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Abstract

DYNAMICS OF DROPLET SHEDDING AND COALESCENCE UNDER THE EFFECT OF
SHEAR FLOW

SARA MOGHTADERNEJAD, Ph.D.
Concordia University, 2014

Droplet shedding and coalescence has various industrial applications frgah pmiating to
ice accretion on wind turbine blades, power lines or aicriifis known that the incipiese of
icing phenomenon in the mentioned dpationsarisesfrom the shedding ancbalescencef the
rain droplets The coalesced droplets then starfaion a runback flow and vén temperature is
below thewater freezing pointice can beaccumulated on tise structuresvhich alters the
performancen the mentionedechnologiesAccordinglythis work is dedicated to a fundamental
study on dynamics of droplehedding and coalescence as a preliminary stage of ice formation.

Sessile droplets are deposited on surfadesre variousir flows areintroduced to thim for
analyang their shedding behavior. As it is believed that using superhydrophobic coatings
decreases the amount iok accumulabn on the solid surfaceshe effect of different surface
wettabilities ranging from hydrophilic to superhydhmbic is also studied on droplet dynamics.

It is shown that on a hydrophilic substrate when the air speed is high emouddts are
formedfrom mergingdroplets. In contrasbn a superhydrophobic substrate there is no rivulet
formation. Insteadtoalesceddroplets roll on the surface and detach from it if the air speed is
sufficiently high. In additionthe results indicate a contrast in the mechanism of the coalescence

and subsequent detachment between a single and two dapsetsperhydrophobisurface. At



low air speed, the two droplets coalescky attracting each other before detaching with
successive rebousdn the substrate, while at higher speélde detachment occurs almost
instantly after coalescence, with a detachment time decreasiogeally with the air speed.

A wind tunnel experiment vgadesigned to characterize theulet dynamicson various
surface wettabilitiesSmoothed Particle Hydrodynamiosethodwas performed and its results
were compared witthe onebtanedfrom theexperimentsThe results indicatthatincreasing
the air speed results in formation of waves with higher frequency in comparison with the lower
air speedslt was alsodemonstratedhat as on superhydrophobic substrataestead ofrivulets

series of drogts are formethesesubstratesan besuitable candidates for anting purposes.
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Chapter 1

| ntroducti on

Droplet dynamics isa subject whichis involved in different scientific and industrial
applications such as ifkt printing, spraycoating,as well asice accretionon wind turbine
blades, power lines and airfoil$-4]. The motivationof the presentvork howevercomes from
the fact illustratedin Figure 11 where on a surfacewith low adhesn to waterno ice
accumulationis observedln contraston a hydrophilic surface(such as aluminumwith high
adhesion to watgwsubstantial amount of icis accumulatedBeing able to control the amount of
accumulated ice on surfaces such as turbine balesirfoils is of utmost importance for
industries due to the hazards of icing phenomesoitheir surfacesin aircraft icing condition
for example, he performance of the aircraft will lsggnificantly affected by accumulation of ice
on its wings; therewill be a decrease in the maximum lift and the stall afgle5]. If ice is
gathered on the span wise section ofdineraftwings, the flow over the aileron changes leading
to variationin hinge moments of contrd6]. In addition, in small aircrafts, the added weight of
the acreted ice can be another harmful effét#nce, ice creation distorts aircraft aerodynamics
and may causeseriousdamags. As a result, preventing ice from adhering to the airfoil or
removing it, once it has been adhered is very important. In other wawdsloping bettede-
icing or antiicing systems for aircrafts is a critical point agrspace industryApparently
optimized system design cannot be delivefed these casesvhile there is a lack of full

understanding of droplet dynamics.



It is knownthat icing phenomenon that occurs on wind turbine power lines or aircrafts is
mainly driven by rain dropletshedding and coalescendee to air shear effect. The coalesced
droplets turn into narrow streams of water known as rivulets and in subzerodggmgeeice will
be accumulated on the substrateseréhs avariety of parameterthat are involvedn icing
phenomenon sucdhssurface wettability, shedding and coalescence mechaarsthe effect of
shear flow and temperature variatipasnong many dters.Hence in the following sections a
brief description of surface wettability and shear driven droplet dynasiigsovided to shed

more light in the fundamentals of these subjects.

alumifiuny surfage-—"
- _d. » : 4

Figure 1.1 Performance of a sperhydrophobic coatingcompared to aluminum surface in icing

conditions

1.1 SurfaceWettability

The wethability of a surface is typically demonstrated by the surface contact. aggker
static conditions, when a droplet is placed on a surface atigle between the droplet and the
surface is called the static contact andkee Figure 1.3. Based on different surface
characteristics such as surface energy and its roughness this value is subject to change. The
contact angle that a liquid makes wih ideal (rigid,flat, chemically homogeneous, insoluble
and nonreactive) solid surface is called "intrinsic" contact angle and can be calculated from

Equation1.Youngo6s [guati on



DE+ . & Equation 1.1
whered is theintrinsic contact angledsg, Asi and Aig, are thesolid-gas, solidliquid, andliquid-
gas interfacial tensions, respectivelynie schematic of o u n @ritast angle on a solid surface

is shown inFigurel.2.

Gas

Liquid
g

Figure 1.2 Schematic ofdroplet contact angleon a solid surface

In contrast to the ideal solid surfaces, real surfaces are usually chemically heterogeneous and
rough.On these surfaces the contact angle is called "actual" rather thanionf8hsThus, the
actual contact angle may vary from point to point and it is not clear whether its values are
necessarily the same as the intrinsic of@s If the static contact angle is less than°9@he
surface is called hydrophilic which means that the water dropdétescon the surface rather
than forming a spherical shape. The surface is hydrophobic whestatiecontact angle is
between 90 and 150, and if this angle idarger than15C, then the surface igalled
superhydrophobic.

Surface chemistry is not thenly factorthat affects solid surface wettability. It is shown
that surface morphologfroughness) alsplays an important role on surface wettabi[@. In
general here are two distinavetting regimes for a liquid in contact with a rough solid surface.
The first regime is the Wenzel regir(eeeFigure 1.3 ain which the entire contact areansists

of liquid and solid phases on[$0]. Wenzel developed the firsinalytical model to determine



how roughnessaffects surface wettability byconsidering net energy decrease during the
spreading of a droplet on a rough surf§t#]. According to Wenzel modelof a droplet in
contact with aough surface without asperitjgbe liquid can follow the surface topography and
show strong piningl2]. Wenzel equatiofiL1] is suitable for describing this situation
AT-O YAT-O Equation 1.2
Where the contact angles of rough and smooth surfaces aretederny d and db,
respectivelyIn addition he roughness fact@R), is defined as the ratio of the total surface area
of the rough surface to its apparent area. The roughness factor is equal to 1 if the surface is flat.
In contrast, adding roughness fteetsurface, increasd® [12]. Wenzeltype wetting clearly
shows that the contact angle of a rough surface is different from thef amemooth surface
(intrinsic cmntact angle). From Wenzel model, it can be understood tliat>ifo05, roughness
enhances hydrophobicity. th < 905 the contact angle for the rough surface decreases with
increasingR. According to Wenzel model, the roughness increases the suréacefahe solid,
which geometrically modifies hydrophobicit¥2]. It can be shown that Wenzel equation is only

validwhen p YAT-O op.

a i b
J % ) Cassie-Baxter

Wenzel

8,
6 ) s
W e e TR e Y
Figure 1.3 Schematic of the wetting phenomena; a) Wenzel ty@mnd b) CassieBaxter type

The second wetting reginvehich is suitable for describing the wettability of high rouggs
surfaceds called theCassie and Baxteegime[11] in which the contact area consisfsliquid,

solid and gas phasdseeFigure 1.3 b. For surfaces withhigh roughness, a wetting liquid is



completelyadsorbedby the rough surface cavities while a aeatting liquid may not pensite

into surface cavitie$l3]. As a result, air pockets will be generated between the liquid and the
surface. Creation of air pockets results in having a igjidd-air interface. In this case, the

liquid can bridge from asperity to asperity Vehenclosing air under [i3]. Hence, there will be

two sets of interfaces: a liqualr interface with the ambient environment surrounding the
droplet, and a flat composite interface under the droplet involving-kglidi, liquid-air, and

solid-air interface. Therefore, in this situation, since Wenzel equation cannot be used, Cassie and
Baxter model, modifies Wenzelld]s equation for
Al 'Y, Ai-© , Equation 1.3

It should be noted thd&quation 13 neither provides anparticular form of dependence of
the areas of the soldjuid and liquidgas interfaces, nor explains under which conditions the
composite interface is formgdl3]. In Equation 13, 3y and3yy are fractional geometrical areas of
the solidliquid and liquidgas interfaces under the droplet, respectively. As mentioned above,
according to the Cassie model, air can remain trapped below the droplet, forming air pockets.
Since the dropledits partially on air, hydrophobicity is strengtheh&d].

Based on whatvasmentioned above it can be said thmiWWenzel type of wetting, surface
roughnessresuls in anincreaseof surface wettability. As a result, when roughened, an
intrinsically hydrophilic surface becomes more hydrophilic and an intrinsically hydrophobic
surface becomes more hydropholbiccontrast in CassiBaxter wetting type surface wettétyi
reduces due tthe presence of air pockets between the solid and liquid phékeseforewhen
roughenedin a proper manneran intrinsically hydrophilic surface may show hydrophobic

characteristicsVarious geometrical parameters sidirface roughnesssuch asheight of the



features, the width of the gap between features and the presence of secondary scale roughness
determine the surface dominant wettnegime[15].

Superhydrophobicity

Recently,superhydrophobic surfacbave beetnhe center of attentioim industy as they are
involved invarious applicationsuch as anticing coatingg16, 17} oil-repellent and corrosion
resistance surfaceself-cleaning purposes and turbulent reduction in whéaringpipes[18].

The idea of gperhydrophobicity comes from studying the lotus leaf wetting behfM$mvhich

is a natural superhydrophobic surface (Begure 14). Scanning Electron Microscopy (SEM)

imaging of lotus leaves surffa&e hows t hat there i s a itdntaiesr ar c hi
micro asperites of 204 0 e m apart . Each asperity is cover
wax crystalloidso roughness. Lotus | eaf super

chemically and structurallyOther natural superhydphobic surfaces have more or less similar
structure420]. The combination of the hierarchical roughness together with a small surface free
energy material results in a superhydrophobic surface. Biomimetic superhydrophobic surfaces
are widely produced based on tfest [21, 22] Superhydrophobic surfaces can be constructed
either by using low surface energy materiatsby chemically treating surfaces with materials

such as silicon, or wapd 3]. Another technique that can be used to increase the hydrophobicity

of a hydrophobic surface is to increase the surface area by increasing the surface r¢Lighness

The droplet rests on various nanostructures on these surfaces, which results in the existence of air

pockets under the dropld@3].



Figure 1.4 a) Water droplet sitting on the Lotus leaf; b, ¢, and d) SEM images of Lotus leaf with

different magnifications [9]

The reason that makes superhydrophobic surfaces an ideal candidate to beausetein
range of applicationss their extreme waterepellerty and high water mobilitpropertieg24].
Water regllency of superhydrophobic surfaces comes from their high contact angles (more than
150¢°). Water mobility on the other handefines how easily a droplet of water can roll and move
on a surface andan be determimeby contact angle hysteresishere aralifferent methodgo
measue the contact angldysteresis n a surfaceone of these methods is to tilt the plate that the
droplet is restingn, until the droplet starts to movAdvancing ), receding(dr) and sliding
(t) angles are obtained from this experiment thatsarematicallyshown inFigure 15. The
difference between the advancing and the receding contact angles is known as the contact angle
hysteresis. Smaller hysteresesuls in more mobilityfor the droplet For examplethe contact
angle hysteresisf a superhydrophobic substrateusually less thanl0° [25]. The substrate
sliding angleis the angle required for the droplet to begin slidisgparently thesmallerU, the

easier the droplet moves on the substrate.

Figure 1.5 Droplet advancing (da), receding @r) and sliding angles ) on a tilted plate



The effect of contact angle hysteresis on hydrophobicity wstsaddressed if26] by the
following equation
A"y v, A6 AI-O Equation 1.4
wherethe surface tension of the dropléite gravitational eceleration mass andvidth of the
dropletperpendiculato the moving directionare denote by, g, m andw, respectively

It is found thatthe variation of dropet size provides useful information about the quality of
the surfacd27]. Contact angle hysteresis remains invariant in hydrophilic surfaces with varying
dropet size for closdo-ideal systems (homogeneous and smooth solid surfaces). Fateabn
systems withheterogeneous or rough solid surfaces, different contact angletdisipe
correlation can be found. In these systems, the contact angle hysteresis increases with decreasing
the dropet size [27]. However, the advancing contact angle is much less sensitive to solid
surface imperfections than the receding contact angle. Thus, the receding contact angle should
receive more attention ithe analysis of surfacenorphology For hydrophobic surfaces, by
changing the drdpt size, no significant changes in the advancing contact angle were found,
howeverthe receding contact angle decreased by decreasing tHetdiapme[27]. A similar
variation can beobservedin receding contact angleby changing the dropet size for
heterogeneouysough and unstable surfaces.

To summarize the wetting phenomenamena droplet isplaced ora solid surface, it wet
the surface to a certain degree. The amount of wetting depends on the ratio between the energy
necessary for the enlargement of the surface and the gain of energy due to adgfijtiin
equilibrium, the energy of the system is minimized. In case of wepsilert rough
(hydrophobic) surfaces, air is enclosed between the droplet and surface; forming a composite

interface as described with CasBiaxterequationwhich enlarges the wategir interface while



the solid/water interface is minimized. On such a rough, doergy surface, water gains very

little energy from adsorption to compensate for any enlargement of its surface. In this situation,
spreading does not occur, water forms a spherical droplet, and the contact angle of the droplet
depends almost entirely ghe surface tension of the waf{@0]. Using this kind of surfaces is

suggested for many applications such asiaimtg purposes.

1.2 Droplet Impact Dynamics

Droplets impact on a solid surface is an important factorfirerdint technical applications
such as plasma spying, inkjet printing,and liquidatomization28-30]. When a droplet impacts
on a solid surface, it may spread over the surface, recede or rebound from it and breaking into
smaller drops called satellites. It should be noted that th#seetit behaviormainly depend o
the dropet size, properties of the liquid/solid interface and also the impact velocity of the droplet
[31]. To investigate thefiect of the mentioned parameters, the following dimensionless groups

are used

Q. —

- YQ — Equation 1.5

U,UQ

8

where}, u and U representiquid density, viscosity, and surface tension, respectively. Drrople
diameter isdenoted byD and U is its impact velocity.We, Reand Oh denote the Weber,
Reynolds, and Ohnesorge numbers, respectively. Weber number is used as a relative measure of
the fluid inertial force to its surface tensidReynolds number gives thiatio of fluid inertial to

its viscous forces and finally Ohnesorge number gives the ratio of viscous forces to surface

tension. It is important to mention that by knowing two of the above stated dimensionless



parameters, one can derive the third onethere are only two independent dimensionless
groupsto describe the droplet impact dynamics on smooth surfaces.

Study ofdroplet impacbeganovera centuryagowith the work ofWorthington[32, 33} He
formulatedthe bouncingand resting of droplets on a liquid pool in addition to different types of
splashes by observing these behaviors with what wasdchlgh speed imaging at the time.
About two decades agBhandraet al. [34] studied the impact o droplet on a solid surface
using a flash photographic methothey provided a clear image of the droplet structure during
the deformation process while impactiog a solid metallic surfac®uring thepastdecadesa
lot of work wasperformedn the field of droplet impact on a solid substrate most of them related
to deriving the maximum spreading diametetlod droplet after impactOne of the first models
based on energy balance waresentd by PasandidelRardet al. [35] which is valid for the
caseswhenthe droplet Weber number is high enough to reach the spreading phase are
other methods proposed in literatwdich show a better agreement with experitaenesults
[36, 37] It should be noted #t in addition to spreading if the droplet Weber number is high
enough, plashingmay occurduring the spreading phaaedsatellite dropletsvill be produced
[38]. It has beemroven thatnot only the inertia of droplets but also the morphology of substrate
is important indroplet splashingB8]. It is worth mentioning thatlkthe abovementioned models
[35-37] are valid forsmooth surfacg in other wordghe effect of surface texturing/roughness
were not taken into accountDespite the vdsusage oftextured substrategn industrial
applicationsa fewmodels have been developed toaot for the effect of roughness on droplet
impact. Lee et al. [39] proposed a model for determining tlkeoplet spreading diameter
impacting on hydrophobic textured surfacBsey showedhatthe width and height of thaillars

are inportant factors imroplet spreading behavior
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In addition to droplet impagbthenomenonthe study of droplet shedding and coalescence
are alsoimportant dueto their various scientific and industrial applicatiotisis believed that
icing phenomenon omwritical components such as aircrafings and wind turbinebladesis
mostly driven bythe effect ofshearflow resulting inshedding and coalescenctdroplets In
the following section droplet shedding and coalescence driven by shear flow will besédsaus

detail.

1.3 Droplet Shedding andCoalescenc®ynamics

There arevariousnaturalcircumstancesrhendropletshedding andoalescence plays a vital
role suchas rain drop formation in cloud40-42] and icing pheomena that occur on turbine
blades, power lines and aircraft componghisA3]. As an examplen in-flight icing condition
when rain droplets hit the aircraft wing, under the effect of air shear over the airfoil they may
coalesce and form a larger droplet. Due to the airfoil surface properties and the air shear effect,
the merged dropletsiay also create a runback floim the form of narrow stream filmg.e.
rivulet). At temperatures below the water freezing point, daoplets and rivulets turn into ice.
Ice accumulation on airfoil surfackeads tothe pressure drop increase around the airfoil.
Consequently the aerodynamic characteristics of the airplane change significantly. For example
the drag force increases and ttieforce decreaseft] which ma cause problems in aircraft
control system and possible damaffgdsDetails of shedding and coalescence under the effect of
shear flow will be disgssed in the following sections, as the preliminary stage of ice

accumulation on industrial components.
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DropletShedding

Sessile droplet movement undke effect ofair shear flow is called shedding and occurs if
the soecalled shear flow overcomes tharoplet adhesion to the substr@geeFigure 1.6). The

droplet then moves along the surf§44].

air

A ernin emax,t""‘a_

: .

