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are coupled to surface tension, both in the normal and tange

Flow in a planar cavity bounded by stationary side walls, a flat
gas/liquid interface covered by an insoluble monolayer, and driven
by sinusoidal motion of the floor is examined numerically. Navier—
Stokes computations with the Boussinesg—Scriven surface model
are presented utilizing the equation-of-state measured for a vita-
min Ky monolayer on the air/water interface. The results identify a
range of initial surfactant concentration for which the surface ve-
locity is sensitive to the surface viscosity B (sum of surface shear
and dilatational viscosities) down to 10-2 surface Poise. Thus, the
study suggests a practical method for determining surface viscosi-
ties consisting of the measurement of the motion of a tracer particle
on the interface and comparisons with numerical computations at
various values of B.  © 2001 Academic Press
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tial stress balances. General agreement between measurem
of «5 with different techniques have yet to be demonstrate
(3); results varying by several orders of magnitude have be
reported (2), as well as negative valuesc®{4). Most indica-
tions are thak® may be many orders of magnitude larger that
1 (5-8), so it is important to develop techniques to measure
reliably.

Either the tangential or the normal stress balance may be us
to determinec®. One of the techniques that utilizes the norma
stress is the maximum bubble pressure method (9). This tec
nique is not applicable to the measurement dfor insoluble
(Langmuir) monolayers, which are of interest to this study. Alsc
the complexities resulting from gradients in surfactant distribt
tiononthe surface of the bubble, e.g., development of shear str

along the surface, have not been addressed and may accoun
some of the discrepancies seen between different measureme
of «%. Other methods that try to determiré are drop defor-
mation techniques, but they are not easy to apply to insolub
systems. Although in principle it is possible to spread an inso
There is much interest in gas/liquid interfaces, e.g., air/wateihle monolayer on an order 1-mm drop, it is difficult to know
due in part to the recent interest in microfluidic systems, whidtow much material is present on the surface. Thus, these te
are gaining technological importance. When there is a free sorgues have been primarily applied to soluble systems (10-1.
face in the system (which in some cases is unavoidable, esper larger drops, distortions due to gravity become increasing
cially when channel walls are not fully wetting, and in manymportant and the technique requires a microgravity enviror
cases essential, e.g., for gas analysis using microchannels), thent (13). These techniques all assume spherical symmetry,
the coupling between the interface and the bulk flow needsitopractice there is always a lip (e.g., in pendant drop, maximul
be considered. When the length scales are small, then intelfabble pressure method, etc.), so the role of tangential stre
cial effects can dominate effects of gravity and other forces. Fmay remain unaccounted for.
very small length scales, the effect of intrinsic surface viscositiesThe classic example that utilizes the tangential stress balar
(surface sheay®, and surface dilatationatf) can dominate the to determinec® is the longitudinal wave method (14). This tech-
effect of surface elasticity (surface tension gradients). Of the twigue is based on theory that assumes an inertialess limit, her
surface viscosities, surface shear viscosity has been consistettgy restriction to small barrier speed/frequency. Small barrie
measured for a variety of surfactant systems using different tespeed/frequency is also necessary to avoid making transve
nigues (1, 2). However, the same is not true of the surface dilaveaves as the theory is based on an essentially flat interfac
tional viscosity. Determination aofS is difficult since its effects When small frequency is used, then the effect of elasticity ce
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dominate the effect of surface viscosities (the product of Bous#ie air/water interface, being a material surfagéx, 1,t) =0
nesq number and capillary number being small), so errorsby continuity with its value on the sidewalls, which is set to
determining elasticity (e.g., deviations in the equation-of-state@ro without loss of generality. We assume that the interface
may lead to large errors i¥. Another method using the tangen{lat, and hence the contact angle at the air/water/solid conte
tial stress balance employs a transient vortex flow and simultare is 90 (in a physical laboratory experiment, the location of
neously measures the surfactant concentration on the interfabe,contact line can be fixed by depositing a nonwetting paraff
c(x, t), and the surface velocity®(x, t), at a given locatiorx  film above the interface on the vertical walls (15); also, the
(8). The problem with the transient vortex method is that tieroude number, Fev2/gH?3, for water at room temperature
flow is not time-periodic, so one cannot do phase averaging. Asd a depthH ~ 1 cm, is only about 16%). This leaves the
a result, there are large inaccuracies (at least 50% noise lewslhdition for the vorticityy on the interface to be specified.
in the determination of surface viscosities. Further, the simulta-We model the interface using the Boussinesq—Scriven co
neous measurement of batlandus® is technically challenging, stitutive relation (16). In planar two-dimensional systems witt
especially since nonlinear optics had to be used to measure a flat interface, only the tangential stress balance plays a d
We propose a cavity-driven flow; by changing from a barrieramic role (2). The tangential stress balance is, noting that
driven flow, we can drive the system at higher Reynolds numbehe interfaces = 0:
(based on frequency and amplitude) and still avoid complicated
surface deformation problems. n(x, Lt) = —uy(x, 1, t) = —C oy — (Bu3) [2]

where C = uv/Hoy is the capillary numberg is the sur-
face tension which varies with surfactant concentratiosy =

