14 in. in diameter and 0.25 in. thick from The whole device can be tipped at any angle to control film
Dayton Plastics. Square aluminum plates 5/16 in. thick withspeed. Access to the film is however more difficult in such a
13.5 in. diameter holes sit between the sectidnshaped one piece system.
gaskets(Kurt J. Lesker, part number LG14Borm the seal When either system is being pumped down for the first
between the pipe sections and the plates. The top of thiéme, successive pauses should be taken to let dissolved
vessel is sealed with a square plate 1/2 in. thick. Threadedases, usually visible as small bubbles in the clear plastic
rods can be run so as to connect the plates separating tp@mping lines, escape from the soap solution. The vacuum
sections(through the holes shown in Fig. 14A winch and  pump line valve should be closed when the soap reservoirs
pulley system can then be used to lift any number of thestart to boil violently. This occurs when the lowest pressure,
sections by several feet so that adjustments to the film appdhe vapor pressure of the soap solution, is reached. Once
ratus can be easily made. Since our pipe sections do not hae¥acuated, the system can be used exactly as the ambient
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soap channel. Cavitation problems can arise however, bd-or film speeds of several meters per second such count
cause the soap solution remains near its boiling point. Theates convert to a 0.3 mm mean spacing between individual
recirculation pump should therefore be operated slowly andelocity measurements. There are, however, more frequent
placed some distance below the bottom reservoir to operategfaps in the data as the film wanders outside the scattering
at a hydrostatic pressure above the vapor pressure. Cavitatieolume.
can also occur inside the fluid injection nozzle and lead to ~ We initially chose to seed the film with polystyrene
the periodic ejection of small bubbles. We have not beerspheregl um=2% in diametex. The sphere diameter is less
able to eliminate this problem completely, but one can minithan the film thickness and the particles have a mass density
mize it by using a sealed nozzle as shown in Fig) 60Once  only 5% higher than the soap solution. The seeding density
a bubble is ejected from the nozzle it will leave a smallmust be chosen so that on average only one particle occupies
bubble behind which is the nucleus for the next one. Thehe scattering volume at any time. Since the length of the
bubble can, however, be flushed out by fully opening theeffective scattering volume is defined by the film thickness,
flow control valve after temporarily bringing the system to aseeding densities should be about 100 times higher than
higher pressure. those required for equivalent measurements in bulk fluids.

For reasons not yet understood, the soap films last for ~Another option is to seed the flow with Ti(particles,
somewhat shorter times in vacuum than their ambient courthe mean size of which is 0.22m. Before it is added to the
terparts. Mean film lifetimes of many minutes, with a re- solution, the TiQ (approximately 0.03 g per liter of solutipn
newal time of several seconds, are still quite adequate fois added to 50 ml of purified water and mixed on a stirring
performing most measurements. plate to ensure that it is adequately dispersed. Because of
their extremely small size, such particles may more accu-
rately follow the turbulent dynamics of the flow at small
length scales®

Once a flowing film has been established, one generally In either case, commercial LDV systems focus the col-
wants to measure something about its properties. Film velodection optics to accept backscattered light predominantly
ity and film thickness are the two most important quantitiesfrom the particles passing through the scattering volume.
and take up most of the following discussion, though flowNormally this offers some protection from light scattered and

V. MEASUREMENT TECHNIQUES

visualization will also play a role. reflected back from outside that volume. However, unique to
working with soap films, or near fluid surfaces, there will

A. Velocity measurements also be a strong component of unwanted specularly reflected
light from the surface. The point of reflection resides within