I 1
L,

Figure 1.6 Schematic of the shedding phenomenon

The drag force created by the shear flow and atieesionforce of the droplet to the

substrate can be described byfibllowing correlationd44;

O 9-"6 "9 Equation 1.6

O 0 , i — W E+ Equation 1.7

where,] andU are the density and surface tension of the droplet, respecthielghearspeed
and the droplet wetting length are denotedukyand0 , respectivelyseeFigurel6). The area
of the droplet facing air flovand the drag coefficient af®and Cp, respectivelySincedroplet
contact anglevariationsresults in different drop shapes, b&handCp are dependent osurface
wettability. During the sheddingprocess droplet deformation occuras a result ofdroplet
contact anglevariation upstream and downstreare( dmin and dnay of the flow. It should be
noted thatthese angles are measur@dand after the starting point tfe dropet movement
(incipient motion).Consequently, during the shedding proceseplet wetting length(({ ) on
the substrates changes.

It should be noted that theexist only afew studies on th@hysicsgoverning the shedding

of droples underthe influence of shear flonMilne and Amirfazli[44] performed wind tunnel
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experiments to anatg droplet sheddinghenomenominder the effect of air shear speeds as high
as 20 m/s. Theinvestigated the effect gfurfacewettability on dynamics agheddingoasedon

droplet adhesion to the substrates.

Droplet Coalescence

Although droplet shedding is an important factor in icing phenomenon that occurs on wind
turbines, power lines or aircrafts, practicethere are rmare than one dropletvolved in icing
conditiors. As a result due tthe presence of air shear flodroplets may coalesosith each
other Droplet malescence is a phenonoenin which two droplets come together aratrh a
larger one[45]. During the coalescence process the two droplets touch each other from their
circumferenceAs a result a neck shape bridge is formed at the two drop int€siaeEigure
1.7). The height of this bdge (h) grows with time up to the point that the two droplets merge
completely and form a single diep The resulting droplet has a lower sugaarea which

corresponds to surface energy minimiza{d.

00 0000GD
Q T
= dropter 2" droplet Bridge height 4T

(h)

Coalesced droplet

Figure 1.7 Schematic of the bridge height growth during coalescence process

The coalescence studyf two highly viscous droplets that are not touching any surfacse
first investigatecabout 70 years a go by Frenk&6]. He concluded that when two free droplets
(not touching any surface) are touching each other the flow is initially in the viscous regime
because the bridge height (shown Rigure 1.7 is significantly smaller than the viscous

characteristidength. For droplets with low viscosity because the neck and consequently the
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bridge radius starts to grow after merging, the flow regime changes from viscous to inertial.
When the inertial flow regimdecomesdominanit he dr opl et s0 methegi ng
competition between the inertia and the surface tension. As a result in this case an inviscid
assumption is validi30, 47, 48] However, if the droplets have high viscosity, the coalescence
phenomenon happens in a longer time. Coalescence of the two droplets in a viscous regime was
done with direct numerical simulation in the work\din de Vors{49, 50]

The coalescencelenomenn of the droplets placed on a surface is different from the free
droplets especially in the case of wettable substrates. The reason is that when the draplets wet
substrate the coalescence dynamics is mainly affected by the viscous stresses that the substrate
imposes on the droplefS1]. In the work of Ristenpast al.[51] it was also mentioned that the
droplet geometnhasan importantinfluenceon the calescerce rate. If the surface is partially
wettable the coalescence dynamics tends taiimdar to the free droplet casplO, 52, 53]

Various experimental and theoretical wdrkve been reportesh coalescencef the droplet on
partially wettable surface$45, 54] The evolution of the bridge heightuhg droplet
coalescence on partly wettable surfaces wageredin the work of Leeet al. [45]. They
concluded that as the droplets used in their work were sufficiently small, the coalescence process
corresponds to the viscosity dominant creeping floMie aithors also mentionedhat
coalescence process in their wovks affected by both the viscous bulk stress and the viscous
friction caused by the substrate. Accordingly their results delifwen the coalescence of
highly viscous free drops described by Frenkg#.

In addition to the mentioned work dedicated tt® physicsof coalescence only, this
phenomenomwas also studiednder the effect of different surface wettabilitiBaimerical and

experimental analgs of normal droplet impact on already rested sessile dropieta
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superhydrophobic surface was studigg Farhangiet al [23]. They showed thatdue to the
impact of the second dromn the first one, the resulting merged droplEiunces onthe
superhydrophobic surface. Grahatmal [55] investigatedsimilar workon surfaces with various
wettabilities ranging from hydrophilic to super hydrophobic both numerically and
experimentally.

Despite theabovementioned studies, the effect of shear driven shedding and coalescence of
droplets especially with high air shear speeds that corresponiuls tigght situation has not yet
been reportedAs mentioned befor@ne of the applications of the concurrent droplet shedding
and coalescence is in aerospace industry especially fitight icing condition To prevent
damages that icing causes duriright and to increase the aircraft safety, being able to decrease
or prevent ice accretion on airfoil surface is an important iss@ernospacendustry. A deep
analysis of the simultaneous droplet shedding and coalescence under the effect of high shear

flow can be one dhe key points to this goal.

1.4 Rivulet Dynamics

A narrow stream of liquidnoving alonga solid substrate is callearivulet. Exceeding a
certain amount of flow, a rivulehay start meanderingesuling in instability on the interface
[56]. A good example of a rivulet is the water streama window during a rainy dayFigure
1.8). Rivulet dynamics is involved in different scientific and industrial applications such as the
flow of surface active materials in chemis{g7], and rain flow on structural systersach as

power lines, wind turbines and aircrgitg.
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Figure 1.8 Rivulet on a window pane

Rivulets may have different patterns based on their flow [&&]. A rivulet starts with a
sequence of droplets that merge into a linear straight narrow film. At higher flow rates a rivulet
starts meandering with instabiéis at its interface with aif56]. Increase in flow rates leads to
the formation of oscillating rivuletfs6]. Based on the axial velocity, rivulets are divideaint
two categories. One is the static rivulet which does not have the axial velocity coma®jent
The other is the dynamic rivulet that has the axial velocity comp@@@htThere are varieties of
situations that can affect rivulet flow. For example, the velocity of the rivuletsubstrate
inclination angle, the temperature and the morphology of thfase are significant factors that
should be taken into consideration.

Mathematical descriptionf rivulet dynamicsis complicateddue to the existence of free
boundary interfaces whicmust be determined as a part of thaution to thegoverning
equatios. The problem becomes even harder if the film unit depth goes to zero, because
linearized equations will not be sufficient to study the phenomenon. Thus, nonlinear film
disturbances must be taken into consideration. Lubrication tleedongwavetheoryis one of
the methods to study thin film floen a solidsurface. Inthis methodthe governing equations
and boundary conditions are simplified to a system that usually contains a single nonlinear

partial differential equation that is formulated in teraighe local film thicknes$61] . Other
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unknowns such as fluid temperature and velocity are determined by functional solution of the
initial differential equation. In this case the free boundary complicai@orbe eliminated from

the swtem[62]. Marshalland Ettemd63] used lubrication approximation in their experiments
with low Reynolds number to investigathe effect of gravity and shear flow on rivulets. yrhe
showedthat for low speed shear flowsegs tharb m/s) shear driven flow and gravity effects
have nearly the same influence on rivulets behavior. Howavéigh sheerspeeds ofl0 m's

there is dargedifference between the flows driven by wind shear and the flow of rivulets under
the effect of gravity. In addition in the latter case, thegortedthat the effect of microgravity

and terrestrial gravity is also considerably diffefentthe casef rivulet flow.

As mentioned before, surface morphology is one of the factors that should be taken into
consideration while studying rivulets behavior. Gajew$Ki, 65] conductedexperiments with
rivulets on three different surfacesuminum copperandbrasswhile heating[64] and cooling
[65] these surfaceslt was shown thalowering the temperature improves the hydrophilic
behavior of the metal surfacthus, the rivulet width increasds.addition wien the number of
electrons on the last metal shell is higher, the metal shows more hydrophilic prdp&itidsis
is the reasoithatthe worst wetting propertis for copper The rivulet is the narrowest on this
plate and the contact angle is the highest. In conaaging these metalse best wetted surface
is aluminum It has the widest rivulet flow and the contact angle is the lowest on thiggdhte

Simulation of thin film flow patterns, flowing down inclined and horizontal planes was
performedby Diezet al [57, 66] Their model has the capability to show the effect of capillary
force and fluidsolid interactions for analyzing the rivulets wave lengths. Deteat [67] found
that the fluid inertia is the main causetbé meandering behavior while doing theoretical work

on rivulets stability. Sabeat al. [68] obtained analytical results for rivulet thickness, wetting rate
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at break up by using the idea that total energy of the stable rivulet would be minimized after the
break up process. Their analysias performedby assuminghat the fluid is flowing down or
climbing on a vertical or inclined surface while the surfecgubjected to the interfacial shear
flow.

It should be mentioned thatp to now a complete understanding of rivulet dynamics
especifly under the effect of different surface wettabilities hasyabbeen achieved. Being able
to predict the rivulet behavior under the effecsbéar flow and different surface wettabilitiss
of utmost importance for understanding the underlying physit rivulet dynamics under

practical conditions,e. in-flight icing.

1.5 Icing Phenomeron

Generdly there are two types of ice geneoation aerodynamic components; Glaze and
Rime [69]. Glaze or clear icing is transparent and has a smooth surface. Its formation is due to
the impact and spreading of supercoaledpletsunder the influence of cold dilow along the
surface. Rne ice is blurred and brittle and forms immediately after the impact of the droplet.
Glaze ice can runback along the airfoil and covers more area, and also it is hard to be seen from
the inside of the aircraft. The last two characteristics make the Glazaare harmful that the
Rime[69].

Droplet size, air temperature and liquid water content are factors that are importamg in
type. For example Rime ice is associated with small ddlaty temperature and low liquid
water content. These three factors are all significant for Glaze[@9)gGlaze and Rime ice can
be observed ifrigure 19 which shows the leading edge of the left wing of a Twin Otter aircraft

in NASA Glenn Research Center.
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a) Rime ice ' b) Glaze ice

Figure 1.9 a) Light rime ice and b) Sever Glaze ic§69]

Onre of the proposedmethods for redung the amount ofaccumulatedice is using
superhydrophobic coating20]. Icing of supercooled water on superhydrophobic surfaces is a
complex phenomenon that depends on surface morphology, as well as ice adhesion,
hydrodynamic conditions, and structure of the water film on the surfac

Antonini et al [71] showedthat using a superhydrophobic coating on airfoil can reduce the
amount of accreted ice due to low water adhesion on these surfaces. Hence, thehpower
required to remove ice from a superhydrophobic surface is significantly reduced in comparison
with an uncoated hydrophilic surface. Boinoviehal. [72] studied the nucleation kities of
supercooled water droplets on surfaces with various wettabilities. They showed that at subzero
temperatures and saturated water vapor atmosphere, superhydrophobic surfaces show a
significant delay in ice formation in comparison with the hydrophaind even hydrophobic
surfacesCaoet al.[73], used nanoparticlpolymer composites to show the aiing capability
of superhydrophobic surfacds. their work ame side of th@luminum plate was compared to its
other side that was coated with nearly 50 nm organosilane iewbdifica particles. The authors
showed that the coated surfaces were able to prevent the formation of ice upon the effect of

supercooled water.
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It was discovered by Caat al [73] that in addition to hydrophobicity of the surface, the size
of the particles exposed on the fage is also effective in anting capability. Ice was not
formed on the samples prepared with 20 and 50 nm particles. However, by enlarging the
particles diameter to greater than 50 nm, icing possibility increased to distiastments.The
reason ighatwhen the samplege prepared with less than 50 nm partickessording to Cassie
Baxter equation less than 15% of the surface area was in direct contact with water. As a result,
ice is created through a heterogeneous nucleation process at the betwasn water and the
particles exposed on the surfaces at the time that supercooled water hit such surfaces. Hence
addition to the superhydrophobicity of the substréte, size of the particles exposed to the
surfaceis alsoan important parameter thdetermines the kinetics of the ice nucleation process

[73].

1.6 Objectives

This study is dedicated to understanding the onset of droplet accumulation on surfaces of
various wettabilities ranging from hydrophilic to superhydrophobic, by analyzing the shedding
and coalescence dymés of one and tweasessile droplstunder the effect of various air shear
flows. The study is further expanded to analyze rivulet formatmal evolutiondriven by the
effect of air shear flowThe main application of the wokdan befound in industries vth the
purpose of ice reduction amitical components.

The objectives are summarized bejow

1. Experimental study on droplet shedding and coalesgeBStedding and coalescence

behavior of single and twa®essiledroplets placed on hydrophilic and superkyadrobic

substratesareinvestigatedunder the influence ofiaspeedfrom 5 to 90 m/st room temperature
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2. Experimental study on droplshedding andolidification; Concurrent droplet shedding
and solidificationis investigatedon hydrophilic and superldyophobic substrateander the
influence of air shear flofrom 5 to 90 m/svhen the substrateemperaturess as low as5 *C.

3. Experimentaland numericalstudy onthe formation and dynamics of rivuleRivulet
dynamics and evolutioms investigatedon sufaces with various wettabilities ranging from

hydrophilic to superhydrophobicsing Smoothed Particle Hydrodynamic (SPH) method

1.7 ThesisLayout

This thesis is organizetth a papetbased format to present fundamental study on droplet
shedding and coalesganon surfaces with various wettabilities under the effect of shear flows as
high as 90 m/s. This study can be considered as the onset of rivulet formation and propagation
which then can result iice formation on surfaces if the temperaturéédow the feezing point
This work consists of seven chaptershtvthe outlines described below.

Chapter 1 igledicated t@n introductioron the most important parameters affectingplet
dynamics andcing phenomenanThe physics of droplet sheddingoalescenceand rivulet
formationis providedas a building blocKor the ice formation oncritical components such as
aircraft wings, nacelle, and wind turbine bladegether with a brief literature to describe the
scientific advances in this area.

In chapter 2a fundamental experimental study describedon shear driven shedding
phenomeann of a single sessile droplein hydrophilic and superhydrophobic substratése
effect of surface wettability on dynamics of droplet sheddingesonstratecbased onthe
formation of rivulets and droplet detachment from the hydrophilic and superhydrophobic

substrates, respectively. In addition droplet shedding mechanism under the effect of air flows as
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high as 90 m/s is compared with the same phenomenon under the effect ddifcspereds such
as 5mf/s.

In chapter 3 aletailedstudyof dropletcoalescencen an aluminum ydrophilic) substrate
under the effect of various apeeds ranging from 5 to 90 nigsprovidel which can serve as a
building block for the formation of rivat. High speed imaging is used to characterize the
differences indroplet coalescence, deformation and propagatienhanisms under the effect of
low and high shear flomshich leads tainderstanding the onset of rivulet formation.

In chapter 4details ¢ droplet @alescenceinder the influence of air speeds as high as 90
m/son a superhydrophobic substrate provided Droples deformation and detachment during
coalescence ianalyzed and compareuth the results of sirlg droplet shedding on the same
substrateThe experimental results are then compared with the resultgnodricalsimulation
based onvolume of Fluid (VOF) method to give a better understanding of the coalescence
phenomenon by analyzing the aerodynamic foreeocity vectors andgtream lineson the
droplets.

In Chapter 5 a fundamental study on concurrent droplet shedding and solidification is
carriedout under the effect of shear flows as high as 90 m/s. The difference between the primary
stages of ice formation on substrates wemperatures as low a5C and different wettabilities
are analyzed based on the mechanism of droplet shedding under the effect of low and high air
speeds.

Chapter6 is dedicated tdhe analysis ofrivulet formationand evolutiorunder the effect of
air flows as high as 20 m/en different surface wettabilities ranging frolmydrophilic to
superhydrophobicThe results taken from the controlladd steady statexperiments inside a

wind tunnelwere compared and validated with those achieved by performing simulation based
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on Smootked Rarticle hydrodynamics (SPH) methoal analyzethe formation and evolution of
rivulet. Variation of rivulet thickness andsitvavy patterns along the flow were analyzed and
compared based on the air shear flow and the surface wettability.

Finally in Chater 7 summay of the findings and recommendations fotufte researchs

provided For easier tracking, the thesis layougigenin the belowflowchart.