The flow consists of fluid of density, molecular viscosity, (¢ = 0), B = (u° + «°)/uH is the Boussinesq number corre-
(and kinematic viscosity = /), contained in a rectangularSPonding to the sum of the surface shear and dilatational vi
region of width 2. and depthH, and driven by the horizontal €OSities (in general, also functions of, scaled byuH, and
harmonic oscillation of the bottom boundary. The top surfade(X t) = u(x, 1,1). In (15), we determined that an insoluble
of the fluid is exposed to air and has an insoluble monolayer B¥pnolayer comprised of vitamiK;, for concentrations up to

the interface. Initially, everything is at rest, and the surfactahtMa/n?, had negligible surface shear viscosity. In this study
monolayer is uniformly distributed. At time= 0, the bottom We shall treaf5 as constant since its functional dependence on

plate is set to oscillate with horizontal velocity sin(2z wt). is not known a priori. This linearization is self-consistent as thi

In this study, we consider the two-dimensional problem that g@mputational results indicate that variationim both time

invariantin the transverse direction and neglect viscous couplidgd Space are small for the parameter ranges considered. T
on the air side. reduces the surface viscosity term in Eq. [2]305,. Foro(c)

The governing equations are the two-dimensional Naviel® utilize t.he equqtion—of-statg measure_d fo.r water/vitamli_n
Stokes equations, together with the continuity equation and #p{15)- This equation-of-state is plotted in Fig. 1, along with ¢
propriate boundary and initial conditions. It is convenient to use
a streamfunction—vorticity formulation, where the nondimen 75 e . . T
sional velocity vector and the corresponding (scalar) vorticity ai

2. EQUATIONS GOVERNING THE DRIVEN CAVITY FLOW

(U, U) = (Wy, —I/fx)7 n=—Yxx— wy)h

70 b
We useH as the length scale and the viscous til&/v as the
time scale. The two-dimensional Navier—Stokes equations, wi ~

these scalings, reduce to the evolution equation for the vorticit §
£65+

c(d

ne + 'ﬁynx - I//x77y = Nxx + Nyy- [1]

Initially, everything is at rest and the monolayer is uni-
formly spread;y (X, y, 0) = n(x, y,0) = 0 and c(x, 0) = co.
The boundary conditions on the solid boundaries are ni
slip; for the two stationary vertical walls at = +L/H,
¥(x£L/H,y,t) = ¥y (£L/H,y,t) =0 and hencen(+L/H, 55 I , ,
Y, t) = —¢ux(£L/H, y,t). For the oscillating bottom, 0 0.5 ! L5 2 2.5
¥ (X, 0,t) = 0andyy(x, 0, t) = Re, sin(2rRe,t); the two gov- ¢ ( mg/m’)

erning parameters are Re- UH/v, the scaled velocity ampli- FIG.1. Measured equation-of-state (open symbols) for a vitenimono-

tude of the floor, and Re= wH?/v, the scaled frequency of thejayer on airiwater interface at 28 (15), together with the curve fit given by
floor oscillation. The vorticity is)(x, 0, t) = —yy(x, 0,1). On  Eq. [3].
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fitted curve given by The objective of the computations presented here is to demc
strate that the flow under consideration is sensitive to surfa
o = 66.1+ 6.2 tanh(75(1 — c/1.38)). [3] Viscosity effects in some range of parameter space. For this flc

to provide a practical experimental technique to measure surfe

Since the vorticity at the interface depends on surface tensidAcosities B, we need to show that it is sensitivelfovariations
gradients, which in turn depend on the surfactant concentratiéh @ Parameter regime accesslble to Iaboratory measureme
we also need to solve an advection—diffusion equation for tHéth a reasonable signal-to-noise ratio. We begin by noting th

surfactant concentration, B only appears in the tangential stress balance (2), and its effe
on this balance may be completely masked by surface tensi
C+ (c W)y, = Pelc [4] gradient effects. For a given surfactant system (and bulk liqui

X — XX

e.g., water at room temperature), the only variable available

where Pe= v/ DSis the surface Peclet number apdis the dif- a'djust.the relative contributions of M.arangonl stress and_slurfa‘
viscosities to the stress balance is the length s¢dj€

fusivity ofthe surfactantonth_e mter_face._Note that [4] |sl|n_ear|gCaIeS withH and scales withH -1, so asH is reduced. the
¢, sothereis no need to nondimensionatiz€onservation ofin- ~ ; . U 9

. . . ratio of surface viscosity to elasticity is increased Hy<. A
soluble surfactant on the interface is enforced with the zero—ﬂu>r<actical lower limitisH ~ 1 cm. which would limit the Eroude
conditionscy (==L /H, t) = 0. The zero-flux boundary condition P '