1. Laser doppler velocimetry the scattering volume which unfortunately means this un-

Laser Doppler velocimetryLDV )2 has proven to be the wanted light can be phanneled directly_ back into the pho_to—
most versatile velocity measurement tool for studying flow-detector, overwhelming the Doppler signal, and saturating
ing soap films. The LDV method measures velocity at thethe detector. The film plane must therefore be kept at an
intersection volumescattering volume of two tightly fo- angle with respect to the LDV optical axis so that all light
cused coherent laser beams. A photodetector measures baégflected from the film surface bypasses the LDV collection
scattered light from small particles which pass through the?Ptics.
optical interference fringes at the crossing point. The fre- ~ Several other problems only occur in the extreme situa-
quency of these bursts is translated directly into a velocity!ion of very fast and thick films. Reflected beams can occa-
The scattering volume is typically a prolate ellipsoid with asionally da_nce about dpe to undulations of the film surfgce.
minor diameter of 10Qum and a length depending on the Here too, if the reflections encounter the coIIecupn optics,
angle between the crossing beams. In 3D fluid measuremerif3ey Will saturate the detector and cause gaps in the data
this ellipsoid is best kept as small as possible to reduce thgtream. Another difficulty arises with very thick films which
uncertainty in thez position of the velocity measurement. have just passed an obstacle. Such films can have significant
Since a soap film is much thinner than the length of thesmall scale thickness fluctuations which reflect light in all
ellipsoid, the film thickness determines the spatzaresolu-  directions. These may again end up saturating the photode-
tion. Moreover, a long scattering volume is advantageouéeCtors- This would also be a problem in a forward scattering
since it allows for occasional out of plane motion of the film, geometry.
without loss of data. However in most commercial LDV
systems, longer scattering volumes also translate to less eg- Hot wire anemometr
ficient scattered light collection optics. We originally used “ Y
a TSI Inc. system with a 12 mm diameter focusing and  Hot wire or hot film anemometry is a suitable technique
collection lens and a 10 cm working distance. The scatterindor measuring the velocity of the air surrounding the soap
volume was over 1 mm long, and allowed for equally largefilm. Measurements can, however, become difficult near the
amplitude waves in the film before any gaps in the data ocfilm due to possible undulations. As well, when the film
curred 1 W of laser power was, however, needed to get datdoreaks it sprays a corrosive mist which can damage a delicate
count rates over 1000 Hz. Our newer TSI Inc. system has hot wire and change the calibration coefficients. For these
scattering volume only 0.3 mm long, but requires a merdatter reasons it is unlikely that a hot wire could be used to
0.1 W of power for data count rates in excess of 10 000 Hzmeasure the actual soap film speed.
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3. Fiber velocimeter

Kellay et al!! and Riveraet al?’ developed an alterna-
tive method to LDV for measuring velocity at one point as a
function of time. The so-called fiber velocimeter optoelec-
tronically measures the deflections of an optical fifieb—1
cm long, 20—6Qum in diametey which is thrust through the
film. The fiber velocimeter is much cheaper than LDV and
delivers a continuous analog signal.

There are some disadvantages to the fiber method how-
ever. The deflection of the fiber is proportional to the mo-
mentum transferred to it from the fluid and the exact point at
which the film makes contact with the fibéthe effective
lever arm). Thickness variations in the film will cause varia-
tions in deflection as will undulations of the film. Thus far
we have measured fiber deflection to be linear with mean
flow and have found no qualitative differences between tur-
bulent velocity spectra taken with fiber and LDV. The fiber
is currently undergoing more comparisons with LDV.

4. Homodyne correlation spectroscopy

This method was developed by Torgal?® to measure
instantaneous velocity differences between two particles in
turbulent fluids. The method yields the cosine transform of
the probability distribution function of velocity differences at
an adjustable length scdle The method was applied to soap _ S _ _
films by Kellay et al** and is useful in determining certain "'C: 15 Three different flow visualization techniques of a vortex sti@gt:

L. advection of a film thickness variatioh)) shadowgraphs of a thick filnt¢)
aspects of turbulent statistics. fluorescent dye visualization. Vortex streets are about 1 cm wide.

5. Particle imaging velocimetry

The method of digital particle imaging velocimetry
(DPIV) is showing increasing utility in the study of turbulent
soap films21%2°Since DPIV is inherently a 2D method it is

1. Optical interference

The simplest visualization method requires no addition
of contrast agents to the flow at all. It relies on the optical
) . . interference between the front and back surfaces of the film,
ideally suited for this type of work. To do DPIV, seed par-

ticles are added to the flow and then imaged twice in shorﬁlhmh is the source of the familiar colors of soap films and

. o . ubbles. A quarter wavelength change in film thickness
succession. The velocity field can then be obtained from lo- q g 9

| correlations between th wo im The main diff r(~O.1 um, in watej will change the interference condition
cal correlations between hese wo Images. 'he ma €from constructive to destructive. Thickness variations in the

ence from PIV methpds in bulk fluids is tha_t the _seed Pal%im are therefore visible as dark and bright fringes, espe-
ticles should have diameter less than the film thickness Oiially when viewed under monochromatic light. Looking at a
5-10um. Larger particles will not adequately follow a tur- typical photograph of a soap film flowing past a cylinder
bulent flow field and may introduce thickness variations not[Fig. 15a)], it becomes clear that the contrast variations are
accounted for by classical 2D methodology. acting as a tracer in the flow. Dark film is being advected