Thesis layout

Shear Driven Dynamics of Droplets and Rivulets

Room Freezing
Temp. Temp.
Droplet Shedding and Droplet Shedding and
Coalescence Coalescence
" Superhydrophobi¢ S hvdroohobi
Hydrophilic (Al - upernyaropnobid
(WX2100) Hydl’OphIhC (A|) (WX2100)
Rivulet Rivulet
Formation Droplet i Droplet
Detachment olieiieeien Detachmen
|| Experiment in
Wind Tunnel
Simulation
with SPH
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Chapter2

Shear Driven Droplet Shedd
Vail ous Wettabiliti es

AReprinted with per mi-0823176cCopyright © AB013SSAEInterratmggl]. 2 0 1 3
Further use or distribution is not permitted without written permission from 2WEopy of the
published version of this paper can be obtained from SAEvat.sae.org

Abstract

Experimental study is performed to analyze the shedding behavior of droplets
with different shear flow speeds tgpl of those in flight conditions. Droplet
shedding phenomen has significant effect on ice accumulation on critical
components such as airfeiland nacelle In order to mimic this scenario
experimental setup is designed to generate shear flow as $igbnas. The high
shear effect is combined to the surface wettability impact by using hydrophilic and
superhydrophobic surfaces. It is shown that the wetting length of the droplet on
hydrophilic surface increases by shear speed while on the superhydoophdhtce
a drastic reduction on wetting length is detected. Furthermore, it is observed that the

droplet is detached from the superhydrophobic surface with modarapeeds.
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2.1 Introduction

Exposing shear flow to a sessile droplet which is placed sumbatrate makes the droplet
move. This movement is called shedding and happens when the shear flow overcomes the
droplet adhesion to the substrate. After the start of the droplet shedding, which is called the
incipient motion, the droplet moves downstreatang the surfac§44]. Shear driven droplet
shedding has various industrial applications such as in icing pheparen occurs on airplane
airfoils, wind turbine blades and power li{d8]. The knowledge can also be used in enhancing
the performance of oil recovery systfii5]. In the following study, different air shear speeds
ranging from 5m/s to 90m/s are used as the driving force to move the water droplet. Therefore,
the outcome of the work can be more applicable for icenagtations on airfoils, wind turbines
and power lines. The reason is that in the mentioned applications, the droplets impact on the
surfaces and later on start to move along the surfaces due to the air shear flow. Generally, on
hydrophilic surfaces, the rback flow of the droplets results in the formation of narrow streams
of liquid known as rivulet§76]. Based on the surface morphology and shear driven forces rivulet
can propagate on the surface and covers more atgan YWe ambient temperature is lower than
the water freezing temperature, droplets and rivulets will be frozen and lead to significant
damages on various components. For example, in the case of airplane, ice accumulation
significantly reduces the aerodyniamefficiency of the airplane by increasing drag and
decreasing lift force§6]. There are limited insights into fundamentals of air shear driven drop
shedding in the literature especially on superhydrophobic surfaces. Although in the work of
Milne and Amirfazli[44], droplet incipient motion due tower shear flow speed (below 8's)
was studied on different surface wettabilities, but the investigation at higher speed, close to those

occur in aerospace applications is missing. In the following experimental study, different range

25



of air speed areused on both hydrophilic and superhydrophobic surfaces. Study of the drop
behavior on superhydrophobic surface is an active research area due to the high water repellency
characteristics of these surfaces. As mentioned before, shedding occurs when tfugcdrag
overcomes the adhesion forces. It is known that both drag and adhesion depend on, contact angle
of the surface (wettability), the size and shape of the droplet. Since the last two parameters are
also a function of contact angle, the surface wettghd highly important in droplet shedding
procesg77]. As a result, except the shear flow and surface material, all other parameters like the

droplet shape, size, temperature and humidity is ¢@pgtant in the experimental procedure.

2.2 Experimental Setup

The experimental setup enables recording the behavior of a sessile droplet while facing air
shear flow. The shedding time is of the order of micro seconds; to capture the process precisely,
a Photon SA1.1 high speed camera (Photron, California USA) operatibg0atframes/s with
an UltraZoom 6000 lens (Navitar, New York USWpas used throughout the experiments. In
order to illuminate the droplet shedding progression, an LED light (Schott, GQaild6A)was
used. In these experiments backlight metiwadused for capturing the images. To be able to see
the droplet deformation completely, side view and top view image® taken from the
shedding process. The air shear speed varies betweear8n®3m/s. Experimentwerecarried
out on two rectangular plates with a size of 150x75x23mrfihe first plate is a polished
aluminum which acts as a hydrophilic substrate with a contact angle. off¥bsecond surface
acts as a superhydrophobic with a te@h angle of 155 that surface is a polished aluminum
plate coated with WX2100 spray (Cytonix, Maryland USA). A high pressurewaskpplied to
create the shear flow. Awasintroduced on the substrate from the tank by using a tube with the

inlet dianeter of 20mm. The air velocitwascontrolled with a high pressure valve and the tube
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wasattached to the substrate leading edge. Distilled velglet wasdeposited on the surface

from a sterilized syringe at about frfim away from the beginning of tisebstrate. The reason to
choose 10nm away from the substrate leading edge, is that air stream is smooth and without any
vortices at and after this location. The droplet diameter for eaciwasstiround 2.1mm which

was subjected to the air flow at speetl approximately5, 18, 34, and 9@n/s. This is the air
velocity thatwasmeasured with a pitot tube at the droplet position. It should be noted that each
testwasrepeatedifteen times to reach an acceptable degree of accuracy. The reported results are
the ensemble average of thégeen experiments for each case. It should also be noted that all
the experiments are performed at room temperaturegR2

Table 2.1 Test Matrix

Surface Material Aluminum WX2100

Contact Angle ) 75+1 15541
Contact Angle Hysteresiy( 18+2 8+2

Shear Speed (m/s) 5+2 | 18+2 | 342 | 90£2

High Speed Camera

—

— Omin__|

v
Substrate Droplet

Figure21Exper i ment al setup and schematic of the
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Table 2.1 showsthe test matrix in addition to the surface characteristics. All the
measurements in this workere postprocessed with ImageJ softwdi#8]. The details of the
post processing methodology can be found in the work of Abegtrab [78]. The experimental

setup and schematic of the droplet shedding under thet effair shear are shown gure2.1.

2.3 Results and Discussios

Considering the droplet behavior during shedding, one of the interesting parameters to be
measured is the wetting length of the droplet on the substrate. Wetting leapthatiation
depend on substrate contact angle, droplet size and the air shear speed. Since in this study we
have mainly focused on the effect of surface wettability and the air shear speed, the size of the
dropletswerekept constant in all the tests (2rim). To observéhe effect of surface wettability
and shear speed separately, one of these parameigkept constant during one test and the
other onewvasbeing changed. The top view and side view imagesvibegrecorded at different

stages of the droplet movemeng ahown irFigure2.2 and2.3.
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A t=36.7 ms

Side view Top view
Figure 2.2 Sequence images of droplet shedding and deformation t¢ime aluminum substrate

Rivulet formation can be seen in the last image of the sequence
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Figure 2.3 Sequence images of droplet shedding and deformation ¢ime superhydrophobic

substrate
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In the mentioned figures, the image sequences are associated to the fowés) é&nd
highest (90m/s) air speeds. As can been inFigure2.2 when the air velocity is low the droplet
only oscillates on the substrate with a slow movement. However, for the case of high speed shear
flow, the deformation of the droplet is in a way that a rivulet forms on the aluminum surface. In
contrast, on superhydrophobic surface (SHJjigure2.3, the droplet only rolls over the surface
for low shear speed ofa/s. For high shear flow (9®/s) the droplet deforms to an oval shape.
After about 10ms the droplet detaches from the surfaceth&sdroplet wetting length on SHS is
less than hydrophilic surface due to the lower adhesion of the superhydrophobic material, the
amount of ice accretion on superhydrophobic surfaces is less than hydrophilic surface. Hence,
superhydrophobic surfaces camdn ideal material for aniting purposes.

The results of the experimental tests are reported in two different sets of graphs for each
substrate. The first sets that are plottedrigures2.4 and2.5 describe the variation of wetting
length versus me for four different air shear speeds on aluminum and SHS, respectively. As can
be seen in the mentioned figures the droplet behavior on aluminum surface is completely
opposite to its behavior on SHS. On the aluminum surface by increasing the veleoirgtting
length increases and this cause the formation of andmirow film (rivulet) on the substrate.

With low air speed of abol m/s there is no significant change in droplet wetting length. With

this low shear speed, the droplet only oscillatestlan surface and does not spread on it.
Increasing the air flow speed to &8s, shows that after approximately®S the droplet starts to

deform and spread on the surface. Hence 15% of increase in the wetting length can be seen and
rivulet forms after abat 80 ms. Deformation due tdhe air shear flow occurs faster with higher
shears and droplet spreads more on the surface; therefore, its wetting length irfigpasss4

clearlyshows that with the shear speed ofn®4, the deformation process statsabout 55ms
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and rivulet forms after about #s. The deformation time decreases tonB5when the shear
speed is 9@n/s and rivulet forms after about 4%. It is important to mention that wetting length

increases after rivulet formation.

—e— Air velocity 5 m/s

—=— Ajr velocity 18 m/s
—— Air velocity 34 m/s
—=— Air velocity 90 m/s

0 0.02 0.04 0.00 0.08 0.1 0.12
Time (3)

Figure 2.4 Wetting length vs.time onthe duminum substrate; dash lines show the start of rivulet

formation

Figure2.5 showsthe wetting length variation of the droplet on SHS versus time. When the
air flow is 5m/sthe droplet rolls over the surface and after aboutrsbthe droplet wetting
length slightly decreases. Within 18®s of the recording time droplet rolls over the surface and
exits the camerat6s field of vi ew.omthesulstatul d
with this air velocity. As expected, the decrease in the wetting length occurs faster by increasing
the shear speed. For instance, foni/8of air flow, the droplet jumps off the surface after about
40 ms. Therefore, the wetting lengtlacnot be defined beyond this time. It should be noted that
at 90m/sair speed, 1.Inm decrease in the wetting length occurs in less thansl&hd droplet

separation occurs afterwards ($eégure2.3).
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Figure 2.5 Wetting length vs.time onthe superhydrophobic substrate dash lines show the

separation point of the droplet from the substrate

As indicated earlier, the droplet starts to move (shed) while the drag force caused by the
airflow overcomes the adbkien force between the droplet and the substrate. These forces can be

calculated from the following equatiof$4];

O 8-"6 " Equation 2.1

O 00, Wit 0 & Equation 2.2

where,} and( are the density and surface tension of the droplet, respecfifedyair speeds

Uair and he wetting length of the droplet 0 (seeFigure2.1). The area of the droplet facing air

flow is SandCp is its drag coefficient. As variation @ontact angle results in different drop
shapes, botls andCp are dependent on this parameter. When shedding occurs, the droplet starts
to deform. This deformation arises from the variation of its contact angles upstream and
downstream dmin and dmay, Which result in the variation ai . These contact angle values are

measured at and after the starting point of the drop movement (incipient motion). According to
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Equation2.2, the value of o &+ wé- isan indication othe amount of the adhesion
force. The second sets of graphs describe the variatiab - wé-  versus time.

In Figure 2.6 variations of @€+  Gé-  versus time on the aluminum substrate
can be seen. On this surface, increasing air speed causes droplet deformation in a way that
wé+  @E4+  increases with time. As higher shear flow enhances the droplet
deformation, the slope of the diagramd-igure2.6 increaesfrom 5to 90m/s of air speed. The
increase in the amount of € 4 wé-+ , results in an increase in the adhesion force of
the droplet. Therefore, the droplet stays on the surface, spreads over it due to shear effect and

finally rivulet forms.

16
—e— Air velocity 5 m/s
14T —=—Ajr velocity 18 m/s
—— Air velocity 34 m/s
B2 —=—Air velocity 90 m/s
5
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o}
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=
o}
I

0 0.02 0.04 0.06 0.08 0.1

Figure 2.6 %FDF’& %FDP&F.V sti.met bk uai num sdidbssht rlaitregs s how t h

of rivul et f ormati on
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Figure 2.7 9Fo P¥. qF° P¥ 1, vs.time onthe superhydrophobic substrate dash lines show the

deformation point of the droplet

Variations of ¢ &+ 0 E—+ versus timeon the superhydrophobisubstrate is
plotted inFigure 2.7. As shown in the diagram, right after setting the airflaw (rtms) the
wé+  wé4  value starts to increase. Larger valuesioE+ G é-  together
with larger amount of0 on aluminum substrate in comparison with these values on SHS,
confirms the higher value 60 on the hydrophilic surfaces. It is important to mention that on
SHS the droplet deforms before getting detached from the surfaskoias inFigure2.3 when
the air velocity is 90n/ s ) . The droplet deformation i s
and the droplet gets an oval shape before detachment. The dash kiggraR.7 displaythe
starting point of the mentioned defieation (turning to an oval shape). Apparently, higher shear

flow enhances the deformation process and makes the drogiatth fronthe substrate faster.
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Due to the low adhesion force of the droplet on the superhydrophobic surface the droplet
rolls over the surface, this phenomenon is known ascée#ining characteristic of these surfaces
[20]. As mentioned above, shear effect enhances the drop shedding process and consequently its
seltcleaning phenomenon. If the shear speed is high enough, the diefdehesrbm the
superhydrophobic surface. The period during which, the drdptethes from th8HS, is called
the detachmentime. Being able to decrease or increase the dragtigtichmentime from the
SHS has different industrial applications. For exang@eeasingthe rain dropletsletachment

time, decreases ice accretion on airfoils. On the contrary, increasindetaehmentime of

foliar fertilizers on superhydrophobic | eafs
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Figure 2.8 Dimensionless detachment tim&s. Reynolds numberon the superhydrophobic substrate

The detachment time of the droplet on SHS versus the air speed is shiélgara.8. To

draw the figure both detachment time and air velocitg @ondimensionalized. The

dimensionless time is chosen as follpws

V4

(0] Equation 2.3
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wheret is the detachment timgqir andpair are density and viscosity of the aespectively Res
andZ are the effective radius and height of the droplet respectilvatyare shown ifrigure2.9.

The value oRerf Wwascalculated fronEquation2 4;

Y Y - — Equation 2.4

where R, is the initial radius andd is the static contact angle of the droplet on the
superhydrophobic surfacAir shear speevasnondimensionalized using the Reynolds number

given byEquation2.5.

YQ ——— Equation 2.5

whereuar is the air shear velocity.

Figure 2.9 Schematic ofRer and Z on a droplet placed ornthe superhydrophobic substrate

As it is shown inFigure 2.8, the experimental datavas plotted by doing a dimension
analysis. Asgt is clear from the figure, increasing the Reynolds number causes decrease in the
detachmentime of the dropletfrom the superhydrophobic surface. In other words, droplet

detaches fromhe superhydrophobic surface faster by increasing the Reynolds number.

37



2.4 Summary and Conclusions

The shear driven shedding behavior of single droplet with high spasthvestigated on
hydrophilic and superhydrophobic surfacesvéts presumed that highneugh shear flow causes
the droplet to form rivulets while moving on hydrophilic surface. In contrast on
superhydrophobic surfaces high shear speed causes the droplet to deform to an oval shape and
subsequently easily detaches from the surface/atalso shown that the contact time of the
droplet on the superhydrophobic substrate decreases by increasing the Reynolds number. The
low adhesion of droplet to the superhydrophobic surface makes this kind of surface an ideal
choice for anticing purposes as thamount of ice accretion is low in comparison with
hydrophilic surfaces. This study can floetherexpanded for lower temperature to investigate the
icing phenomena. Supplementary analysis can be done on droplet size effect in addition to

numerical simulabn of the shedding phenonem
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Chapter3

Shear Driven Droplet Coal e
Formati on

AReprinted from Journal of MechamM4R{®]). OEngi neerin

Abstract

Icing on aerodynamic surfaces occur due to the accumulation of rain droplets
when surounding temperature is below the freezing temperature. It is well known
that icing phenomen alters the aircraft aerodynamics forces and may cause serious
damages. Therefore, studying water droplet behavior i.e. shedding and coalescence
serves as the pnary step which can lead to understanding the fundamental physics
of airplane icing phenomena. Hence, in this study an experimental approach is used
to investigate the shear driven droplet shedding and coalescence on a hydrophilic

substrate which can seras the building block for the formation of rivudet

3.1 Introduction

Afterr ain droplets impact on aircraftdés wings,
on the airfoils. Under the effect of air shear flow, narrow streams of water known asfovulet
on the airfoilsd surface. At temperatures | ow
turn into ice which may lead to significant damsge different components. For instance, the

aerodynamic performance of the aircraft is dramaticalffected by increasing drag and
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decreasing lift force$6]. Hence, understanding the complex mechanism of aircraft icing and
consequently being able to suppress ice formation during flight is crucial in aerospace industry.
Sessile droplet movement undbe effect ofair shear flow is deed shedding and occurs if
the drag force on the droplet induced by shear flow overcomes the droplet adhesion force to the
substrate. The droplet then moves along the suifiée Practically there is more than one
droplet on aerodynamic surfaces; therefore imppshear flow to the droplets may cause
droplet coalescence in addition to the shedding phenomenon. Coalescence or sintering is a
phenomena in which two droplets come together and form a largg@bherhere are many
industrial applications that benefit from the detailed knogdedf droplet shedding and
coalescence such as various coating processes aqdt ipkinting [30]. In addition to the
industrial applications, there are many natural situations diwgilets coalescencenvolve in
such as rain drop formation in clouf#-42] and icing phenomem that occurs on turbine
blades, power lines and aircraft compondA®]. The outcome of the current study, however,
can be more applicable to the latter cases.
There are variety of parameters that are important in analyzing shear driven sieghiing
and coalescence. Some of the most important factors are the shedddp@dgl morphology of
the surface on which the droplets are mov[@§, 52, 54, 55] droplet properties such as
viscosity, surface tension, sizacageometryj46, 51] and finally the substrate and the ambient
temperature[71, 72, 80, 81] It is important to mention that advances in theoretical and
numerical approaches made it easier for researchers to understand the hydrodynamics of droplet
coalescencé¢47, 82] However, as the incipient of coalescence phenomenon occurs very fast,

experimental approach for analyzing its preliminary stages are few in the litgB8#lre
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Despite the above mentioned studies, the effesheér driven coalescence of two droplets
especially with high air shear speeds that can correspond to dbgllition has not yet been
reported. As mentioned before, being able to decrease or prevent ice accretion on an airfoil is an
important issue inexospace industry. A deep analysis of the simultaneous droplet shedding and
coalescence under the effect of high shear flow can be one of the key points to this goal. In this
study, the effect of concurrent shedding and calescence of droplets undeet¢hefefrious air

shear speeds is investigated experimentally on aluminum substrate.

3.2 Experimental Setup

The experimental setup is designed to capture the shear driven coalescence behavior of two
sessile droplets. As showm Figure 3.1 thesetup consist of the droplet positioner, the airflow
injection and the high speed imaging system this section detailed description of each part is
provided.