. . . ; . m{mber to 10° and minimize surface deformations. For a
assumed for insoluble monolayers is realizable in experimen

for low Fr flow by pinning the contact line via the application O%/Itamm K moglolayer on water of depth 1cm arZgthis gives
L . ; = 1.2 x 10°. Inthe present calculations, we have considere

a nonwetting film on the sidewall above the waterline (15, 17§

The numerical solution of [1] and [4] together with the bound- ,

ary and interface conditions follows that used in (15, 18). 10 L I A I A '

Specifically, a second-order centered finite-difference spatial ’

discretization is used, withy = 101 andny, = 51 grid points

in the horizontal and vertical directions, respectively, together 10

with a second-order predictor—corrector scheme for the time

evolution. The time stegdt, is governed predominantly by the — —

advection—diffusion Eq. [4] for the range of parameters chosen, —: 0k

and needsto be reduced when the surface velocity becomes smal &

(which is the case when Marangoni stress is large and/or surface

viscosities are large). The smallest value usedatas 10~".

107

3. RESULTS
Equation [2] shows that the stress onthe fluid atthe interfaceis 107 T A B TR Y
due to contributions from elasticity and surface viscosity. These " ' ' ' 'Co '
contributions are qualitatively different in the way they relate to
the thermodynamic state of the interface (via surfactant concen- 10° T . - . . T . .

tration) and its kinematics (fluid velocity at the interface), and
their effects are complementary. To leading ordés gssentially
constant (this is verified numerically for the Rend Re¢ ranges
considered). The elastic term depends on the equation-of-state
asoy = ocCx; forsmallcy, its contribution is greatest farvalues

where the equation-of-state is steep, iglarge, regardless of &
any velocity gradients. On the other hand, the surface viscosity E
term,Bus,, hasB essentially constant (for small), but its con-
tribution to the surface stress depends to leading order on surface
velocity variations. These can be made large by appropriate os- 10
cillatory driving. Also, the elastic contribution dominates when

there is large bulk inertia (flow) that drives a concentration gra-

dient and results in a Marangoni stress that brings the surface |,
velocity to zero. This occurs for adequately large, Rad suit- 06 08 lo 1z 14 16 L& 20 22
ably small Rg. Whereas, the viscous contribution dominates 0
when there are large surface velocity gradients, and is relatively|c. 2. variation of maxus| and Ac/co with co (mg/n?) for Re, = 100,
insensitive to concentration gradients. Re, = 16, H/L = 1, andB as indicated.
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FIG. 3. Profiles of surface velocity®, and concentratiorg, at 10 phases over one oscillation period fop, Re100, Re, = 16, H/L = 1, cg = 2.0 mg/n?,
andB as indicated.

various Rg and Re with ¢y up to 2.25 mg/rﬁ covering a large diminishing the surface velocity) and small enough to avoid in
range of the equation-of-state. For each of these parameté&tabilities in the bulk flow (19). In Fig. 2, the maximum surface
we have seB = 0, 1, 10, and 100; using our scaling$,= 100 velocity over acomplete period, max|, and the relative change
corresponds to(® + «5) = 0.9325 g/s (surface Poise). In thein concentration over a complete periatlc/co, are plotted as
calculations, we have set Pel0, which is probably about functions of initial concentratiorgo, for B = 0, 1, 10, and 100
two orders of magnitude too small, but since the surfactaiftthe driven cavity with Rg = 100, Rg, = 16, andH/L = 1,
concentration gradients are everywhere small for the casi#ng a vitaminK; monolayer. The plot shows that over some
considered, we do not expect the results to be sensitive to Péanges ofcy, the effect of surface viscosity is to decrease th
The flow geometry was selected to accentuate the contritaagnitude of the surface velocity, as expected. &ox 1 or
tion from surface viscosity. The parameters used to illustrate the> 1.8 mg/n?, the change in surface velocity is well within
results are selected with an eventual laboratory experimenttfy¢ range that can be sensed in a laboratory measurement. -
mind to verify the model and ultimately to measure the surfaggange ircis comparatively small, thus use of a constant surfac
viscosities,3. The depth of the cavityH = 1 cm, was cho- Viscosity in each calculation is justified.
sen to be as small as possible (in line with the above scalingProfiles ofu andc over one period for a typical set of param-
argument), but not so small that Fr becomes large and surf&ters (Re = 100, Rg, = 16, H/L = 1, ¢o = 2) are presented
flatness suffers, and surface velocity measurements are difiiFig. 3 for 3 = 0 andB = 100, illustrating the factor of two
cult. The frequency of oscillation, Re= 16, was selected to difference inu®, which is detectable using now standard flow
be large enough to avoid approaching a quasi-static monolag@gasuring techniques.
((18) showed that for steady flow, the effect of surface viscosi-
ties is very small at a steady monolayer front), yet small enough 4. CONCLUSION
to give adequately large surface velocity and surface velocity
gradients and avoid instabilities in the bulk flow. The amplitude The theoretical foundations for a method for determing th
of oscillation, Rg = 100, was selected to be large enough to esurface dilatational viscosity of insoluble monolayers are pre
sure a strong surface flow (to keep viscosity in the bulk fluid frosented (the planar geometry gives the sum of the surface sh
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