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Abstract

We investigate the fluid mechanics of cleaning @isc drops
attached to a flat inclined surface using thin gyadriven film
flows. We focus on the case where the drop caneatdiached
from the surface by the mechanical forces exeneithé cleaning
fluid on the drop surface. The fluid in the drogstilves into the
cleaning film flow, which then transports it awaie present a
mathematical model for the mass transfer of theowis fluid
from the droplet into the film flow. The model asses that the
droplet has a negligible impact on the film velgcito assess the
impact of the drop on the velocity of the cleanfluid, we have
developed a novel experimental technique based aicle
image velocimetry. We find that at intermediate Rugn
number the streamwise velocity can be stronglyctdfi by the
presence of the droplet. We discuss this impad¢hertleaning of
the droplet. Using the dye attenuation techniqueailso measure
the convective mass transfer of some dye mixed timtodroplet
and diffusing into the falling film. We find thahé total amount
of dye in the droplet decreases exponentiallyrireti

Introduction

Cleaning of fouling deposits using film flows is @nemon
problem in many industrial processes, particulanlythe food
industry €.g. Wilson [7]). The shearing action of a film flow is
often used to clean fouled surfaces in industniatesses as well
as in our daily life (Yeckel and Middleman, [8]uch as in a
household dishwasher. In a full dishwasher, a jetwater
impinges on the surface of some of the plates whiters are
simply covered by a thin draining film. The abiliby the film to
clean the drops of grease attached onto the platiacs is
critical. Moreover, minimizing the water consumptiand the
energy of such automatic cleaning devices can haveportant
environmental and sustainable impact. In this stuee
investigate the case where shear forces cannotcawer
adherence, and thus the drop remains attachedtatsurface
until it dissolves completely in the film. The draan deform,
elongate and slide over the substrate at a ratetwhinegligible
compared with the typical }gdvection rate.

Figure 1. Schematic diagram of the cleaning problériquid film flows
over a viscous drop (shaded).

We are interested in the case of cleaning a sithglp of viscous
liquid lying on an inclined planar surface usingravity-driven
falling film (see figure 1). Blount [1] developednaathematical
model for the dissolution and transport of thedlfrom the drop
into the film flow. The streamwise velocity in tfiem is obtained
assuming a viscous—gravity balance and the lulivicat
approximation,
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wherey is the spatial coordinate in the direction orthogjoto
the substratex( the streamwise direction and the lateral or
spanwise direction)g is the constant of gravityg is the
inclination angle of the substrate from horizontalis the film
kinematic viscosity and,, is the far-field film thickness. The
drop fluid (shaded in figure 1), considered as ssp& tracer, is
described using the advection—diffusion equationthie film
phase
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whered, is the partial differentiation with respect to &nA is
the local concentration of the drop fluid,= (u,v,w) is the
local film velocity andD is the constant diffusion coefficient of
the drop fluid in the film phase. Assuming thattjositside the
drop interfaced is fixed, and equal to the maximum solubility,
A, of the drop fluid in the film phase, and that filen fluid
forms a momentum boundary layer such that y, [1] solved
equation (2) to obtain a prediction for the totakfof drop fluid,
integrated along the drop surface, into the filowfl
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F = 0.8084, ( ©)
where T is the two-dimensional flow rate andl is the drop
length.

Our objective is to test the validity of the modigveloped by
[1], particularly some of the assumptions madedowve the flux
F, using some experimental measurements. [1] makes t
important assumptions in his model. Firstly, heuasss that the
film velocity is not affected by the drop; secondlyat the fluxF
does not depend on time and can be found by soltlreg
advection—diffusion equation (2) at steady stata. $implicity,
we focus here on the case of a non-deformable dndych
corresponds to the very viscous limit. We test thest
assumption by measuring the velocity field of tia flow in the
vicinity of a solid obstacle, representing a nofed®able drop
(Landelet al.[5]). To assess the second assumption, we perform
some dye attenuation experiments to measure thmaatkastic
time scale of the mass transfer between a veryougsaon-
Newtonian droplet and the flowing liquid film.