Experiments are performed on a rectangular aluminum plate with a size of 150%¥Zhdm
thickness of 1 mmThe static contact angle of a water droplet on the polished aluminum plate is
75 1 which makes it hydrophilic. The contact angle hysteresis of the aluminum plate in these
experiments is & 2 which is measured based on the proposed method of MilnArantazli
[44]. They showed that in droplet shedding phenomenon, using the difference between the
maximum nay) and the minimumdmnin) contact angles instead of the traditional method of
hysteresis measurement (the difference between the advancing and recediog asayies) is
more meaningfu[44]. For the shear driven droplet sheddidgax and dmin refer to the droplet
contact angles downstream and upstream of the flow, respectively. As surface wettability is
affected by dust and other impurities, the substrate was washed thoroughly with ethanol and

distilled water and dried for 15 mitas before performing the experiments.
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High Speed Camera

Droplet Position

Aluminum Substrate

Micro Positioner

LED Light

Figure 3.1 Experimental setup

It is known that in practical applications such a$light icing, the number of the droplets is
more than one, and droplet coales@nccurs due to the air shear effect. Thus, in the present
work the concurrent shedding and coalescing of the droplets are investigated under the effect of
shear flow. Distilled water dropletsere placed on the aluminum plate with a sterilized micro
pipete (Sartorius, IL, USA). As the effect of air shear speed is the main focus of this study, the
size of the dropletgvere kept constant at 5 pl in all the tests which corresponds to a spherical
drop with a diameter of 2.hm. Therewasabout 1 mm space beden the two droplets (shown
in Figure 3.2). The ambient anthe droples temperaturavasalso preserved constant at 22
As illustrated inFigure 3.2, the first dropletvasdeposited at 10 mm away from the leading edge
of the substrate, as air streamaimost uniform and without any recirculating flow at and after

this location.
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Air flow wasintroducedon the aluminum substrate from a high pressure tank by using a
tube with the length and the inlet diameter of 800 and 10 mm, respectively. Theasilaced
at the substrate leading edge. Placing the substrate on a micro positioner (New Port, CA, USA)
enables the precise movement of the substrate toward and from th@igure 3.1). A high
pressure valvevas used to control the air speed. In the préssindy the air speed vade
between 5 and 90 m/s amésmeasured with a Pitot tube (calibrated with the flow meter before

experiments) at the point that the dropleisdeposited on the substrate.

Uair ; 1stdroplet | 2" droplet |
s Substrate
—_—> . =10mm — :-"J{?”"” 9”"’%” mm ~9 il smf‘]‘-.
T
L, L, &
| N
£
E
- | 150 mm
Uair Coalesced droplet
—_—
s
—

FigB82%chematic of the dropletsd position

Coalescence phenomenon occwighin micro seconds therefore, a Photron SA1.1 high
speed camera (Photron, California USA) operatin§480 frames/s with an UltraZoom 6000
lens (Navitar, New York USA)was used to record the process during the experiments.
Shadowgraphy technique with backlightingas performed using an LED light (Schott,
California USA) to capture the images throughdwe twhole process. By taking side and top
view images from the shedding progression, a complete analysis can be conducted on droplet

behavior. The experimental resultsthis workwere processed with ImageJ softwdi]. The
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details of the post processing methodology with ImageJbeafound in[78]. To reachan
acceptable degree of accuramyd repeatabilityeach teswas repeatedminimum fifteentimes

and the results are reported based on the average ofittezseexperiments.

3.3 Results and Discussios

To observe the concurrent droplet coalescence andisgethdth side and top views of the
coalescing droplets for the lowest (5 m/s) and the highest (90 m/s) air speeds are shigum in
3.3 and 34, respectively. As shown ifigure 3.3 for the air speed of 5 m/s the droplets only
vibrate on the surface viibut resulting in shedding or droplet coalescence. In other words, the
drag force on the droplet caused by 5 m/s of air speed is not high enough to overcome the
droplets high adhesion force on the hydrophilic aluminum substrate. Conseguremégsing
the air speed results in droplet movement on the substrate. Later on the droplets merge together
and form one larger deformed droplet along the direction of the imposed shear flow. Due to the
high adhesion of the droplets on the aluminum surface, undefffdat ef high air speed the
coalesced droplet start to form a narrow stream of liquid known as rivulet. Rivulet formation on

the aluminum substrate increases the surface area which is covered by water.
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It is known that the droplet starts to move (Shetile the drag force caused by the airflow
overcomes the adhesion force between the droplet and the substrate. These forces can be

calculated from the following equatiof#4];

O ®-"0 " Equation 3.1

O 00, Wé+ 0 &+ Equation 3.2
where,} and( are the density and surfa@nsion of the droplet, respectively: andLw are the

air shear speed and the droplet wetting length, respectivelf¥igee 3.2). Sis the area of the
droplet facing air flow andCp is its drag coefficient. Variations of contact angle results in
different droplet shapes. Therefore, b88#ndCp are dependent on the droplet contact angle.

Droplets deforration during shedding arises from the variation of their upstream and
downstream contact anglase(dmin anddmay). These contact angle valuesremeasured versus
time at and after the incipient motion. AccordingBquation 3.2, thevalue of @ &+
o é—+ is an indication of the amount of the adhesion force. Variationghef term

&+ wé-  versus time are shown Figure 3.5 and3.6 for the first and the second
droplets, respectively before getting coalesced. It is important to mention that the result of the
contact angle variations is nptotted after coalescence because at that stage instead of the
droplet, rivulet is formed on the aluminum plate.

As it is clearly shown inFigure 3.5, increasing air speed causes droplet deformation in a
way that the termao & + wé-+  increases with time. In other words the top part of the
first droplet tends to move in the direction of the airflow toward the second droplet while its
contact line is remained on the substrate. As higher shear flow enhances the dropletidaforma
the slope of the diagranms Figure 3.5increasedy increasing the airflow from 5 to 90 m/s. The

increase in the amount of) & 4 @Eé- ,results in an increase in the adhesion force of
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the droplet. Therefore, the dreplstays on the surface, merges to the second droplet, and finally

forms a runback flov(i.e. rivulet).
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As shownin Figure 3.6 contact angle variations of the second droplet are in a way that the

term €+ wE—+ increases with time. Increasing the air speed results in faster
increase of the & & wé- . However, it should be noted that although at the
beginning of the shedding process) € + o &+ increases and the second droplet is
moving in the direction of the air flow, at a certain poirddenly the second droplet tends to go
toward the first droplet which results in decrease of thé + wé- . The mentioned
phenomenon occurs due to the presence of the first droplet. In other words, the wake formed
behind tke first droplet results in a drag force reduction on the second droplet. Consequently the
second dropletdés top part moves toward the fi
flow. After this point the droplets merge together and the coalesceccurs. Obviously, the

second dropletoés merge toward &be fhéddist one a
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is more significant for higher speeds of 57 and 90 m/s. The coalescence time of the droplets for
18, 34, 57 and 90 m/s of air speed is about 0.12, 0.095, 0.07 and 0.05 s, respectively. It is clear
from Figure 3.5and 3.6 that higher air speed results in faster droplet coalescence and rivulet

formation on the aluminum plate.
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To probe the dropletbehavior during shedding, the drogletetting length on the substrate
(0 ), wasexperimentally measured by image processing. Wetting length variation depends on
contact angle, contact angle hysteresisoplet size and the air shear speed. Among the
mentioned parameters the effect of the shear speed is the aim of the current workothence
parametersverekept constant during the experiments.
Variations of the first and coalesced droplets wetterggth versus time for different air
speeds are shown ifkigure 3.7. Ast he second dropl et 6s wettini

significantly with time it is not plotted in a separate graph. It is clear fayare 3.7(a)that
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when the air speed is low (5 m/Bete is no significant change in the wetting length of the first
droplet 0 ), and it does not move significantly on the surface. However, due to the high
adhesion of the droplet to the aluminum substrate, higher air speeds result in an inciease of t
droplet wetting length. Shedding the merged droplets create a rivulet on the plate. Apparently the
higher the air speed, the faster the coalescence and rivulet formation on the aluminum substrate.
To make the analysis easier, the variations of theldeop s & wetting | eng
coalescencel( ), is plotted inFigure 3.7(b¥or different air speeds. It should be noted that in
Figure 3.7(b)the results of the air speed of 5 m/s is not included as coalescence does not occur
with this air speed. It is clearly shown Figure 3.7(b)that ivulets form much faster by
increasing the air shear speed. For example for the air speeds of 18, 34, 57 and 90 m/s the
rivulets form at about 0.2, 0.15, 0.09 and 0.05 s, respectively. It should be noted that after the
coalescence of the droplets, the weftlength of the coalesced droplet does not change
significantly for a while, and suddenly an increaselin ( ), is observed which is due to the
complete rivulet formation. This delay is about 0.05 and 0.04 s for lower speeds of 18 and 34
m/s, respectively; which is higher than the delay for the higher speeds of 57 and 90 m/s that are

about 0.015 and 0.8Cs, respectively.
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Fi gB8Twariations of théemegejoifhgstedgobles and

In this paper the period during which the coalesced droplet wetting length dodsgngec
significantly is called the residence timBg)( The residence time of the coalesced droplets for
different air speeds are shownFhigure 3.8. Increasinghe air speed results in decrease of the
residence time. In other wordbe low air speed cinges the shape of the coalesced droplet (see
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Figure 3.8 in a way that at the earlier stages of the coalescence a thick oval shape droplet is
formed on the plate. The amount of the drag force created by the low air speed of 18 m/s is not
high enough to owveome the adhesion between the droplet and the aluminum plate. As a result
for a period oftr = 0.05 s, the leading and trailing edges of this oval shape drop is pinned on the
substrate; hence its wetting length does not change significantly. After @l@5oval shape
droplet starts to become thinner and its leading edge moves downstream along the plate which
leads to increase of the wetting length and the complete rivulet formation. Conversely, for the
high air speed of 90 m/s the first droplet hits #ezond one with a higher momentum in
comparison with the case of low air speed which results in the formation of a narrow rivulet with

a semi spherical leading edge on the surface. The drag created by the high air speed is high
enough to overcome the adlmsbetween this rivulet and the aluminum plate, as a result there
will be a short residence time of 0.005 s for the coalesced droplet to form a complete rivulet on

the substrate.
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3.4 Summary and Conclusions

An experimental study was conducted to investigate the effect of various air speeds as high
as 90 m/s on droplet coalescence. It was shown that introducing shear floasil®dreplets on
an aluminum plate, results in droplet shedding, coalescence and formation of rivulets. It was
displayed that during the descene process the first droplet moves in the direction of the air
flow towards the second one. However, the sdamoplet moves in the opposite direction of the
air flow towards the first droplet due to the wake that is created between the droplets. The
droplets deformation was characterized based on the variation of their wetting length and contact
angles for diffeent air speeds during the coalescence phenomenon. It was demonstrated that the
coalesced droplet is pinned to the aluminum plate and its wetting length does not change with
time at the initial stages of the coalescence. It was observed that the regidenad the
coalesced droplet on the plate increase by decreasing the air speed which is mainly due to the
formation of a thick oval shape droplet with high adhesion to the aluminum plate. This study can
be considered as a building block to analyze thaletformation caused by concurrent droplet

shedding and coalescence especially for studying ice formation on aerodgonampiznents
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Shear Dri vGaedDr a@d alnedsocne n c
a Superhydrophobic Surface
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Abstract

The interest on shedding and coalescenicsessile dropletarises from the
importance of thse phenomea in various scientific problems and industrial
applicdions such as infet printing, painting, ice formation on wind turbine blades,
power lines nacelles anaircraftwings For example in the case of aircraft icing the
system aerodynamic efficiendg significantly reducel which may causeserious
damags. It is shown recently that one of the ways to reduce the probability of ice
creation is to have airf@lwith superhydrophobisurface on which rain droplets can
roll off instead of getting accumulated. Therefore, studying water droplet behavior
i.e. sheddig and coalescence is an important stage that leads to understanding the
underlying physicsof icing phenomean on critical componentsuch as afoils,
power lines or wind turbine blade#n this study acombinedexperimental and
numerical approach is us$eto investigate droplet shedding and coalescence
phenomenaunder the influence of air shear flomn a superhydrophobic surface.
Droplets witha size of2 mm are subjected tearious air speeds ranging frdto 90

m/s. A numerical simulation based on telume of Fluid (VOF) method coupled
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with the Large Eddy Simulation (LES) turbulent model is carried out in conjunction
with the validating experiments to shed more light on dreptetlescence and
detachmenphenomendhrough a detailed analysis of theradynamics forceand
velocity vectorson the droplet and the streamlines around it. The results indicate a
contrast in the mechanism tko-droplet coalescence and subsequent detachment
with those related tthe case of &ingle dropletshedding At lower speed (i.e. 5

m/s) the two droplets coalesce by attracting each other with successive relodund
the merged droplebn the substrajewhile at higher speed (.e. 90 m/s) the
detachment occurs almost instantly after coalescence, with a detachment time
decreasing exponentially with the air spedt. is shown that coalescence
phenomenonassiss droplet detachment from the superhydrophobic substrate

lower air speeds.

4.1 Introduction

Droplet movementunder the effect of air shear flow called sheddingvhich has various
industrial applications among them the prominent ones argeirgeinting, spray coatin{9,
30], rain drop formation in cloud€l0, 41]and icing phenomeam that occurs on turbine blades,
power lines and airfoil§43]. Droplet sheddindgnappens if thelrag force caused lijie air shear

flow overcomes the droplet adhesionceto thesolid substratédseeFigure 4.).

Ua|r
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Figure 4.1 Schematic of the shedding phenomenon
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The drag force created by the shear flow and the adhesion force of the droplet to the

substrate can be described by the following equajtis

O 8 -"6 "% Equation 4.1

~

O 0, o&i — W&+ Equation 4.2

where,] andi are the density and surface tension of the droplet, respecti/ilythe droplet
area facing air flowAir shearspeed and thdroplet wetting length are denoted iy and0
respectively (se€igure 4.). The starting point of the droplet shedding is called the incipient
motion and after this point the droplet starts to move along the s{4féce

In the above mentionedpplicatons as the number of droplets is usually more than one,
simultaneous droplet shedding and coalescamagoccur. This study is mainly driven by the
interest in mitigating ice on aerodynamic surfaces using superhydrophobic coatimgs.raih
droplets hitanaircrét wing, under the effect cfhearflow over the airfoil they may coalesce and
form alargerdroplet. Depending othe airfoil surface properties and the air shear effect, the
merged droplets may create a Ipack flow in the form of a thin film (i.e. rivulet). At
temperatures below the water freezing point, the rain droplets and rivulets turn intceice.
accumulation adversely effects therodynamic characteristics of the airpléayeincreasinghe
dragand reducing théft forces [6].

Droplet coalescence is a phenomenon lictv two droplets join together and form a larger
one. During the coalescence process the two droplets touch each other from their circumference.
As a result a neck shape bridge is formed at the droplets intéstsefeigure4.2). The height of
the bridge (h) grows with time up to the point that the two droplets merge and form a single

dropdet. The coalesceddroplet has a lower surface area which corresponds to surface energy
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minimization [45]. Although doplet coalescencehenomenorhas beeninvestigated over a
centenary[46], it is still an active topic of researaue to its both scientific and industrial

applications.

OO GO
=t droplet 27 droplet QBrldge hEIght

(h)

Coalesced droplet

Figure42 Schematic of the bridge height growth dt

The coalescence of two highly viscous droplets that are not touchinguafagewas first
investigated abowgeventyyears ago by Frenk@l6]. He concluded that when two free droplets
(not touching any surface) touch each other, the flow is initially in the viscous regime since the
bridge height (depicted ifrigure 42) is significantly smaller than the viscous characteristic
length. For the droplets with low viscosity because the neck and cemsloihe bridge radius
starts to grow after merging, the flow regime changes from viscous to inertial. When the inertial
fl ow regime is dominant the dropletsd merging
and the surface tensiohereforein this case an inviscid assumption can be made as
emphasizedn the literature[30, 47, 48] However, if the droplets have high viscosity, the
coalescence phenomenoocursin a longer time. Coalescence of two droplets in a viscous
regime was done with direct numerical simulation in thekvadVan de Vors{49, 50]

Themechanism o€oalecenaigdroplets that are placed on a surface is different tranhof
the free droplets especially in the casehgfirophilic substratesThe reason is that when the
droplets wet the substrate the coalescahg®amics is mainly affected by the viscous stresses
that the substrate imposes on the drogkl$. In the work of Ristenpast al.[51] it was shown
that the droplet geometry also plays an important role on the coalescence growifaniates
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experinental and theoreticatudiesare performedon the coalescenc®f a dropletplacedon
wettablesurfaceswith contact angleof less than 6845, 54] If the surface is partially wettable
the coalescence dynamics tends to be similar to the free dropldti8as@, 53] The evolution
of the bridge heighduring droplet coalescence quartially wettable surfaces was studied
extensivelyin the work of Leeet al [45]. They concluded that as the droplets used in their work
were sufficiently small, the coalescence process correspgorttie viscosity dominant creeping
flow. They al® pointed out that coalescence process in their work is affected by both the viscous
bulk stress and the viscous friction caused by the substrate. Accordingly their results deviate
from the coalescence of highly viscous free drops described by Frethielwork [46].

In addition to the mentioned works which were dedicated to thegdofstoalescence only,
this phenomenomwas also studiednder the effect of different surface wettabilitidgimerical
and experimental analys of droplet impact on already rested sessile dropmet a
superhydrophobic surface was studied by Farhabhg@. [23]. They showed thatdue to the
normal impact ofthe second drdet on the first one, the resultingoalesceddroplet will be
removed from the superhydrophobic surface. Grakaml [55] investigatedsimilar work on
surfaces with vaous wettabilities ranging from hydrophilic to super hydrophobic both
numerically and experimentally.

