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Abstract

This work is an experimental study of gravity-driven liquid film flow
along corrugated substrates. Thin liquid films appear in important
industrial, environmental and biomedical flows. The modifications,
resulting from the substitution of the flat substrate on which the film
flows by one with topography, are presently not well understood. In
particular, there is little experimental evidence about the effect of
periodic corrugations on the primary instability of the flow, and the
relevant theoretical predictions appears contradictory. This problem
is of significant interest, because of the potential for instability con-
trol in such flows through the development of appropriately tailored

substrates.

Systematic experiments were performed with water-glycerol solutions,
in two flow facilities spanning a wide range of inclination angles. Sub-
strates with different shapes (sinusoidal and rectangular) and various
wavelengths and amplitudes were examined. The temporal variation
of liquid film thickness was measured by conductance probes at multi-
ple locations along the flow. A photographic technique was developed
to record the spatial variation of the free surface in the streamwise
direction. Using these techniques, the primary instability threshold
was reliably determined, and the characteristics of traveling waves in

the unstable regime were recorded.

A major finding of the thesis is that, for intermediate and high in-

clinations, steep enough corrugations trigger a new instability mode
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of finite wavelength, while they delay significantly the occurrence of
the classical, convective, long-wave instability. The new mode is a
short, traveling wave, which is highly regular and persistently two-
dimensional, and appears to be a global mode. Transition from long-
to short-wave instability is observed to occur with increasing inclina-
tion angle, and the exact location of the transition varies with the
corrugation shape. The parametric effects of liquid viscosity and of
corrugation wavelength and amplitude are examined, and the impor-
tant special case of a vertical wall is investigated using a cylindrical
flow geometry. Finally, an unexpected oscillatory instability is docu-
mented, specific to steep, rectangular substrates, which appears and
intensifies when decreasing the liquid flow rate. It is speculated that
this counter-intuitive behaviour is related to the specific separation
characteristics of the rectangular substrate, and is triggered when the

backflow velocity exceeds a percentage of the forward stream.
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MPOQTOTENHY AYTAOEIA KAT KATANTH AYNAMIKH THY
POHY TT'POYT TMENA XE IIEPIOAIKA ATAMOP®OQMENO
YTIIOXTPOMA

ZHEHUI CAO
HMavemotAuwo Occoahiag, Tuhuo Mnyavordywy Mnyavixdoy, 2013

EmuBhénwy Kodnyntic : Ap. Mrovtoloyiou Baotieiog, Kaldnyntrc

ITEPIAHWVH

H rmapodooa epyacio etvan pla metpootind) erétn tng Baputinhc potig
UYPOU LUEVA TEVK OE UTOOTEWUA HE TEELOOIXY| Dlaudppwor. Aentol,
uypol uuéveg epgavioviar oe onpavTixés Brounyovinés, tepi3ahhovti-
x(€¢ xou Pro-tatpixéc pogc. Ou BLaopoToticels Tou TeoxoAodvIaL Gt
eOT| am6 TNV AVTIXUTACTACT, TOU ENINEOOU UTOCTOWUATOS Um0 JAAOD UE
Tomoypapla, dev elvar ofjuepa TAfipws xatavontée. Idaitepa, umdpyouy
AyYeC TELQUPTIXEG UEAETEG OYETIXA UE TNV ETLOPACT) TEQLOOXTNC OLouOp-
PWONG GTNV TEWTOYEVH AoTAVEW TNG PONG, XAl OL OYETIXEC VEWEPNTIXES
meoPréder epgaviCovtar avtigotinés. To mpoBhnua autod €yet alldbroyo
EVOLPEQOV, AOYW TNG BUVATOTNTAUC EAEYYOU TNG UOTIVEWIS OUTWY TWY

POWY UE TNV AVATTUET XATIAANAAL DLOUOPPOUEVWY UTOGTRWUATOV.

Yy epyacio extovidnxay cuCTPATIXG TELRAUATA, YEVCLLOTOLWVTAS
¢ LYPO DAALUTA VEROU-YAUXERIVNIG, OE 800 BIATACES POTIC KO Yo PE-
Yého €0pog xhloewy Tou uTocTeGUAToS. Eletdotrxay nuitovoeldelc xou
0pVOYWVIXEC DIUOPPWOELS, UE OLAPOQI UNXT) XUPUTOS XU TAATY) BLorTa-
caync. Metphlnxe ue aywytlopetetnole acUnTrAges, xou GE dLdPopeEg
Véoelg xatd Wixog TN potg, 1 Yeovixt uEToolr Tou ottywalou Ty oug
uYpoU vuéva. Avantdytnxe enlong pla QwToYEa@IXY TEY VX TOU XoTA-

Yodper TNV yweuxn dlaxGuaver) Tng VEomng tng eAellepng emipdivelag ot
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dtedduvor pofic. XpnoWomotwvTog T TEYVIXES AUTES, EVIOTIGTNXE TO
OPLO TEWTOYEVOUG ACTAVELIS XA XUTAYEAPTXAY TA YAQAXTNPLOTIXG TWV

0DELOVTWY XUUGTLY 6NV actaly| Teploy ).