Experimental Procedures

Measuring the Film Velocity Field in the Vicinity of the Drop
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Figure 2. Schematic diagram of the experimentalaegips. Left: side
view; right: top view.

We produced gravity-driven thin film flows in theperimental
apparatus shown schematically in figure 2 (see f@] more
details). A liquid film flowed from a constant-headservoir
through a thin gap on a flat solid substrate iredimt an angle
to the horizontal. The film flowed freely over aeomillimetre
thick sheet of polished stainless steel. The staimnbteel substrate
was cleaned before each experiment with some veaigrsoap,
vinegar-based de-scaler and finally isopropanoé film flowed
on the substrate for a distance of approximate/rdéh from the
outlet of the reservoir gap to the bottom-end ef shbstrate, and
then fell freely into a large collecting tank. Thew rate of the
film was maintained constant. The fluid could reclate in the
experimental apparatus using a submersible pungiddan the
collecting tank. The fluid was pumped into a prisnagservoir
located upstream of the main reservoir. The fluicbtilence in
the primary reservoir was dampened as it penetrdtenigh a
piece of foam and a 5 mm gap into the main U-shapselrvoir.
Once the flow was stable, we recorded the expetiméth a
high-speed grey-scale camera, Photron—Fastcam Sibuinted
with a 60 mm focal-length lens and a UV/IR blockiiiter. We
filtered out the infrared part of the spectrum hesgathe camera
was sensitive to this part of the spectrum. Two 308étts arc
lamps and two 250 Watts halogen lamps produced ifarom
illumination on the film with minimal shadows orflections at
the crests and troughs of surface waves.

Exp. Angle Q Resolution View
©) (cm’s?) (pixel) (cm?)
1 44 50 1024x1024 1x17
2 44 50 1024x896 3.43.0
Exp. Frame Shutter time Re=4T/v
Rate (Hz) (s)
1 2000 1/3000 1000-1200
2 6250 1/9000 1100

Table 1. Summary of the control parameters fothallexperiments.

The details of the control parameters for the twpeeiments
shown in this paper are presented in table 1. Bqr. B, the
camera view is centred on the film mid-width andhvthe top of
the image just above the outlet, so as to sedlthenimediately
after flowing through the gap. We analysed the iesagsing
DigiFlow (Dalzielet al [3]). The spatial velocity resolution is 2.7
mm. The film Reynolds number is defined as=Rél'/v with
I'(x) = Q/L(x), Q the three-dimensional constant flow rate, and
L the local film width along the spanwise directitmExp. 1, the
camera view is centred on the obstacle in the flive resolution
is approximately four times larger so that we hawery detailed
measurement of the flow in the vicinity of the azdé. The new
spatial velocity resolution is 0.7 mm.

The film liquid used for the PIV experiments wamiture of 4
litres of cold water with approximately 40 g of imgene blue
and 20 g of artificial pearlescence, which was mefd#étanium-

dioxide coated mica particles (Iriodin 120 pigmevigrck; size:
5 to 25 microns; density: 3 g € The purpose of this very dark
mixture of dye was to render the film opaque far tamera so
that only the surface of the film could be seene Hittificial
pearlescence comprised small plates acting asrstaagning
with the shear. These tracers produced a non-umifeflecting
texture of light intensity at the surface of thenfifrom which the
surface velocity could be computed using a PIV @flgo in
Digiflow.

The impact of a solid obstacle on the film flow v&isdied. We
made a small obstacle by sticking a piece of BlukT@ostik)

on the substrate located at a distance of appraiyn@1 mm

downstream of the outlet and approximately 10 mnth®right

of the centreline. The size of the obstacle wast®.6.8 mm in
thickness and 2.8 mm in diameter. The shape wasughr
flattened hemisphere, which modelled the shapevefyaviscous
sessile drop. According to the results obtainechgqugifferent

obstacles (including perfect spherical metal beiada slightly

different setup), we believe that the small impetitns of our
hand-shaped obstacles had a limited impact on easuarements
of the surface velocity field. The film flow wasllfydeveloped at
the location of the obstacle. The obstacle way fubmerged by
the film.