Doing DPIV in vacuum is complicated somewhat by th(.ainto the wake of the cylinder. More images of this type have

presence of the cylinder wall. The brightest scattering 'S?een published by several auth8fs:®

aghieved when the'strobes, partip Ie;, and camera are linearly One can argue that the advected thickness variations are
aklllgne;ﬂ. S?ms defwatlodn_ frotm_thls 'fstﬁf coursé:aneces{sary ot just a tracer, but a passive scalar in the flow. Thickness
€ep the strobes from direct view of the CameR aperture ., jations should be a small percentage of the total film

placed near the film can hglgHowever, with the chamber in thickness for this to be true. For Fig. (b we estimate the

place, light f_rom the_ strobes _scatters from the cylinder Sur'changes at 5%-10%. Since a flat film is the minimum energy
face, saturating the image. It is therefore necessary to keep

I le bet the strob d th il c%nfiguration, thickness variations must have a finite life-
arge angie between the strobes an € camera—tim axjg, o “i this lifetime is much longer than the typical eddy

?’rr]]?st(r)nﬁ:ﬁﬁ?zgs]etﬁgoiﬁj;iiitcelgssy:%g; gggdzrr];skgg;z'?tlﬁlrnover time, then thickness is in practice a passive scalar.
from view of the camerdsee Fig. 14 F|gure 1%a) shows that the mtlerfgcel between Qark and
o bright stays remarkably sharp, indicating the desired slow
relaxation of thickness variations. More quantitatively one
can estimate the time required for an indentation in the film
Visualizing flow is an extremely important aspect of any to heal. Consider a &m thick film with an 0.2um inden-
program of fluid dynamics experimentation and there ardation on either side. Take the diameter of the dimple as 0.4
various methods of doing so with flowing soap films. cm. Under monochromatic light, this would appear as two

B. Flow visualization
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concentric interference fringes. The curvature of the film creto decorate the surface of the film with small particles for
ates an excess pressure gradient of approximately Offow visualization. Photographs were exposed long enough
dyne/cni around the dimple, forcing fluid back inside the to show short particle tracks which corresponded directly to
depression. For a pure fluid the gap would heal rapidly, sincéhe velocity director field. These experiments were done on
the surface would flow freely with the film center. However, stationary horizontal filmgsee Fig. 2a)] which made it rela-

the surfactants on a soap film surface resist flows with netively easy to sprinkle on the particles. As is the case with
divergence since the resulting surfactant concentration gradany particle seeding or decoration technique, one must be
ents cause counter balancing surface forces. The interstitiglositive that the particles are following the flow. We experi-
fluid therefore moves back into the dimple as if flowing be-enced one situation where this was not the case when we
tween semi rigid plates; a very slow process given the smakprinkled 100um hollow glass spheres onto an inclined film
“plate” spacing and the minute pressure gradient. The probflowing at about 2 m/s. We found evidence that the spheres
lem is analogous to the draining of a stationary vertical soagould detach from the surface of the film and continue in a
film, described in great detail by Myseés al® In that case  straight line, while the fluid circulated within a vortex.

the pressure gradient due to gravity is at least 1000 times

(pressure at a depth of 1 cm in watdarger than in our C. Film thickness measurement

hypothetical dimple. The vertical films take hundreds of sec- Film thickness is an extremely important parameter in

onds to thin by draining, implying that a dimple needs at : : . .
least that much time to heal. This is practically infinite com-f[hese experiments. It relates directly to the 2D fluid density

pared to the millisecond eddy turnover times of our flowingIn Fhe 2D NaV|er—Sto]<es eqqatlons anq detgrmlnes the gravi-
soap films. tational force per unit area in the vertical films. It directly

Even in a film which is otherwise perfectly smooth, such affects the deflection of the optical fiber velocimeter, and in

as in Fig. 11b), one can observe flow patterns downstreamtheory' is even directly related to vorticitgee Chomaz and

from obstacles. Thus, the interaction between the film an(S: athalay), considering the balance between the centrifugal

. o . ._and surface elastic force terms in a vortex. Unfortunately, it
the object must create small changes in film thickness whic -
. has been rather difficult to measure.
are then advected downstream as passive scalars. The gen-
. . e . A crude but useful method was to measure the local
eration of these thickness variations is not completely under-

stood, but may result from the minuscus surrounding thP;:onducnwty of the moving film by puncturing the film with