Despite theabovementioned studies, the effect of shear driven shedding and coalescence of
droplets especially with high air shear speeds that corresgorttle flightconditionhas not yet
been reported. & mentioned befor@ne of the applications of the concurrent droplet shedding
and coalescence is in aerospace industry especially-fbghm icing condition A deep analysis
of the simultaneous drtgt shedding and coalescence under the effect of high shear flow can be

one ofthe key points to this goalliine and Amirfazli[44] investigated the incipient motion of
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single droplet under the effect of air flows as high as 30 m/s on different surface wetabditie
address the effect of higher air speeds Moghtadermjatl [74] performed the single droplet
shedding analysis on hydrophilic and superhydrophobic substrates with air speeds as high as 90
m/s. Despite theabovementioned studieghe coalescence of droplets under the effect of air
shear flow is still a questionable topldue to the importance ahis topic from both scientific

and industrial point of view, in this wotke concurrent sheddyj and coalescence phenomeha

two droplets under the effect of @peedss high as 90 m/s (similar of those in flight condition)

will be investigated in detabboth experimentdl and numericallypbasedon the \blume of Fluid

(VOF) method coupled witharge Eddy SimulationLES) turbulence model

4.2 Experimental Setup

The experimental setup is designed to capturectmeurrent shedding and coalescence
behavior oftwo droples under the effect oéir shear flow.As shown inFigure 4.3the setup
consists badroplet positioning systenajr flow injection system and imaging tools (high speed
camera and LED light)To createhe superhydrophobisurface, rectangulapolished aluminum
plates with a size of 150x75 mfmand a thickness of 1 mnwere coated withWwX2100 spray
(Cytonix, Maryland, USA).As dust and other impurities can affect surface wettability, the
substrate were cleaned with ethanol and distilled water and dried for 15 minutes. The cleaned
substrate werethen coated with WX2100 spray three tim€be substrateweredried for two
hours before applying the second and the third coatingee SEM images of the

superhydrophobic substrate with the magnification of 2500X and 15000X is gm&wgure 44
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Figure 4.3 Experimental setup
The water droplet static contact angle on the produced superhydrophobic coating was
around 15%1 ¢ which was measured at different locations of the coated filagecontact angle
hysteresioon the superhydrophobic plate své&t2 ¢ which wasmeasurd based on the proposed
method of Milne and Amirfazl[44]. They showedthat during droplet shedding phenomenon,
using the difference between the maximufiaf and minimum @win) contact angles is more
representativdg44]. For the shear driven droplshedding,dmax and dmin refer to the droplet

contact angles downstream and upstream of the flow, respectively.

X 2,500 10 um

Figure 4.4 SEM image of the WX2100 substrate with 2500X magnification. The specified area at

the top right corner has the magnification of 15000%80]
59



Air wasintroducedon the substrate from a high pressure tank by using a tubeavatigth
and diameter of 800 and 10 mraspectively. The tube is placed at the substrate leading edge as
shown inFigure 43. Placing the substrate on a micro positioner (New Port, CA, USA) enables
the precise movement of the substrate toward and from the tube. To control the air speed a high
pressire valvewasused. The air speed vattirom 5 to 90 m/s andvasmeasured with a pitot
tube at the location that the dropleasdeposited on the substrate. Distilled water dropletse
deposited on the surface with a sterilized micro pipette (SartdiiudSA). As the effect of the
air speed is the main focus of this study, the size of the drapdetskept constardt5 pl in all
the tests which corresponds to a spherical 2.1 mm diantetgriet The water droplet
temperaturevas also kept constardt 22 “C. As schematicallyshown inFigure 45, the first
droplet was deposited 10 mm away from the leading edge of the substrate as the air stream is
smooth and without any significant vortices at and after this location. The second droplet was
deposited at ah 1 mm distance from the first one. The droplets were subjected to the air flow

immediatelyafter placing them on th&perhydrophobisubstrate.

LJair "
—_— . 1st droplet 2nd droplet
—_—> ~ 10 mm 6,,,,,, e’"aif-.""’ 9,,1,,, 9’"35? " Substrate
| i=1mm
L

Figure 4.5 Schematic ofthe position of twodroplets on the substrate

As thecoalescencehenomenn occurswithin micro seconds, a Photron SA1.1 high speed
camera (Photron, California USA) operating5@00 frames/s with an UltraZzoom 6000 lens
(Navitar, New York USA)was used to capture the process throughthg experiments.

Shadowgraph technique with backlightings performed to capture the shedding progression
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using an LED light (Schott, California USA). The dropldeformationwereanalyzed by taking
the side and top view images from the shedding ewriufio reach an acceptable degree of
accuracyand repeatabilityeach testwas repeatecht least fifteentimes and the resultare
reported based on the average of tHdt®en experiments. The experimental results in this work

werepostprocessed with IngeJ softwargthe details ofvhich can be found ih78].

4.3 Numerical Method
The numerical approach used in the current study is based dMOfheoupling with LES
turbulence modelAn incompressible Navier Stokes set of equations is consitier@ed on an
OpenFOAM codg84] including continuity and momentum equations

ngr m Equation 4.3
T ” 3 ” ‘ J| .
—T 8" o " ngt g ny , I Equation 4.4

whereV is the velocity vector is time,p is the pressurel, is the gravitational acceleratiohjs
the surface tensiom,is thesurfacecurvatureandUis the volume fractiowhose value is unity in
the liquid phase and zero in the gas. When a cell is partially filled with lijlihs a value
between zero and ori85]. The weighted average mixture density and visgobidsed on the
distribution of the liquid elume fractionaredescribed below

S p | and St p | Equation 4.5
where the subscriptsandg denote the liquid and gaseous phases, respectively.
The continuum surface force (CSF) method of Braclditl [86] is used to model surface

tension as a body forc€g) that acts only on interfacial cells
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o , I Equation 4.6
I 8 — Equation 4.7

It is crucial in numerical simulations of free surface flows using VOF model, to assure
boundedness and conservativeness of the phasigoh. Following the method detailed[87],
the volume fraction equation is formulated with a bounded compresstheme, which
facilitates a sharp interface between phases. This is achieved by introducing an extra artificial

compressive term into the volume fraction equation given helow

— T8 | 81l p | T Equation 4.8
where, V. is the vector of relative velocity normal to the intedaghich is used to compress the

interface

T *60®% SR &S Equation 4.9
wherel(, &, Cyandn are the face volume flux, cell face area vector, compression coefficient and
face unit normal flux, respectivelyis an adjustable coefficient used to adjust the amolnt o
compression. Her€y = 1.5, which is also shown yusche[87] to provide a sharp interface
between phases. Theam benefit of such formulation is in the possibility of capturing the
interface region much more sharply in comparison to the classical VOF appFbacface unit
normal also is defined by the equation bel®ething that m practical computatis) due ©

avoiding zero value at the denominatonpf small value ofin is used (ay. 10°).

Equation 4.10
$ $

The interaction with the ubstrate is handledhrough the dynamic contact angle. The
accuracy in droplet dynamics is highly related to the way that the dynamic contac{-angse

modeled. Here the contact angle is implemented using the correlation by [88Her
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— Qo0 Q — Equation 4.11
where the capillarmumber isCa= pUc/A while the Hoffmarfunction("Q), [88] is given by

e 2 VIR 8
Qi ®i Al P ¢cOATvE — Equation 4.12

The contact line velocitys Uc which is approximated by using the velocity at the interface
in the first computational point above the wall. In order to account for the hysteresis effect in the
numerical model, the equilibrium contacigie de in Equation 411 is replaced by either the
advancing contact angldy, or the receding contact angti, depending on the direction of the
velocity at the contact line. This implementation makes our model unlike the one reported in the
literature, tonot rely systematically on experiments for imposing the contact angle.

In order to accurately capture vortices including in both gas and the, lige&iturbulence
model is coupled with the VOF method. To capture the high speed shedding of the droplet an
eddy-viscosity model is used, which is robust in practice and accounts for the dissipative nature
of turbulent flow[89]. In LES, the coherent structures and lasgale turbulencare resolved
while the Sub Grid Scale (SGS) effects on the large or grid,9sahodelled.

In LES it is assumed that the velocify 7, corresponds to the contribution of both
the GS and SGS components. The filtered fiejels, "O? r results from the convolution &f
by the kernelG= G(x, o) whichis afunction of x and thefilter width (). By filtering the

NavierStokes(Equation 44), the resulting equation expresses as follows

—L 8" 1T n ”I 8-” || S Equation 4.13

The SGS modelling of the tensd)(is derived based on the fact that the deviatoric part of
the SGS stress tensor is locally aligned with the filtered rate of the strain tensor deviatoric

contribution[89] as isgiven below
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|| TT T -0 k qo -” -0 l-|| ‘O Equation 4.14
Finally, to close the system, the constant coefficientemeation eddyiscosity model can

be described following the evolution of the turbulent kinetic enggQy91]
 — 80 T 80 U ko) -0 Y Equation 4.15
In Equation4.15, the lefthand side corresponds to the change of the turbulent SGS kinetic

energy with respect to time. The second term describes convection and the third, diffusion. The

other parameterS, R and0  are given by the following relations

The rate of straintensoff - ¢ "

~

The turbulent dissipatiom  YOQ 2h ® p8tu

~

The turbulent viscosity Yo ®h & m8ry

The simulations are penfmed in parallel using domain decomposing mesh. The PIMPLE
algorithm combining the Pressure Implicit with Splitting of Operators (PISO) and the SIMPLE
algorithmsare used to calculate the pressure and velocity fields using a gecualgeluraic
multi-grid (GAMG) solver. In addition, using a dynamic adaptive mesh refinement technique

enables simulating the similar conditions as the experimental observations.

Geometry and boundary conditions

The computational domain for investigating the droplet sheddidgpgted inFigure 4.6.
2574000 cells are used with finer mesh near the wall, about 40 cells per diameter of the droplet,
and coarser mesh above the deposit droplet. The boundary conditions of this geometry are fixed
pressure on the outlet, a periodic bdary on the lateral side, while a fixed velocity is applied at
theinlet. The neslip boundary is used for the velocity at the wall. The value of turbulent kinetic

energy’Q p® 0 'O is implemented using a turbulence intensity©56%. The droplets are
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initially deposited on the surface until reaching their equilibrium position. Following the droplets
deposition, an inlet air velocity is increased uniformlyiethh subsequently causes the droplet to
move more or less rapidly depending on the velocity magnitude. To compare with the
experimers, a temporal ramp evolutiois used forthe inlet velocity () the timescale(] of

which is found based on the tuleegth (=800 mm) as follows

t 0 ) Equation 4.16

w —O0 o0 00 Equation 4.17
where6 is the velocity measured with the pitot tube a tiroplet locationAlthough the

initial inlet velocity may play a role in the droplet dynamics quantitatively, the overall droplet

dynamics is well captured by this choice.

Figure 4.6 Computational domain

4.4 Results and Discussions

As mentionedabove the experiments in this paperere performed with two droplets at
room temperaturé22 “C) to analyzethe concurrent shedding and coalescef@nomenan the
superhydrophobic substrate under the effect of air spagdsigh as 90 m/sTo probe the

sheddingand coalescendsehaviorof the droplet during the proceske results of this studyre
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categorizedasedn thelowest (5 m/s) anthe highest (90 m/s) air speedb avoid repeating the
details of the medium spee@imore than 18 m/sthat are phenomenlogically the same athe

results 090 m/s

Droplet coalescencat low speed

The side and top view images of tbealecencinglropletsare shown inFigure4.7 for the
lowest (.e. 5 m/s) air speed. In addition to the experimental resultsrethglts ofnumerical
simulations athe same time intervals are presentedctimparison. As shown in the figure, by
introducing the air flowthe first droplet stastto roll on the surface, interestingtile second
droplet tends to go towards the first ofe two dropletsfirst touch each other at about 55 ms
after imposing the shear flovbue to the merging of the two droplets and the subsequent
oscillation resulting from the conversion between surface energy and kinetic energy, the
coalesced droplaletaches im the substrate aboutt= 72 ms. However, as the drag and lift
forces resulting from 5 m/s of air speed are not high enough to overcome gravity, the droplet
comes back to the surface at t= 83 khsnce for the low speed of 5 mimlike the single droget
case shown ithe work of Moghtadernejaet al. [74] that the coalesced droplet only rolls on the
superhydrophobic plate, in the two droplets dhsecoalesced dropldetaches from thsurface

andconsequently lands on the substrate.
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Figure 4.7 Sequences of the two droplets shedding and coalesceatan air speed of 5 m/s

To analye the details of the coalescence phenomenothéorcase ob m/s air speedhe
simulated streamline colored by the pressure over the dsaplatidition to the velocity vectors

on the droplet surfacduring the coalescence phenomeaogshown inFigure 48.

67



Figure 4.8 Simulation resultsfor the coalescence diwvo droplets at an air speed of 5 m/s

As it is demongtated in Figure 48 at the earlier stages of tltealescence phenomen(in
20 s) the first droplet igolling on the surfacen the direction of theiaflow. Due to existence of
separation bubble behind the first droglete the stream lines at t= 20 py®essuralecrease
between thedroplets which makes theecond dropleto get attracted to the first one (in the
opposite direction of the air flowlConsequentlythe two droplet¢gouch each other for the first
time at t= 55 ms, after merging largerdroplet forms att= 62 ms. The coalesced droplet

detaches fronthe surface due toscillationsarisesfrom the conversion between surface energy
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and knetic energyatt= 70 ms. As the lift force created by 5 m/s of air speed is not high enough
to overcome the weight of the droplet, the droplet comes back to the substrate.

To get a better understanding of the shear driven coalescence phenomenoonsarfidtie
aerodynamic forces (i.elrag andift) are determined by integrag the pressure field over the

droplet surfacarea &irop) as below;

3 . n=Q"Y Equation 4.18

The projection of the pressure forces on the droplet with respect to the two axis leads to the
drag (Farag andlift (Fir) forces, respectively on the deposited droplet on the subditatieg
that he dra and lift forcescalculatedon the first andhe second droplets separately in addition
to the forces computechahe merged droplet
O 3 8a O 3 80 Equation 4.19

The drag force on the droplets for the air speel m/s is plotted irFigure 49 which is
about zero at the beginning of the procasghere is no air flonHowever, aftemabout50 ms
(when the droplets are about to touch each otthereis anincreaseof about 0.06 mNn the
drag forceacting onthe first droplet. Due to thewake regionbetween thewo droplets the
upstream pressure of the second droplet is lesghlanfthe downstream. Hence there will be a
netdrag forceacting on the second dropietthe opposite direction of the air flow wh makes
it move towards the firstiroplet Consequently, the values of the second droplet drag force is
negativebefore merging to the first droplétt about55 ms the droplets merge together afibr
thatthe drag force on theoalescedlroplet periottally changes with time due tts deformation
(see the top view images kigure 47) from a blunt body(e.g. t= 68 msjo slender bodye.g. t=

83 ms)
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Figure 4.9 Drag force on the dropletsat an air speed of 5 m/s

Variatiors of thelift force for thefirst and seconddropletsare shown inFigure 410. The
lift force of the two droplets does not change significantly before the coalescencagibiat
droplets remain on the surface during this tilhough & the earlier stageof the procesghe
lift force has minor negative vals&lue to the effect odir flow on the droplets which pushes
down the top of the dropletslowever, after the coalescenfte 55 ms)there are significant
changes in the amunt of lift force. When theoalescedlropletlift s off from the surface the lift
force increasegat t= 72 ms) Variations of the lift force at this stage is due to the droplet
deformation from a blunt body to a slender bodfhen the dropletetoucheshe surface(at
aboutt= 83 ms)the lift force becomemegativeandvaries with time due toéhe dropletshape

change
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Figure 4.10 Lift force on the dropletsat an air speed of 5 m/s

Droplet coalescenca high speed

Due to the importance of high speed shear flowder practicaflight conditiors, in this
section the details of thealescencphenomenon will be discussedhen the driving force ian
air speed of 90 m/sSide and top view images of thencurrent shedding ancbalescence
phenomea are shown both experimentally and numerically Figure 4.1. As it is
demonstratedhe two droplets tentb move towards each other (the first droplet in the direction
of the air flow and the second droplettire opposite direction). After about 7 ms of imposing
the shear flow, the two droplets touch each gthed consequentlgt t= 8 ms the two droplets
merge completely and a larger droplet is forni2ge to the high drag foraesulted from®0 m/s
of air gpeed,the merged droplet detaches from the surta@boutt=10 ms. Wlike the 5 m/s of
air speedthe lift force is high enough to overcome the gravity effect, hence, the dezsidy

flies away fromthe substrate
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Figure 4.11 Sequences of the two droplets shedding and coalesceatan air speed of 90 m/s

The streamling colored by the pressure over the dropkatd the velocity vectors on the
droplet surfaceluring the coalescence phenomeaoashownn in Figure 412. Similar tothe low
speed case, due to the presence of the separation bubble at the back of the firsphsgles
decreases between the droplets and the second droplet moves in the opposite direction of the
flow towards the first diplet (at t=5 ms). Noting that due to higher air speed the separation zone
and consequently the pressure drop is stronger in this case in comparison with the case of 5 m/s
of air speedDirection of the velocity vectors on the merged droplets (at@=mg) proves this
fact as both sides of the merged drophetve towardsthe merged droplet centroitt is clearly
shown in this figure that merging occurs much faster (at ab6éums) comparted to the case of 5

m/s air spee@which occursat about 55 ms)PDue to the presence of high shear flow, the pressure
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at the front of themergeddroplet increases and leads ttee droplet detachment from the

substrate at about®ms.

U,, =90 m/s

vy v X

t=7ms

t=76ms *

t=9ms

Figure 4.12 Simulation results for the coalescence afvo droplets at an air speed of90 m/s

Variatiors of the drople$ drag force versus time for the 90 m/s is showRigure4.13. As
shownin Figure4.13 thedrag force on the first droplet increases slightly with timehis stage

droplet deformation results ina higherprojectedsurface area facing the shear fl(see top view
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images at t= 5 and 7 mskigure 4.1). For the second droplet, the variation of dfageis not

significant. As the second droplet tends to move towardérieone, the drag force gets small

negative values up to the point that the two droplets merge togethe6 ms)which results in

an increase of about 6 mN in the drag force. The increase of the drag force on the merged

droplet can be explained thithe same analysissed for the first dropl€gi.e. deformation to an

oval shape drop)
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Figure 4.13 Drag force on the dropletsat an air speed of 90 m/s

Similarly, variatiors of the lift force versugime are shown inFigure 4.14. At the earlier

stage of thecoalescenceprocess the lift force has minor negative valdee to the effect of high

shear flow on the droplets which pushes down the top of the droplets and makés gje¢ran

oval shapgseetop view images irFigure 4.1 at t= 5 ms) For the first dropletthe lift force

monotonicallyincreases with timeue to thepresence ohigh air speedwhich eventually leads

to the droplet detaghentfrom the surfaceln contrary, he shear effect othe second droplet is

suppressed due to the presence of the first droplet, hence there is no significantimtnedge
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forceacting onthe second droplet. At abouit/ims the droplets merge together and there will be

an increase of @ mN in theamaunt of thelift force. At t= 9.5 msdue to droplet detachment

from the substratehe lift force increases to about O1B33l.
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Figure 4.14 Lift force on the droplets at an air speed of 90 m/s

The sameexperimentswere performed for the intermediate speexsl8, 34, and 57 m/s.