Measuring the Mass Transfer from the Drop into the Film

We measured the temporal evolution of the conceoitraof
methylene blue in a polymer-thickened droplet sulyee in a
thin falling film. The droplets contained a non-ionwater-
soluble polymer Natrosol 250 hydroxyethylcellulogelEC)
produced by Aqualon. We mixed the 250HHR-type paymuith
tap water at a concentration of 2% wt. We perfornbd
measurements in the experimental setup describdijune 2.
One or more drops were aligned (sufficiently faarpo neglect
the influence on neighbouring drops) on the substat a
distance of approximately 8 to 10 cm away from Huairce
reservoir, where the flow was fully developed. Bubstrate we
used in these experiments is glass. We measuretbthledye
concentration remaining in the droplet using the djtenuation
technique. We used a Jai camera (CVM4+CL) mounteld avit
75 mm lens. We performed the experiments in a daokn. We
used an array of 8 9 red LEDs (TruOpto) in combination with a
diffusive white acrylic sheet to produce a constaniform light
source. This light source was located 20 cm beltiedback of
the glass substrate. The peak wave length of tHas|.B25 nm,
was close to the absorption peak wave length ohytete blue:
664 nm. We measured the transmitted light intensiih the
camera described above. The camera was locatedxappately
0.5 m away from the substrate, which was sufficienheglect
parallax error. The frequency of image acquisitieas set at 24
frames per second for a duration of a few minutegjl the
droplet appeared clear to the dye detection sétg.followed
the calibration method and the algorithm describgdCenedese
and Dalziel [2]. We performed all the calibratidnssitu. All the
images recorded by the camera are analysed Osgilow. We
obtained a relationship between the intensity @edrby the
camera and the depth-averaged concentration in lithed
flowing on the surface at the location of the drop.

We conducted 7 experiments for a total number ofi&ps for
different initial drop volumes0.5 <V, < 4.5 cn?, different
substrate angleg20 < a < 45°, different flow rates46 < Q <
96 cnt s, and different film thicknesse&4 < h,, < 1.0 mm.
The film Reynolds number ranged from 2200 to 450 ihitial
concentration of methylene blue was fixed for la#l experiments
at the same valu€y,z = 0.02% wt.



Experimental Results

Film Velocity Field in the Vicinity of the Drop

In figure 3, we present the distribution of thedbtme-averaged
surface velocityi of the film and its standard deviation (dashed
curves) along the streamwise) (direction. The velocity is non-
dimensionalised by the depth-averaged velocity as+oo, i.e.
< u4 > computed from equation (1). We plot with crosdes t
velocity distribution taken at a lateral locatiomeve the flow is
disturbed by an obstacle, which is located witthie two dashed
vertical lines. The profile plotted at the locatiofhthe obstacle
(crosses) shows a clear and strong disturbanceheftitme-
averaged surface velocity both upstream and doesnstrof the
obstacle. The disturbance propagates approximatedyobstacle
diameter upstream. Altx/(h.,Re) = 0.6 we can note first a very
small decrease of the velocity followed by a sligitrease. Then
the velocity drops sharply over the obstacle, yraximately 20
to 50%, compared with the undisturbed velocity ffeid with
pluses), which asymptotes towards the predictedsturted far-
field value.
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Figure 3. Non-dimensional distribution of the timeeraged surface
velocity of the film (crosses) and its standardidéen (dotted curves)
along the streamwise) direction at a laterakj location where the flow
is disturbed by an obstacle (located between the dashed vertical
lines). The non-disturbed data are plotted wittsetufor comparison.