. . . . . : wo platinum needles separated by several mm. A linear re-
object being partially wrapped into shedding vorticés. lationship between film thickness and conductivity was es-

tablished. The curve can be calibrated at very thin films
where the Newton color scale is applicable. The method has
For very thick films the interference visualization been used infrequently however, since conductivity also de-
method fails in practice because fringe spacings become tgsends on the ionic nature of the solution and thus requires
close to be resolved with a camera. In this case one can usecalibration for each batch of soap solution. The technique
a shadowgraphing technique. Parallel light is brought in fronis of course intrusive. Below we describe some more sophis-
a distant source and passed through the film. The slight cuticated and accurate methods which are in use, or being de-
vature in the film between thin and thick regions bends theseloped by various research groups.
light away from parallel. The light is then focused into a
camergsee Fig. 1®)].

2. Shadowgraphing

1. Interference

Optical interference methods seem like the obvious so-
3. Dye methods lution to the thickness measurement problem, but have
roven impractical to date. Counting interference fringes un-
er monochromatic light only gives the difference in thick-

as a more traQ|t|oan tracer stream. I_-Iarns aqd Mémve . ness between two points, and not the absolute thickness.
successfully visualized flow patterns in soap films by addlngbounting fringes also becomes difficult. For thin films one

0.05 g/l fluorescin dye to the soap solution. Two separat%an assign definite colors to absolute film thicknesses using

fluid supply lines were fed int.o the same injection nozzle S%he Newton color scalé However, for films thicker than 1
that half of the flowing soap film was dyed and half undyed. m the method fails since the colors only alternate between

;he I"m Vgiﬁ tr}len expozelql LotZOO _mJ/puI(;Ised tUV lgéeDr ligh ink and green and offer little information about absolute
urs E_an 1e ouresced fig hW?S |magze onfoHa . C; ilm thickness. If the flow is laminar, one can always reduce
:/Ir'?. sg;qurfeh &) 'T( anflmag;(phgﬁ cour esydo h af1_r|r|s anh the film speed to a point where the color is well defined and
d |e? OTL etWa (E)otwa o fW Ic punctlyrgt és Itrr? afé :then slowly increase the flow rate while keeping track of
ye line. The time between frames was fimited by the ow many interference fringes pass the point of observation.
repetition rate of the laser. The §|m|lar|ty petween F|g$a15 However, this does not work for turbulent films where thick-
and 1%c) further support the claim that thickness is as gOOdness variations occur in a much more haphazard fashion. We

a passive scalar as dye. have tried to measure absolute thickness at one point by
simultaneously interfering multiple laser lines from a kryp-
ton ion laser. Within the noise of the data it proved practi-

Couder and co-worket§ both pioneered the use of soap cally impossible to calculate the absolute thickness of a sev-
films for 2D fluid dynamics experiments, and were the firsteral micron thick moving film.

Dye molecules can be dissolved in the solution and useg

4. Particle decoration
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2. Dye methods information about DPIV in flowing soap films. Research was

Fluorescent dyes offer an elegant method for imaginggUPPorted by the NSF under DMR Grant No. 96236112, No.
film thickness locally, and across large areas. If the dye i$914351, and No. 9424355 at the University of Pittsburgh,
uniformly mixed into the soap solution then the intensity of a@nd by DMR 9984655 and the Petroleum Research Fund
fluorescense image is directly proportional to the film thick-under Grant No. ACS-PRF 34288-G7 at The Ohio State Uni-
ness. A UV pulsed laser system, as described in Sec. V B $ersity. Th_e Physics gnd Electrlcal Engineering departmenf[s
may, however, be prohibitively expensive for just the pur-at The Ohio State University are also acknowledged for their
pose of measuring film thickness. Wu of this article, hasSUPPOTt.
imaged the thickness of a slowly moving film by heavily
seeding it with dyed polystyrene sphetesnd illuminating it 'R. H. Kraichnan and D. Montgomergy, Rep. Prog. PHig.547 (1980,
with the 514 nm line of an argon ion laser. The results arezp Rivera, P. Vorobeiff, and R. Ecke, Phys. Rev. L&, 1417(1998.
promising but show some departure from a linear relation®m. Rivera and X. Wu, Phys. Rev. Le®5, 976 (2000.
between film thickness and fluorescent intensity due to con-'C. IsenbergThe Science of Soap Films and Soap Bubksver, New
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