Sincethe droplé behaviorfor these speedsephenomenologicallyhe same athe case witl®0

m/s we avoid repeating theesultsdetail here Instead, variations of the firstaplet wetting

length,0 (depicted schematicalip Figure 45) aredemonstratefbr all theair speeds ifFigure

4.15. It should be noted that the wetting lengths in this figaneplottedup to the point that the

first dropletis merged to the seod one. It is clear from the figure that fbie air speed d& m/s

the droplet does not deform and its wetting length does not change significantly with time.

Increasing the air speed results anpronounced droplet deformation to an oval shape and

consegently decrease afs wetting length. As expectethe coalescence time decreases with
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increasing the air speed. For exampte the air speeds of 18, 34, 57 and 90 m/s, the merging

time is about 25, 13, 10 adns, respectively.
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Figure 4.15 Variation s of the first droplet wetting length before merging to the secondroplet

As mentioned earlier, shear flow enhancesdbecurrendropletsheddingand coalescence
on the superhydrophobic surfadeis shown in[74] that for a single droplet sheddin§the air
speed is high enougte. largerthan 10 m/s), the dropletiifts off from the superhydrophobic
surface Analysis of the dropledetachmentime from the superhydrophobic surface is an
interesting phenomenon due to its significant impact on various industrial applications. For
instance, decreasing tliketachmentime of rain droples from an airfoil surface, decreases the
amount of ice acct®mn. In contrast, increasing ttdetachmentime of foliar fertilizersfrom
superhydrophobicleafe nhances t he f er tThé Sameeappdoach asedim r pt i o
work of Moghtadernejact al [74] is appliedhereto investigatethe air speecffect on the

coalesced dropletetachmentime from the superhydrophobic surface. To make the analysis
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easier droplet detachmenttime and the air speed are nondimensionalized witland the
Reynolds numbe(Reur), following theequationselow.

\Z

o _— Equation 4.20

YQ — Equation 4.21
wheretq is the detachment time of the droplet from the superhydrophobic subgtiased) air
are viscosity and density of airespectivelyThe air velocityis denoted byair. Theinitial height
of the dropleton the substrates Z. The radius of the droplet after placing it on the substrate is

called the effective radiuRes (seeFigure4.16) which is calculated frorquation 422.

Figure 4.16 Schematic ofRe and Z

Y Y = — Equation 4.22

whereR, is the initial radius of the droplet before depositing on the substratd iantthe static
contact angle of the droplet on the superhydrophsbiface.

Using the experimental data Eguations4.20 and 4.21, variatiors of 0 versus Reynolds
numbercanare plotted irFigure 4.%7. In addition in this figuredimensionless detachment time
of the single droplet shedding mentionedthe authos previous worK74] versus Reynolds

number is compared with the resultdlué case withwo droplet presented in this paper.
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As shown inFigure 4.17 increasingthe Reynolds number leads to a decreasehen
detachmentime of the droplet on superhydrophobic surfaRemarkablyfor low Reynolds
numbersless than 20Q0he detachmentime of two merging droplets is shorter than thataof
single droplet case. The reasorthatdue tothe coalescence there is a net lift force generated
which can facilitateahe dropletoouncingat low Reynolds numbein contrastfor intermediate
Reynolds mmbers the two droplet casesults inlongerdetachmentime, becausen this case
the weight of the merged dropletlésgerthanthat ofthe single dropleandit takesa longer time
for the heavier droplet to be detached from the superhydrophobicatabdsor high Reynolds
numbergdmore than 1@00), thedetachmentime ofasingle and two droplet casare nearly the
same. The reason is that the effect of the additional weight is negligible in comparisémewith

lift force generated bthe high airspeed.
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4.5 Summary and Conclusions

Experimental and numerical anadgsvere performed to investigate the effect of various air
speeds ranging from 5 to 90 m/s on shedding and coalesadnt®o dropletson a
superhydrophobic substratdsing numericalsimulatiors based on the VOF method coupled
with LES turbulent modegénables capturing theetails of the streamlines, velocity vectors and
aerodynamic forceduring the coalescence procekswas shownthat during the coalescence
phenomenon the first dropladlls on the surface towards the second one. In contrast, the second
droplet moves in the opposite direction of the air flow towards the first droplet due to presence of
a separation bubble at the front of the second droplet. Consequently, the two drepbsts
together. Br thelow air speed of 5 m/s after mang the coalescediropletdetaches from the
substratenoweveras the lift force is not high enough to overcome the gravity, it comes back to
the surfaceFor theair speedof 90 m/s themergeddroplet deforns significantly during the
processand detacheBom the substrate. The dimensionlegtachmentime of a single droplet
and two droplet casesn superhydrophobic substratas studiedversusReynolds number. It
was shown that for low Reynolds mbers(i.e. less than 2000}the coalescence phenomenon
assiss the droplet detachment from the substrate. In confi@sntermediateReynolds numbers
as the weight of the coalesced droplet is higher than the single dropldetdtmentime on
the superhydrophobic surface isrger Finally for higher Reynoldsnumbers(i.e. more than
10,000) typical of those in flightcondition the detachmentime of a single and coalesced
droplets are nearly the same. This work can be further extended by addtkesgmypcurrent

coalescence and freezing phenomeithe droplets witlsubzero temperatuse
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fiReprinted with permission froASME Journal of Fluids Engeering papeFE-14-1429

[92].
Abstract

Experimental study is performed to analyze the shear driven droplet shedding on
cold substrates with different shear flow speeds typical of those in et fli
conditions. Understanding the mechanism of simultaneous droplet shedding,
coalescence and solidification is crucial to devise solutions for mitigating aircraft in
flight icing. To mimic this scenario experimental setup is designed to generate shear
flow as high as 90 m/s. The droplet shedding at high speed is investigated on a cold
surface (0 and-5 °C) of different wettabilities ranging from hydrophilic to
superhydrophobic. Result analyses indicate that on a hydrophilic substrate, the
droplets form aivulet which then freezes on the cold plate. In contrast, on the
superhydrophobic surface, there is no rivulet formation. Instead, droplets roll over

the substrate and detach from it under the effect of high shear flow.
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5.1 Introduction

Sessile droplet mowveent under the effect of shear flow is called shedding and only happens
when the shear flow overcomes the droplet adhesion to the substrate. Following the incipient
motion, which corresponds to the start of the droplet shedding, the droplet moves dewnstrea
along the surfacg¢44]. On a cold surface, droplet shedding behavior is a complex problem
coupling hydrodynamic, heat transfer and phase change which depends on different parameters
such as the droplet size, contact angle, contact angle hysteresis, surface &sngielh as air
shear speed.

There exists a variety of circumstances in which droplet shedudidgcoalescence plays
crucial role such as in injet printing, spray coatings, thermal spray deposition process,
microfluidics devices and icing phenomenontthecurs on wingurbine blades, power lines and
airfoils during flight[31, 43, 9397]. In the present study the air shear speed which is the driving
force for the shedding varies from 5 to 90 m/s and the drogletplaced on a cold substrate, as
a result the outcome of this work can be of practical interest for ice accumulaignsn
airfoils or windturbines, where droplets are under the effect of high speed air. In the mentioned
applications due to wind ehr effect, the rain droplets start to move along the surface after
impact. Generally on surfaces with high wettability, narrow streams of liquid known as rivulets
form due to the run back flow of the droplets. The spreading flow of rivulet highly depands
the surface wettability and the air shear speed. Rivulets and droplets will be frozen when the
ambient temperature is below the water freezing point which results in significant negative
impacts on the performance of various components. For exampiay dorflight condition, due
to the ice accumulation on the airfoil, the aerodynamic efficiency of the airplane significantly

reduces by increasing drag and decreasing lift fofges, 94, 98, 99] Recently, few stdies
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have shown that ice formation can be considerably decreased if the surface of the airfoil is water
repellent or of low surface energy. For instance, in the wbAntonini et al [71], it was shown
that using a superhydrophobic coating on airfoil can reduce the amount of accreted ice due to
low water adhesion on these surfaces. Hence, the amount of power required to remove ice from a
superhydrophobic surface is significantgduced in comparison with an uncoated hydrophilic
surface. Boinoviclet al. [72] studied the nucleation kinetics of swmeoled water droplets on
surfaces with various wettabilities. Thefiosved that at subzero temperatures and saturated
water vapor atmosphere, superhydrophobic surfaces show a significant delay in ice formation in
comparison with the hydrophilic and hydrophobic surfd¢2s

Study of droplet behavior on superhydrophobic surfaces is an active research topic due to
the high water repellency characteristics of these surfaces. However, there are limited insights
into fundamentals of air shear driven drop sheddinigerature especially on superhydrophobic
substrates. Milne and AmirfaZl#4] studied the droplet incipient motion due to shear flow at
rather low speed flowsi.€. below 30 m/s) on surfaces with different wettabilities. Recently
Moghtadernejacet al [74] studied the shear driven behavior of droplets on various surface
morphologies under the effect of high shear flow (up to 90 m/s) which is close to speeds of
interest in aerospace applications. Howevehatih[44] and[74], the studies were performed on
substrates at room temperature. In the present work the icing phesromerone and two
droplets under the effect of different shear speeds is investiggiedraentally. In the following
experimental study, different range of air shear speeds from 5 to 90 m/s is used on both
hydrophilic and superhydrophobic surfaces. To capture the icing pheooriese substrates

are cooled down to as low & °C. Exceptthe air shear speed and surface wettability, all other
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parameters such as droplet position, size, temperature and humidity are kept constant in the

experimental procedure.

5.2 Experimental Setup

The experimental setup is designed to capture the icing bel@vémssiledroples while
facing air shear flow. As the shedding time is of the order of micro seconds, a Photron SA1.1
high speed camera (Photron, California USA) operating4@0 frames/s with an UltraZoom
6000 lens (Navitar, New York USA)vas used tocapture the phenomena throughout the
experiments. The backlight method of shadowgraphyg applied by using LED light (Schott,
California USA) to capture the simultaneous shedding and icing progression within the droplet.
Experimentsvere performed on twaectangular plates with a size of 150x75x2 Inifthe first
substrate is a polished aluminum with a contact angle éfwkich makes ithydrophilic.
However, before performing the tests the surfaes cleaned with acetone and distilled water
several timesrad dried forl5 minutes

The second surface that acts as a superhydrophobic with a contact anglétof, i85
polished aluminum plate coated with WX2100 spray (Cytonix, Maryland, USA). The SEM
image of the WX2100 surface with the 2500X magnificatioshiswn inFigure 5.1.To prepare
this surface after cleaning the polished aluminum sample with the procedure described above, the
surfacewas sprayed with WX2100 three times. However, before the second and the third coats
the substrateweredried for 5 hairs. The sampleserethen fixed on a cold plate (WATRONIX
Inc., CA, USA) that decreases the substrates temperatw® 6. To measure the surface
temperature a FLIR A320 infrared camera (ThermoVi8fgrSweden) along with a 30 mm IR

lenswas used. To rake the surface temperature measurement more accurate, a thermocouple
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wasused to measure the surface temperature exactly at the point that drappaced. The

infrared cameravascalibrated based on the temperature measured by the thermocouple.

¢ 2,500 10 um

Figure 5.1 SEM image of the WX2100 substrate with 2500X magnification. The specified area at
the top right corner has the magnification of 15000X

A high pressure tantvas utilized to create the shear flow. Dayr was introducedon the
substrate from the tank by using the tube with the length and inlet diameter of 800 and 10 mm,
respectively. The tubeasattached to the substrate leading edge. The air spagdontrolled
with a high pressure valve and can vaetween 5 and 90 m/s. This is the air speed whaat
measured with a pitot tube at the droplet position. Distilled water dropégtsdeposited on the
surface from a small container of ice and water (Temperature 0.3€vidth a sterilized micro
pipete (Sartorius, IL, USA). The dropletasdeposited at 10 mm away from the leading edge of
the substrate as shown kigure 5.2.The reason to choose 10 mm away from the substrate
leading edgewasthat air stream is smooth and without any significant eestiat and after this

location.
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Figure 5.2 Experimental setup

It is worth noting that in practical iflight icing, the numbers of the droplasmore than
one, and due to the air shear effect dropbeislescence occurs. As a result, in this study in
addition to a single droplet, two coalescing droplets behavior is investigated as well. To account
for the effect of droplet coalescence, the same experimamtsperformed by adding a second
droplet at abut 1 mm distance from the firehe (shown in Figure 5.3)Thedroplet volume for
each testvas5 pl which corresponds to a spherical drop with about 2.1 mm diameter. The air
was flowing on the substrate right after placing the droplets on the subdiath testwas
repeated at leafifteen timesto reach an acceptable degree of accuracy. The reported results are
the ensemble average of thdigieen experiments for each case. ImageJ softa8¢ wasused
for postprocessing the results in this work. The test setup is scherasibalvn inFigure 5.2.
To see the effect of surface temperature the testse performed on the substrates at
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temperatures of 0 ané °C. However, the surrounding temperature and relative humidity during

the testwereconstant and about 2Z and 40% rgsectively. The details of the test matrix and

surface characteristics are givenTable 5.1. Itshould be mentioned that the contact angle

hysteresis defined ifable 5.1is calculated based on the method that Milne and Amirfali

proposed in their study. Thegyentioned that while dealing with shedding of droplets, it is more

meaningful to use the difference between the maximum contact afighe gnd the minimum

contact anglednin) instead of the traditional method of hysteresis measurement which is based

on the difference between the advancing and receding contact asigdeand dmin refer to the

droplet angles downstream and upstream of the flow, respectively for the case of shear driven

shedding.

LJair

A

15t droplet

PR

B

2nd droplet

Substrate

Figure 5.3 Schematic of the two droplets position on the substrate

Table 5.1 Test Matrix

Surface Material Aluminum WX2100

Contact Angle®°} 7511 155+1
Contact Agle Hysteresis’) 18+2 8+2

Shear Speed (m/s) 512 | 34%2 90+£2

5.3 Results and Discussion

As mentionedabove the experiments in this papeere performed at surface temperatures

of about 0 and5 °C with one and two droplets to analysis the behavior of wdtgplets on

aluminum and superhydrophobic substrates under the effect of air shear flow. The air flow speed

which is the driving force of droplet movement varies from 5 to 90 m/s. To probe the droplet
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behavior during shedding, the wetting length of theptit on the substrateLy) is
experimentally measured by image processing. Variation of the wetting length is dependent on
contact angle, contact angle hysteresis, droplet size and the air shear speed. As the effect of
surface wettability and the air shespeed together with the surface temperature are the main
focus of this study, the size of the dropletsre kept constant (5 pl) in all the tests. To observe

the effect of surface wettability, shear speed and surface temperature separately, only®ne of t
three mentioned parameters is changed during one set of the experimérgaréns.3the side

view images of the droplet shedding on the aluminum substrate taken by the high speed camera

areshown at different air speeds.
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Figure 5.4 Single droplet shedding sequences dhe aluminum substrate; Air flow direction is from

left to right
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As shown inFigure 5.3 for an air speed of 5 m/s at both temperatures (0-21@) the
droplet only oscillates on theubstrate. However, by increasing the air speed to 34 and 90 m/s,
rivulets form on the substrate. Another interesting phenomenon that can be Begpmarb.3is
the formation of ice on the surface -&t°C. Droplet starts to freeze from the bottom with a
freezing front moving upwards. However, due to the presentence of the air flow, unlike the case
of water droplet freezing in still air configurati¢h00, 101] no pointy tip is observed especially
at high shear speeds. The top part of the droplet which is not frozen starts to shed and form a
rivulet at higher air speedsdq. 34 and 90 m/s). It is worth mentioning that the trailing edge of
the rivulet forms on the base of the droplet which is already frozen and continues its runback
flow on the surface. Due to the low temperature of the sudanee parts of the rivulet freeze
while flowing on the substrate. It should be mentioned that the truncated area in last sequences of
rivulet formation are due to rivulets flow out of the cameras field of vision.

To understand the droplet shedding behaiiadetail the variations of the droplet wetting
length, Lw, during time was analyzed based on the dimensionless analysis. To so, the wetting
length of the droplet (shown in Figuse?) was normalized based on the effective diamélgy,

of the truncatedphere which represents this sessile droplet (see Bdi)reith the below ratio;

nz

V) — Equation 5.1

The value oDest 0n the hydrophilic substrate is calculated from the below equation;

O Y <Yy - — Equation 5.2

whereRs is the initial radius and is the static contact angle of the droplet on the hydrophilic

surface. Time was also nondimensionalized by the followmgtion;

o —— Equation 5.3
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wheretis the timeOai r and jJair are vi scosZigthe heightdf den s i

the sessile droplet as is depicted in Figufe

Figure 5.5 Schematic ofRe and Z of a droplet placed on aluminum substrate

In Figure 56, the variation of the droplehormalized wetting length ) versus
dimensionlessime, t', together with surface temperature and air shear speed is shown. The result
of this work is compared wittauthors previous paper[74] that was performed at room
temperature (22C). In Figure 5.4,it is shown that the wetting length of the droplet on the
aluminum surface increases by the increase of shear flow speed. For air speeds of 3#/and 90
due to the high drag force and surface wettability a narrow stream of watawlet) forms on
the plate which significantly increases the wetting lenigthunlike the case of low air speed (5
m/s) where the drag force on the droplet is nohhégough for rivulet formation. With low air
speed (5 m/s), the droplet only vibrates at its place, consequently the wetting length does not
vary significantly with time.