The decrease is found consistently throughout tHerent

experiments. The velocity increases again afterfldwe passes
the centre of the obstacle. However, we can sddrtlthe wake
of the obstacle the surface velocity remains 5%elothan the
undisturbed velocity. Comparing the different expemnts, the
velocity recovers its undisturbed value after Smmre obstacle
diameters downstream. The recovery distance temdsctease
with Reynolds number. The profile of the disturbedface

velocity presented is typical across all the experits we
conducted. Only the magnitude of the velocity reiucand the
recovery distance vary between the experimentsb&lleve that
the velocity reduction is strongly related to tilenfthickness at
the obstacle, which could not be measured in opemxent but
was estimated between 0.1 and 0.3 mm. The fariettisturbed
film thickness varies from 0.4 and 1 mm in our ekpents.

In figure 4, we show the spatial distribution ofetlsurface
velocity for the non-dimensional time-averaged atmwise
velocity &/< u,, > (figure 4a), and the non-dimensional time-
averaged lateral velocity /< u., > (figure 4b). The obstacle is
located at(x,z) = (x,,0) on the right-hand-side and top axis.
Upstream of the obstacle, we can see that the tmeliof the
time-averaged surface velocitigssandw are fairly uniform. In
figure 4(a), we can see that the impact of the aabston the
streamwise velocity is very limited upstream, buireads
laterally due to the formation of stationary cegiyl waves. These
capillary waves, or ‘bow waves’, have a charactieri¥ shape
similar to the wave front in the wake of ships (Rlddis and
Thoroddsen, [6]; Gaskedit al. [4]). As we observed in figure 3,
the magnitude of the velocity does not recoveujistream value

in the wake of the obstacle, for a band rangingftiienvidth of
the obstacle.

In figure 4(b), we should first note that the magde of the
lateral velocity is at most 3% of the magnitudehaf undisturbed
streamwise velocity. The diverging flow on the @lo$ is clearly
visible in the velocity field, starting exactly thte top edge of the
obstacle. Then, immediately downstream of the alestaw
points inwards revealing flow convergence in a oarregion
extending more than five obstacle diameters dowasir At the
bottom edge of the obstacle, the flow is quite clex@and three-
dimensional. We find that the standard deviatiorather large in
this region. It is possible that the tracers seaeg@way from this
region owing to the divergence of the flow immedint
upstream. The V-shape pattern of the stationarjyllagpwaves
is also clearly revealed by the distribution of Beral velocity.
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Figure 4. Spatial distribution of the surface vélpof a film flowing
over a fully submerged obstacle (locatedsatz) = (x4, 0) on the right-
hand-side and top axis) at an angle df, 44flow rate of 50 crhs® (Exp.
5 in Table 1). (a) Non-dimensional time-averagaeashwise velocity;
(b) non-dimensional time-averaged lateral veloitith negative values,
in darker grey, pointing to the left).

Mass Transfer from the Drop into the Film

In figure 5, we plot the concentration of methyleb&ie
(normalised with the initial concentratidhyg o) as a function of
non-dimensional timet k/(V,/A(t)) (where k is the mass
transfer coefficient and is the area of the interface between the
droplet and the film) for the ensemble averagénefdata in each
experiment (plotted with pluses of different colgurBest least-
squares exponential fits (with as fitting parameter) are plotted
with solid lines of similar colour as the data éolling

LMB . exp —';—At]. (4)

The experimental data are corrected for the nagalirdetection
issue with the dye and camera system, occurringenthe depth-
integrated concentration of dye is lower than thetection
threshold. We make the assumption that the timeuggnt drop
shape can be approximated by a spherical cap o$taon
volume, but time-dependent shape. By further assgyrthat the
concentration is approximately uniform throughdue droplet,



we can estimate the quantity of dye invisible te dtamera. We
can observe that all the experimental data decegsenentially
at roughly the same rate, irrespective of drop,sReynolds
number, film thickness, substrate angle, or floweraln

particular, we find that the time to reduce the ceoriration of
dye in the droplet to 10% of its initial quantity approximately

tionsc/ (Vo /A) = 2.3.
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Figure 5. Normalised concentration of methyleneetdye (,,z) in the
drop versus non-dimensional time. We plot the efderaveraged data
for each experiment with pluses of different cofouand the
corresponding exponential fits with solid lines.