In addition,the effect of surface temperature on the droplet wetting leeglemorstrated
in Figure 56. Whenthe surface temperature is lower, due to frost layer formation on the cold
substrate, the change in the droplets physical properties and the advancement of the ice front

within the droplet, the adhesion of the droplet on thessate increases. As a result at a fixed
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time and with the same air speed, the length of the rivulet decreases with temperature. However,
the decrease in rivulet length is more obvious for intermediate speed (34 m/s). The reason is that
at low speed (5 myshere is no rivulet formation. In addition at the high speed case (90 m/s), the

drag force is so high that it can overcome the small increase of droplet adhesion due to presence

of the cold substrate; hence the difference between the wetting lengthhshend#fect of 90 m/s

of air is less than 34 m/s.
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Figure 5.6 Normalized wetting length vs.dimensionlessitme onthe aluminum substrate at different

surface temperatures

The same phenomenon happens wtiete are two droplets on the surface, as shown in
Figure 57. Due to the air shear flow the droplets coalesce first and after that the merged droplets
start to propagate on the surface and form a rivulet. By decreasing the temperature of the
substrate am the single droplet case, ice starts to grow at the bottom of the droplets; and before
reaching to the droplet top, due to the shear flow effect, the top parts of the droplets which are
still liquid, merge together and then flow on the surfaeerfvulet formation).
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Figure 5.7 Two droplets shedding sequences dhe aluminum substrate; Air flow direction is from
left to right

To study the effect of surface wettability, the same experiments are pedfoom a
superhydrophobic surface on which the water droplet static contact angle is alyoat dgsn
temperature. As a result of low adhesion and water repellency characteristics, superhydrophobic
surfaces are good alternative candidate as coatingsnfeiciag and diicing purposes. The
reason is that using superhydrophobic coatings on aerodynamic and structural surfaces enhances
the effect of the standard anti/dicing systems and also reduces the amount of energy
consumptions required for the curtaystemg71]. However, there are some limitations of using
superhydrophobic surfaces in wet and cold environments. In 2012ejuaig[81] used both

experiments and the nucleation theory to somfthat the flow of the surrounding gas and
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humidity are important factors that can affect the icephobic characteristic of a surface. The
authors also studied the effect of evaporation from a suguéed water droplet on icephobic
behavior of the surfasg102]. Farhadiet al. [103] compared wet and dry superhydrophobic
samples and found out that contact angle (CA) of a wet superhydrophobic surface decreases and
its contact angle hysteresis (CAH) increases which makes the surface hydrophobic and therefore
sticky for water droplet. Thefinding was in good agreement with the work of other researchers
who reported that wet surfaces cause significant deterioration on the properties of
superhydrophobic surfac¢g0, 81, 102108]. In [109-111]it was also shown that if the samples

are repeatedly iced/shed the superhydrophobic characteristics will deteriorate as a consequence
of the damage on the substrate microstructure roughness. Hence the wetting regawéahill

from pure Cassie (high CA and low CAH) to mixed Werzaksie (low CA and high CAH).
Ensikatet al.[112] confirmed the above phenomena by showing that the rough surface asperities
get incented to the liquid and will be damaged during solidification.

Our observation with WX2100 as a superhydrophobic coating on aluminum surface proves
the same phenomenon about the effect of cold temperature on the superhydrophobic coatings. At
room temperate of 22°C, the static contact angle of a droplet on the superhydrophobic surface
is 155. However,by setting the surface temperature to 0 aBdC due to formation of frost
layer on thesubstratethe contact anglélecreaseso about 148 and 138, repectively. As a
result although the surface is still hydrophobimweverthe droplet stickiness to the surface
increass. The sequences of the droplet shedding on superhydrophobic surface are shown in
Figure 58. It can be seen that despite tdstence bfrost layer at subzertemperaturg the
surface still has its water repellency characteristics. Comparing resufigwe 58 with the

ones inFigure 54, indicates that due to the low adhesion of the droplets on superhydrophobic
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surfaces no rivuletofms on the superhydrophobic substrate; instead, at a low speed of 5 m/s the

droplets roll over the surface with no deformation. Consequently under the effect of high air

shear flow (34 and 90 m/s) the droplet deforms and finally detaches from the sulb$trate,

unlike the aluminum case, even when the surface temperatufe °S no significant ice

formation can be observed on the superhydrophobic surface during the droplet shedding.
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Figure 5.8 Single doplet shedding sequencesn the superhydrophobic substrate Air flow direction

is from left to right

The mentioned phenomenon can be also observe#figare 59 by comparing the

normalizeddetachment time of the droplet at room temperature from theopiework of the
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authorg[74], with the cold substrates of the current study (0 -&ntC). It should be noted that

the air flow speed remains constant in all the experimBiotsng that to plot Figre5.9 thesame
procedure mentionefbr the aluminum substratevas used for normalizing wetting length and
time. Except that as the surface here is superhydrophobic (see Figure 10) its effective radius is

derived from the following equation

(0] 'Y <Y - —— Equation 5.4

It is clear fromFigure 59 thatfor the low speé case of 5 m/s that the droplet only rolls on
the superhydrophobic surface, due to the higher adhesion of the droplet when the surface

temperature is 0 and °C, the wetting length of the droplet on the surface is more than that at

room temperature.
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Figure 5.10 Schematic ofRert and Z of a droplet placedon the superhydrophobic substrate

For higher shear speeds of 34 and 90 m/s it can be noted that the deformation and
detachment of the droplets happen slower on surfaces with lower temperature in comparison
with the case at roortemperature. However, it is worth noting that in order to prevent the
surface damage due to repeated iced/shed phenomena, in this work after each test on the
superhydrophobic plate, the sample is replaced by a new one.

The droplet contact time and the 8ow speed are nondimensionalized by introducing a
dimensionless time and Reldsnumber based on the effective droplet diameter as described in
[74]. It should be noted that tmake the time dimesionless Equation5.3 is used except that the
time (t) here, is the droplet detachment time from the superhydrophobic plate which is taken

from the experiments. The Reynolds number is as follows;

YQ — Equation 5.5
whereugr is the air speed.
Figure 511is a good demonstration for the effect of surface temperature and air shear speed
on droplet detachment time on superhydrophobic surface. As is shdwgune 511, increasing
the Reynolds number decreases the droplet detachment time. However, decreasing the surface

temperature deteriorate the detachment phenomenon. In other words, with a constant air shear
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speed, decreasing the surface temperature sesuttigher detachment time mainly due to ice

formation.
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Figure 5.11 Dimensionless detachment time vs. Reynolds number ¢ime superhydrophobic

substrate

The same phenomenon is observed with two dropleth® superhydrophobic substrate as
is shown inFigure 5.2. The droplets merged together due to the effect of air flow; the
coalescing droplets then rolls on the surface when the air speed is 5 m/s. Increasing the shear
flow results in deformation and @d&thment of the merged droplets from the substrate. Similar to
the single droplet case, no significant ice is accumulated on the substrate even when the surface

temperature is lowered t6 °C.
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5.4 Summary and Conclusions

The shear driven shedding behavior of a single and two coalescing droplets are investigated
on cold hydrophilic and supgrtirophobic surfaces. It is known that when the shear flow is high
enough the droplet forms a rivulet while moving on the hydrophilic surface. The rivulet then
freezes on the cold plate. Increasing the air speed enhances the rivulet wetting length and

consguently the ice accumulated area. In contrast, on superhydrophobic surfaces there is no
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rivulet formation. Instead, with high shear speeds the droplets deform and subsequently detach
from the surface. As a result, no ice accumulation is observed on thdhgtimphobic surface

i n high Speed camer aobds field of vVision.
superhydrophobic substrate is analyzed based on the contact time of the droplet on the surface
and the air shear speed. It is shown that the contact tithe ofroplet on the superhydrophobic
substrate decreases by increasing the air shear speed. The efiest ddyer formationon
diminishing superhydrophobicity of the surfaces has also been investigated in this study. It is
shown thadue to formation ofrost layer at subzermperature (with constanair speed, the
dropletdetachment timé&om superhydrophobic surfagecreases in comparison with the results
taken at room temperatur&lthough frost layermay deteriorate the superhydrophobicity o th
coatings, these surfaces can still be an ideal candidate faciagtipurposes as the amount of

ice accretion is low in comparison with hydrophilic surfaces. Finally, the outcome of this work is
of utmost importance in understanding the effect of serfproperties and shear speed on
droplets coalescence and freezing. This study can further be extended to lower tempeeatures,
as low as20 °C, for both the droplet (supercooled) and the substrate. The effect of the droplet

size can be also added keetstudy to explore the concurrent shedding and freezing phenomena.
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Chapter6

Experi ment al and NRinveuliecta l
Dynamics on Surfaces with

AReprinted with perIBIAEROO@NMCodyright @ 20% ASAE Infeenatienal
[113]. Further use or distribution is not permitted without written permission from 8A&Bpy of the
published version of this paper can be obtained from SAEvat.sae.org

Abstract

Ice formation leads tsignificant decrease of aircraft performance and possible
disasters. When rain droplets accumulate on aircraft wings, they form narrow films
of water known as rivulets. Due to air shear effects, rivulets generate runback flow
on the airfoil, enhancing iceormation. Understanding the dynamics of rivulets is
necessary in solving the ice formation problems on airfbilshis paper we report
the results of an experimental stuthygether with numerical simulatioof the
dynamics of narrow water filmse. rivulets under the effect of various air shear
speeds and different surface morphologies ranging from hydrophilic to

superhydrophobic.

6.1 Introduction

A narrow stream of liquid falling down a solid substrate is called a rivulet. A good example
of a rivulet s the water stream on windowpanes during a rainy day. Rivulets can have different

patterns based on their flow rg88]. A rivulet starts with a sequence of droplets that merge into
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a linear straight narrow film. At higher flow rates a rivulet starts meandering with instability at
its interface with aif56]. Increase in flow rates leads to the formation of turbulsntllating
rivulets [56]. Rivulet flows depend oa number of parameters among them flow velocity, the
temperature and the morphology of the surface on which the rivulet is moving.

Rivulet dynamics is involved in different scientifpcoblemsand industrial applications such
as production of microchipdhée flow of surface active materials in chemigfy] and rain flow
on structural systems in aerospace indufty Rivulet dynamics is particularly important in
aerospace industry. When rain droplets hit the airfoil surface during aircraft flight, wind shear
effects turn them into rivulets. At temperatures lower than water freepimd, the generated
rivulets turn into ice on the airfoil surface. Ice accretion on the wing increases with propagation
and runback flow of rivulets on the surface and results in significant decrease in the performance
of aircraft[6]. Preventing ice formation over the airfoil or removihgfter its formation is
crucial for flight safety. In other words, developing betteriaileg or antiicing systems for
aircrafts is a critical task for aerospace indufdity

One of the first steps in understandingflight icing problem is the study of rivulets
dynamics Mathemati@l description of rivulet dynamics is completed due to the existence of free
boundary interfaces whiamust be determined as a part of gwerning equation sation. The
problem becomes even harder if the film unit depth goes to zero, because linequagdns
will not be sufficient to study the phenomendius, nonlinear film disturbances must be taken
into consideration. Lubrication theory or lemgvetheory is one of the methods to study thin
film flow on a solidsurface. Inthis methodthe govening equations and boundary conditions
are simplified to a system that usually contains a single nonlinear partial differential equation

that is formulated in terms of the local film thickndg4] . Other unknowns such as fluid
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temperatue and velocity are determined by functional solution of the initial differential equation.
In this case the free boundary complicatambe eliminated from the systei2]. Marshalland
Ettema[63] used lubrication approximation in their experiments with low Reynolds number to
investigate the effect of gravity and shear flow on rivulets. The ausStmwedthat for low
speed bear flows (less thaB m/9 shear driven flow and gravity effects have nearly the same
influence on rivulets behavior. Howeveaif high sheerspeeds ofl0 m/sthere is alarge
difference between the flows driven by wind shear and the flow of rivulets timeleffect of
gravity. In addition in the latter case, thenesentedhat the effect of microgravity and terrestrial
gravity is also considerably different in rivulet flow.

As mentioned before, surface morphology is one of the factors that shoulkebeirtto
consideration while studying rivulets behavior. Gajew$Ki, 65] conductedexperiments with
rivulets on three different surfacesuminum copperand Brassvhile heating[64] and cooling
[65] these surfaceslt was shown thalowering the temperature improves the hydrophilic
behavior of the metal surface, thus, the rivulet width incredsesldition wien the number of
electrons on the last mettiell is higher, the metal shows more hydrophilic propej@gf This
is the reasonhat the worst wetting property is faropper the rivulet is the narrowest on this
plate and the contact angle is the highestdntrastamong these metalse best wetted surface
is aluminum it has the widest rivulet flow and the contact angle is the lowest on thigg3ate

Simulation of thin film flow patterns, flowing down inclideand horizontal planes was
performedby Diezet al [57, 66] Their model has the capability to show the effect of capillary
force and fluidsolid interactions for analyzing the rivulets wave lengths. Daeal. [67] found
that the fluid inertia is the main cause of meandering behavior while doing theoretical work on

rivulets stability. Sabeet al. [68] obtained analytical results for rivulétickness, wetting rate at
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break up by using the idea that total energy of the stable rivulet would be minimized after the
break up process. Their analysis wasformedby assuming the fluid flowing down or climbing
on a vertical or inclined surface whithe surface was subjected to the interfacial shear flow.

Up to now a complete understanding of rivulet dynamics especially under the effect of
different surface wettabilities has not yet been achieBsing able to predict the rivulet
behavior under theeffect of these two important parameters is of utmost importance for
understanding the underlying physics of rivulet dynamics under practical conditionsflightin
icing. This paper consists of experimengald numericabnalysis of the dynamics dfiib film

flow under the effect of different air shear speeds and various surface wettabilities.

6.2 Experimental Setup

The experimental setup is designed to capture the dynarhiasivulet while facing air
shear flow. To capture the flow patterns pregisalPhotron SA1.1 high speed camera (Photron,
California USA) operating &000 frames/s with an UltraZzoom 6000 lens (Navitar, New York
USA) wasused to capture the phenomena throughout the experiments. The backlight method of
shadowgraphywas applied byusing an LED light (Schott, California USA) to capture the
movement of water streams. In order to create uniform shear flow, experinezeiserformed
inside a closedbop wind tunnel. The wind tunnel consists of a fan that turns with 1710 rpm and
enableghe generatn of air shear flow. An Acs141 controller (ABB, Zurich, Switzerlamis
used to change th&hearspeed which varies between 1 to 20 m/s. The test section of the wind
tunnel is a rectangular cube of sizex30x10 cn?¥ made ofPlexiglasto allow observatiorand
prevent breakageA pitot tubewas employed to measure the air shear speed inside the test
section. Experimentsvere performed on an aluminum plate which is placed inside the test

section (shown irFigure 6.1 and6.2). The substrate shape designed in a way to avoid flow
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instability around it (shown ifrigure6.1). Distilled waterwasinjected from a pressurized tank
throughout a narrow plastic tube (with the inlet diameter of 4.2 mm). A 1 mm surfaced®le
drilled on the test plate gbat distilled water can be injected from this hole to the subsirhee.
flow rate of the injected watavas controlled with a flow meter (Aalborg, NY, USA) andas
constant (about 2 ml/min) in all the experiments.

To address the effect of surface weiligb three different platesnvere used. The first
substrate is a polished aluminum on which the static contact angle of a water droplet is about
75°+ 1. Such acontact angleindicates thatthe aluminum platas acing as ahydrophilic
substrate. However,elfore performing the tests the surfas@s cleaned with acetone and
distilled water several times and dried % minutes The second surface that acts as a
hydrophobic substrate with a static contact angle of about:10%s a polished aluminum plate
coated with Teflon spray (DuPont, Virginia, USA). To prepare this surface after cleaning the
polished aluminum plate with the procedure described above, the surdacsprayed three
times with the Teflon spray. However, before the second and third ceagsittbtratevasdried
for 30 minutes. Finally, the third surface that acts as a superhydrophobic with a static contact
angle of about 15% 1, is a polished aluminum plate coated with WX2100 spray (Cytonix,
Maryland, USA). To prepare this surface afteffpening the cleaning procedure on the polished
aluminum plate, itwas sprayed with WX2100 three times. It should be mentioned that, the
substratewas dried for 5 hours before applying the second and the third cakhtsestswere
performed at room tempeuae (about 22C). It should be noted that the testereperformed on
the substratesnly when the static contact angle of the water droplet on them is within the
mentioned ranges above. In this case we can be confident that the substratetingras

hydrophilic, hydrophobic or superhydrophobic accordindlg observethe effect of surface
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wettability and shear flow only, other parameters such as the water flow rate and the room
temperaturavere kept constant during the experiments. Three diffeagnspeeds of 5, 10 and

20 m/swereintroduced to the water film for all three substrates individually. It should be noted
that each tesivas repeatedifteen times toensure reproducibilityThe reported results are the
ensemble average of theseenty experments for each case. ImageJ softw@& wasused for

postprocessing the results in this work.

Rivulet

Injection point

Figure 6.1 Test plate schematid114]

Test section

Injection point

-

Figure 6.2 Experimental setup[114]

The details of the test matrix and surface characteristics are givebli@6.1. It should be
mentioned that the contact angle hysteresis defineflable 6.1 is calculated based on the
method that Milne and Amirfazfi44] proposed in the study. They measured the difference

between the maximum contact angles) and the minimum contact angldn(,) instead of the
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traditional method of hysteresis measurement which is based on the difference between the
advancing and the receding contact andteshould be noted that when a sessile droplet is under
the effe¢ of shear flow,dnax and dmin refer to the droplet contact angles downstream and
upstream of the flow, respectively as shawifrigure 6.3.

Table 6.1 Test Matrix

Surface material Aluminum | Teflon | WX2100
Contact angle®} 75+ 1 105+ 1| 155+1
Contact angle hysteresi®) (] 18+2 11+ 2 8+ 2
Shear speed (m/s) 52 10+2 20£2
U:_-:ir _ :
’w 6mt‘n emax_.f"".""-._

Figure 6.3 Schematic of hystersis definition for surface characterization

6.3 Numerical Method

Smoothed Particle Hydrodynamics (SRKEd in this studis a numerical technique which
discretizes thecontinuum through a set of nodes to approximate its dynamjcsising
interpolation points. Thenain idea of SPH like the other mefshe methods is to treat nodes as
material particles carrying physical properties. This method was originally developed to simulate
astrophysical problenf415, 116] Lateronit was modified as a leading meke method with
wide vaiety of applications in fluid mechani¢$17, 118]

In this method, the equations of motion can be easily derived for the .nBddgle
representation of SPH yields to a simultaneous conservation of mass, linear and angular
momentum, energy and entropy (without applying artificial visco$itgy] . Unlike the grid
based methods, the derivatives of quantities can be determined analyic&iA In addition,

the absenceof convective term in the governing equasomake the numerical computations
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easier Due to the Lagrangian nature of SPH, handling deformations and complex geometries,
describing moving boundary conditions or irregular interfaaas, tracking the timdistory of
the variables will be comparatively simple.

In thisstudy, the main reason for preferring SPH over drased models is the ability of this
technique to easily track the moving boundaries which yieldse accurate simuii@n of
interfaces[119-121]. The principle features of SPH are described in detai[42@-125]. The
general procedure of SPH can be summarized in two;slepemposinghe continuum into a
set of particles (without connectivityand sing finite summation instead of integral

representation for approximating partieligributes

SPH Theory and Implementation

The attributes of each particle in SPH depend on the objectg bienulated. Some of the
common characteristics for a particle @sgosition, mass, size, velocity, acceleration and etc.

For any fieldd iain the fluid represented by a set of particles @ pF8 h) , the

smoothed interpolated versidh, i can be defined throughkarnelw i i1 B@ [126];
0 i _O6iam i 1BRADz Equation 6.1
where® i 1B@, is a smoothing kerneThis kind of kernel is nonparametric weidghhction

which is used as an approximation for the Dirac delta function inidaetity transform
definition. It enables us to estimate the value of the quantity at each point basedalndbet
the neighboring pointsThe width of the kernel'Q apprximates a Dirac delta function in the

limit "Q° 0. The main characteristics of an SPH kernebarllows[117];
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(‘]O"Qii(‘l iB2'QDz| | 1Dz Equation 6.2

_ @i 1B2qADzp ,(over the domain) Equation 6.3
® 1 1B2 1, (inside the domain) Equation 6.4
® 1 1B2 1, (outside of the domain) Equation 6.5

Based or{127-129], for an even and mmalized kernel, SPH interpolation a$ the second
order.In order to improve stability, Mulleet al [128, 129]proposed to apply three kernels for
the quantity interpolationthat can be practically used for all of tienulationquantities. Tkse

easy and fast computable kesatezero at the originTo prevent clumping effecof pressure

calculationsspiky can be usefll30]. Noting that clumping occurs when particles are so closed to

eachother that unrealistic clusters are produced due to numerical instgb8®@y Wiiscosity IS
also recommended for viscosity, as it inhibitsreag of particleselative velocitydue totheir

positive Laplacian. These kernels;are

» — Q ds hm ds Q

W i FQ _ Equation 6.6
mh €I 0VQI Q
w i FQ o Q 48 h m 35 0 Equation 6.7
Th EtN1 0QI Q
__  §% s X i "
W i FQ ss P h m 33 Q Equation 6.8

mh EGMi 0 Qi Q
By providing sufficient point and choosing smooth kernel, the integrgljumation6.1 can

beapproximated by this summation
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01 Ba —wi 1hHQ Equation 6.9

As thedistribution of the points is more reguldhe accuracyof this summation will be
better thanin Monte-Carlo method.In addition it can be shown that in 3ihodeling the
minimum number of neighborare ~ 33 [131]. For example, by applying this defimnh, the
smoothed estimate of the density at part@an be found using

” Bawi 1hHQ Equation 6.10

Also, thegradient and Laplacian of the smoothed function are, respectively

no i Ba —nwi 1h(Q Equation 6.11

noi Ba —wi iHQ Equation 6.12

Each particle in SPH should have at least a position and velocity. These particles are moved
by applying forces and calculating the acceleration. Other attributes can change over time as
well, which represestthe objectsdynamic.

Fluid dynamics is about the study of fluid motion in response to the forces such as gravity
pressureand shearln SPH, direct applying of force balance is necessary for finding velocities
and positions of the particles in a transient process. It shouttth8oned that the SPH method
was first introduced as a new method for solving the equations of motion of a compressible fluid.
The equations in this work are from the adaptation of the method for incompressible flow
described by Monaghafl32]. In order to make a compressible fluid behave like an
incompressible fluidthe pressure should increase in a wlagt the densitydoes not change
significantly. Thus, it will be difficult to compress the fluid any furthBquation6.9 is the bas
to find the partict body forces and the accelerationof the fluid particlei can be applied for

each property in the following Lagrangian form of hydrodynamic equali1iq;
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— a Equation 6.13

— - U Equation 6.14

where” , 0 and0 represent densitpressure and velocityespectively.
For sufficiently small time step€) j Q6 B & 0 " w which is the particle form of

Equation6.13 is recommended for density calculation, becdtpeation6.10 may underestimate
particles densities at fluid surfac§s25]. Also for Equation6.14 by usingEquations6.9 and

6.11, we canhave

— Ba — — Equation 6.15
where & is the gradient ofo with respect to particléconsidering particl&as its neighbor.
The specific pressure formetapplied for the summation iBquation6.15, because using only

B & — w forthe pressuw gradient does not result in force symmeBgsed on Monoghan

[118], the proposed form of governing equations, can be written as

— Bav w Equation 6.16

— Ba — — ) "O Equation 6.17

The termu  is an artificial viscosity whichs usually added to control the shocks. The

definition of thistermbased o117, 133]is;
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EOXOXR:] T ‘ _
h _ Equation 6.18
1 QW a T
where[ andf are viscous constants (usually set to 1 aneectively),— is a constant used
to avoid numerical divergences, and finafbydentifiesthe mean speedf soundfor particle 'Q

[134, 135]

& — Equation 6.19

' is the ratio of specific heat amol represents the speefl soundthrough the fluid represented
by particle "QThen, the acceleratioid of thefluid particlei can be obtained by calculating the

force density fields

w P» "Q "Q "Q Q Q Equation 6.20
"Q B4 — wi AQ Equation 6.21
"Q ‘Bda — i RQ Equation 6.22
Q are the external body forces for the systé@. will be explained in the

next sections.
For SPH, particle pressure has a significant effect in the calculatibims. common

constitutive equation for pressuresis computed by

~ ~ ~

o Q" € i o 0 — p Equation 6.23
whereQis the stiffness of the fluid and is the rest density. For compressible fluid, by using
derivative of equation of state with respect to densihation between thituid bulk modulus of

elasticity inEquation6.23 andthe speedf sound & can be found as follows
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Equation 6.24

Applying Lagrangian projection method for enforcing incompressibility is shown to be very
slow due to its implicit solution85, 121, P8, 136, 137] therefore by assuming weak
compressibility, Equation6.23 can be used as a faster option even for incompressible fluids

[138]. Monagharhowever,used a different equation of state, for wildr7];

o 06 - P h @ —_— h 6 —— Equation 6.25
whereOis the maximum depth of wat This equation as we expect produces large changes in
pressure for small changes in density.

There are some other attributbatplay an important role for applying boundary conditions
or stability of this numerical method. The color attribute in SBHaiquantity that is zero

everywhere except at the liquid particle which is equal to one and it can be obtained as follows
6 B —6wi hQ Equation 6.26

This color attribute is set to zero fdf air particles[129]. The gradient of the color field;is

0 B —0 wi hQ Equation 6.27

In general, large deviation in the maguié of the color gradient showsat thepatrticle is
located at thdluid surface. This definition hefpgaddng the surface tension foraghich tends to

make the surface smooth. For surface tension, force is defirfé@%y139]

~

Q , O0—=—h
X3

Equation 6.28

This equation can cover the important effects of surface forces between the liquid and gas

phass, howeverin case of forcesn the liquidsolid interface some additional procedurese

111



suggested in the literatuf@39-142]. Based on[140, 142]for the surface particlesear the
contact line of fluid and solid, it is remmended to use additional foream (parallel to the

wall). The magnitude of this force per unit lengthXid T [O) where[ is the dynamic contact

angle.For the particles located next to the contact line, instead of u;51+n9for calculation of

unit normal vector, it is proposed to 440];

€ € OE+ ¢ i Qe Equation 6.29
wherel is the unit vetor parallel to the wall andl is the unit normal vector
directed into the wall.

Time Stepping

Another important issue iBPHtechnique is the collision between particles. The velocity of
each particle should be adjustedinbibit particle inerpenetrations and mixing.o do so, e
XSPH variant[117, 118]is useful especially for high speed flow. The variant is calculated by
using
YO -B—o Equation 6.30
where - is a constant between &hd 1. The variant should be added to the velocity when
advancing the particle position in the time integration algoritHoweverit doesnot affect the
velocity used for other SPH computations.

To find the positions and velocities of the particles, gistn standard and stable time
integration method such as Verlet or |damy is inevitableln this work Verlet algorithm[143]
is used. The main idea is to write one forward and one backward for the time variable in Taylor
expansions. In this method, positions)ocities and accelerations at the next time are obtained

from the same quantities at the current time.
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i i 0 Yo -0 Yo Equation 6.31
0 0 - Yo Equation 6.32
0 0 - Yo Equation 6.33

The time stepsize is determined by Courant condition which implies that the time step
shoud be smaller than the amount of time it takes for sound to travel through that fluid over a
specific distance. In SPH this specific distance is the smoothing length. For adjusting time steps,

the Courant condition for our probles|144-146};

0%«
0%

Yo @ 'Qé =

Equation 6.34

whereC is the Courant safety factor
By applying this condition andhoosing the smallest time steps based on the flow

velocity, the sound velocity and the velocity determined by the acceleration, the positions of
particles in each time stegan be controlledso they do not travel too far in just one time step
[121]. Therefore, for eachime step, the procedure includésding the neighbors of each
particle calculaton of the density for each parti¢lealculaton of pressure and other attributes
for each particle calculation and summation of all acceleration terms for each paticle
applying Verlet method and then calcutat of the new velocity and position§o update
position XSPH variant should be calculated Yoo

In SPH algorithm, iis shown thatomputation times significantlyreducedby performing
the summationonly over the particles within the kerneWidth. This effective optimization

methodis widely used inliterature[117, 118, 123, 132, 147The common algorithm for this
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method includesreating cell grids in the domain (celbf width2h), tracking particles location
and their corresponding celisid simmation only over the particles in the neighbor cells

In this optimization for summatiofiLl48], each cell containa reference to a list of all
particles that map to the spatial location associated with the cell. In each time step, after
searcing for the particles in the adjacent cells, location and list of the particles in each grid
should be update®bviouslyfor a3D grid cell,the maximum number of the neighboring cells

is 26.

Boundary and Initial Conditions

Boundary conditionsre notshown explicitly in SPH algorithmDynamic particles method
[149] is used in this work in whicparticles have the same equations of coriynaind state as
the fluid particles,however their position remains unchanged. Because there are no extra
considerations or special equations for these boundary patrticles, this method is computationally
simple, with considerable less time for simulatigialidity of using dynamic boundary particles
is extensively studied in literatuf@19, 130, 150, 151]n this work,dynamic particles method
used for solid boundary condition and three layers of these fixedlpagreplaced outside the
boundaries.

For all of the cases considered in this work, fluid partielesinitially placed inside of the
surface hole with the density equal to the rest density. Than far, all of the particles at the
edge of the hole get a constant velocity (ré&teml/min) and also air particles will have constant
velocity at the edge of the sample depending on the simulationsfds, 10 and20 m/s).

For this isothermal SPH meting, all the physical properties of air and wadez selected
for 22 °C. SPH particles are assumed to have constant mass equal tkg and the number of

water particlesare set to 300,000. During the simulations as it will be explained in the next
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section, maximum number of the necessary air partislédsund to be ~150,000. The main
tracking domain is assumed to be &0®5x<0.05 m® and cell gridsare created inside this
domain to improve the search algorithm. The size of these grids is se®@0ben. The values

for time steps vary to satisfy Courant condition (values are found closg to -S).

Air-Water interface

In this work, two fluids (air and wateexistand interact with each other. Thus the standard
SPH simulation which applies to a single fluid, cannot be used in these kinds of multiphase
problemsand applying boundary condities will be difficult. Here, we have implemented a
methodology based on the works done by Migteal [129]. This method treats water and air
both as fluid particles. For a single fluid, usually most of the attributes can be stored globally like
the particle mas& or the restlensity” . In Miiller et al approach each particle carries all those
attributes individuallyFor instance, as mentioned before, each particle carries its own viscosity

force term, so for particles at the interface we can write

"Q B4 — — i hQ Equation 6.35

Neverthelessitthis time, each one d€and Qepresergdifferent fluids.The main difference
betweenthis method andhe standard SPH can be seen imerface and surface tension
simulation. Also, in this approach, interactions between air and water are applied by using col
attribute and O6AIT HET, 129]c Theeair Geaemadon anethod hefps met h
avoidng creatbn oflarge number surroundirayr particles The reason is that this methodair
particlesare generatednly when they contribute to the simulation amden needed, they will
beremoveal from tracking algorithmin other words, for the flow direction, air particles need to

be generad or tracked wherever water flows through the domain. Tracking color gradient will
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help to locate the interface between water andTdirs model is applied here fair particle

generation and summation during transient behavior of the system.

6.4 Resultsand Discussions

As mentioned above, the aim of the present
strssodm !l i quid on surfaces with various wettabi
Tobsdarhvee narrow water |l fyi om keakbaAvisobspratieous
flow pattern is captured with tHe hidglh ts pened
experi ment alumeess aratl sa,t itome bas e draelns d hpeTd&PeHN tneed
experi memumdriiacagle sequences on aluminum and
Fi g64aen@s5respectively. As the initial stages o
this study, the sequences taken by higkr spee

njection on the plate for all/l the cases. The

capturing because throughout experiments, we
can reach the end ofsthepptest mptatgcaoaddit heglsy
numersii cnallsat afoner the rivulet reaches the end

|t i's dligattthaotmt he i njected water ftthem t he
requriirvedl et on t hlencaleuvansii mmugm tphleataei.r speed fron
in the formatinonomftwavyi palteter surface. The
formati on cafRiugeée boolrs eérhvee dlreifd on pl at e. Li ke th
t he airressudedesd in the formation olft wsahvcewl| do nb et hi
that there is good agreement betweeRi ghele expe

ana 5.
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Mor e
6. .66 An@ 8 or

var isaffi

det ai

armhe

r

on the Teflon plate

s ofon helseemiwawny agmd tTeerfal@Bowgneu b st r

v ul

athespeed

et

of besAdc tainde | 2yQ

tshitcikmes sast

=

nfF/os,

17

eac

itshrpd eo tdiefdf evreer nstu



30 mm) from the injection Imoitihtegswef e s htehaevae epe
and the numerdimc alle riemssud tgsood agreement .

As shown inFigure6.6, for the air speed of 5 mét 5 mm distance from the injection point
(x=5 mm), there is no significant change in rivulet thickness. However, at further distances of 15
and 30 mm, low frequency waves start to appear on the rivulet suttaiseworth mentioning
that as the distaecfrom the injection poihincreass, the average heighof the riwlet al®
increasesFor example for thaluminumcase the averagdeightof the rivuletincrease from
approximately 0.36 mm to 0.62 mm as the distance from the injection point incireases- 5
mm to x=30 mm.The same phenomenon can be observed on the Teflon substrate. However,
to the lower adhesion between water and the Teflon sulsstita¢eaverage height of the created
rivulet on Teflon plate is higher than the rivulet averhgrght on the aluminum substrate.

Variation of the rivulet thickness with the air speed of 10 m/s is shoviigure 6.7 on
aluminum and Teflon substrate. It can be observed that &t i, there is almost no wavy
patterns on the rivulet surface for baluminum and Teflon substrates. However, at further
distances from the injection poittere x= 15 and 30 mm), waves start to appear on the rivulet
surfaceLike the pervious case for 5 m/s of air speed,ftequency of thevavesand the average
rivulet thickness startib grow as the distance from the injection point increases.

Experi mental and numerical results of the r|
speed odrpd ®tnresy Bir8 colnnt rast to theeVvewenthai r
mm wasvMest to appear on the rivul estosuntaeas:ce
along the rivul eHowawvexrxsz f1beandrbddPeg mtn) oh t he

for 20 m/ s of air stpheeedr easeofomsthetl| owabl sp
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Figure 6.6 Experimental and numerical results ofrivulet thickness variation on the aluminum and

Teflon plates at different distances from the injection pointfor air speed of 5 m/s

0.6
Aluminium, U,, = 10 m/s
05 -
£ E
E E
= =
[ 0
¢ g
3 3
= =
= =
p e
o °
=1 =1
02: 02 r x =5mm, Exp. é
—a—x =15 mm, Exp.
——x = 30 mm, Exp.
0.1 F —— x=5mm, Num.
—& x =15 mm, Num.
—e— x =30 mm, Num.
0 L L . \
0 0.2 0.4 0.6 0.8 1
Time (s)

0.8
Teflon, Uy = 10 mis
0.6 o a
T, = N N =
WW
04 F—m— e e = e
——x =5 mm, Exp.
—a—x =15 mm, Exp.
0.2
——x =30 mm, Exp.
— — x=5mm, Num.
—& x =15 mm, Num.
—6&— x =30 mm, Num.
0 L A A A
Q 0.2 0.4 0.6 0.8 1

Time (s)

Figure 6.7 Experimental and numerical results ofrivulet thickness variation on the aluminum and

Teflon plates at different distances from the injection pointfor air speed of 10 m/s
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Figure 6.8 Experimental and numerical results ofrivulet thickness variation on the aluminum and

Teflon plates at different distances from the injection pointfor air speed of 20m/s
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