In his model, [1] considered only the steady stafethe
advectiordiffusion equation (2) to derive the expressiorttad
flux (3). According to our experimental results sggpted in
figure 5, we find that the characteristic time scaf the mass
transfer ist, = V,/(kA) = 10 to 100 s, whereas the time scale
for the establishment of the diffusive boundaryelays much
smaller: of the order, = 107! s ([1]). Therefore, we have found
an experimental validation for Blount's hypotheshsatt the
convective flux of dye out of the droplet is in gi:ateady state.

Conclusions

We have investigated the problem of cleaning a wesgous

drop attached to an inclined surface by a gravityeth falling

film flowing over the drop. We are interested ire tbase where
the film cannot detach the drop from the substritstead, the
drop fluid diffuses slowly into the cleaning filmefore being
transported away by the bulk flow. This problem wasdelled

theoretically by [1] using an advection—diffusioguation. We
have tested experimentally two of the key assumptim the
model: first, that the drop does not impact theooiy in the

diffusive boundary layer at the interface; secahdt the flux for
the mass transfer does not depend on the evolitibme of the

concentration inside the droplet.

To test [1]'s first assumption, we have developednew
experimental technique, based on particle imagecuektry, to
measure the velocity field at the surface of aitigfim. We
report in this study the first measurements oftéin@dimensional
distribution of the film surface velocity in thecinity of an
obstacle. The film Reynolds number was in the inésliate
range: 1000-1200. When undisturbed, we observet ttiea
surface velocity of the film reached asymptoticahy viscous—
gravity regime. On the other hand, an obstacle suped in the
film had a strong impact on the film velocity. Weted a large
decrease in the magnitude of the streamwise vgletarting one
obstacle diameter upstream of the obstacle. Theveeg of the
streamwise velocity downstream of the obstacle ccdd larger
than 10 obstacle diameters. Laterally, characterigtshaped
capillary waves perturbed the velocity field. Thegnitude of
the disturbance due to the waves was small compaithdthe
disturbance at the obstacle. We could also obsareemplex
three-dimensional converging flow just below thestalsle. The
reduction of the film velocity and the decrease tibé film
thickness in the vicinity of the obstacle can hamgémpact on the

mass transfer between the drop and the film. lfasgume that,
similarly to the case of convective mass transferiBlasius
boundary layer above a flat plate, the thicknesthefdiffusive
boundary layer above the drop is related to thertthnumber

and the local Reynolds number such that~ xSc=/3Re; /%,
then we can note thaf; increases with decreasing Reynolds
number. Hence, the diffusive boundary layer thidsnmcreases
with decreasing velocity in the film: for instance,decrease of
50% in the velocity corresponds to an increase G%o4n &.
Furthermore, increasing the diffusive boundary tatféckness
tends to decrease the mass transfer at the irdefdich means
a lower cleaning rate of the droplets.

To test [1]'s second assumption, we measured tmyemive
mass transfer of a dye tracer diffusing from theptit into the
submerging flowing film. We conducted many expemtse
varying the drop size, the film Reynolds number, fiim

thickness. We found that the concentration of dyside the
droplet decreased exponentially in time. We conguge
characteristic time scale for the mass transferciwhis much
larger than the time scale for the establishmerthefdiffusive
boundary layer above the interface. This resultfioos the
hypothesis of [1] that the flux can be computedsmbering only
the steady-state advection—diffusion equation énfitm flow.

In conclusion, the drop can affect the convectivassntransfer
into the film flow by decreasing significantly thelocity field in

the film. The concentration of a species inside theplet

decreases exponentially in time, at a rate muctesidhan the
establishment of the diffusive boundary layer dep#lg in the
film phase above the interface.
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