"Eva xipto ebpnua e epyaoctog etvar, 611, o€ yecaieg xou uhniéc xhioei,
1 DlaUOLPWOoT TOU ToLWPATOS dleyelpel Evay VEo TUTo aotdletag neETe-
PUOUEYOU UHXOUS XVUATOG, EVR) TAUTOYEOVA xauoTEREl onuavTIXd THY
VAT TUEY TNS YAACONAS, CUVIYWYIXAC ACTAVELNS ATELPOU U XOUG XU
10¢. O véog tOmog actdielog ouvioTatar and oyETd Wxpo) Uhixous o-
OEVOVTAL XOUOTA, UE UYNAT XUVOVIXOTNTO XAl DIOLIOTOTY) DOUT|, Xl EUQA-
viletar ¢ Wouoper Tou exnpedleton and TN EOT| CUVOAX, ot Oyt Amd
TOL TOTUXE. YOPAXTNELOTIXG TN (global mode). Me abénon e Ywviag
xhomg Tou xavaAo0, TAPATNEEITAL UETATTWOT ATO TOV XAAGOIXO GTOV
véo tOmo aoctdletag, xou ot axpiPBeic cuVDxeS UETATTWONG ECARTWYTOL
and To oyfua TG dpdppwons. Eletdotnxav eniong 7 enidpacn tou
1€00UC TOU UYPOY, Tou UxouUg xUUATOS Xou TOU UPoUS Tou TEPLOOLXOU
Torywuatog. H wwitepng onuaciog nepintwon tou xdietou ToyduaTog,
weheTROnKE ue EeywploTd metpduaTa poYc LYEOU LUEV oTHY EEWTERIXY
empdveta evog xuAivopou. Télog, evtoniotnxe pla anpdBientn Tahayv-
T aotdiela, 1) omoio eppavileTon €W0d ot 0pUoYWVIXT SLIUOPPWOT)
xon LMAES xMoelg utooTEWUATOS, X0t 1) oTtola Loy upoToteitan Ye pelwon
¢ mapoyhg uyeol. IlWavohoyeltan 611 1 cuumepipopd auth oyetile-
TOL UE TOL YOQUXTNEIOTIXE TG AMOXOMANOTE TNE POTC GTNY oploywvixy
veouetplo, xan eugaviCetoar otay -ye v pelwon e mopoyr vYeol- 1
To OTITOL VA UXAOPORiag YIVETAL ONUAYTIXG XAAOUA TNE TAYUTNTAS 0T

oreuvor porg.
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Chapter 1

Introduction

1.1 Motivation of the project

Thin liquid films exhibit a variety of intriguing and fascinating dynamic be-
haviours, which have been studied over decades with increasing interest, due to
their broad appearance in both daily life and industry applications. They occur
over a wide range of scales, from small scales such as microfluids and nanofluids,
to large scale as lava or continental ice sheet. A considerable amount of literature
has been published on various aspects of film flow, and the problem has been
reviewed extensively (Chang & Demekhin, 2002; Craster & Matar, 2009; Oron
et al., 1997).

Falling film flows, which are driven by gravity flowing down an inclined plane
or a vertical wall in the presence of free surfaces, are of specific interest of current
work. This kind of configuration is encountered in various important applica-
tions in the industry: particularly in coating process (Quéré, 1999; Weinstein &
Ruschak, 2004) and heat and mass transfer equipment (de Santos et al., 1991;
Helbig et al., 2009; Valluri et al., 2005). The interfacial waves are sometimes de-
sirable: for instance, they enhance the heat and mass transfer in heat exchangers

or reactors. On the other hand, it may be unpleasant to have interfacial waves in
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1. Introduction

coating process, since undisturbed flow is crucial for the uniformity of the coat-
ing. Since the substrates of film flow are not flat in most cases in reality, it is
of obvious interest to investigate how the substrates topography will affect the
instability of film flow, which not only presents a fundamental physical interest,
but also potentially helps to control the instability in real industrial applications
by tailored corrugations.

The available literature for films over topography may be schematically cate-
gorized around two complementary cases (i) the reaction of film flow to an isolated
topographical feature, such as a step, a protrusion or an intrusion (Bontozoglou
& Serifi, 2008; Gaskell et al., 2004; Kalliadasis & Homsy, 2001), and (ii) the reac-
tion to a wall consisting of periodic corrugations. The present contribution deals
with the latter case.

In recently years, there has been an increasing number of publications try-
ing to investigate the instability of film flow over corrugations, including a few
experimental works (Argyriadi et al., 2006; Vlachogiannis & Bontozoglou, 2002)
and more theoretical studies (e.g. Ddvalos-Orozco, 2007; Oron & Heining, 2008;
Trifonov, 2007). Most previous studies, which are over a limited parameter range,
show that the corrugated wall imposes a stabilizing effect on the film flow and ex-
pands the stable regime. However, some more recent computational studies (e.g.
D’Alessio et al., 2009; Hacker & Uecker, 2009) predict that large corrugations
may have a destabilizing effect under certain conditions. Obviously, study of the
effect of wall corrugation over a wide parameter range is necessary for comprehen-
sive understanding of the problem. Meanwhile, the majority of studies are based
on theoretical analysis or numerical simulation, and experimental data are rela-
tively rare. Thus, motivated by these results, the current study aims to perform
an experimental study of the primary instability of film flow along corrugations
in a wider range of parameters, to provide an experimental perspective of the

problem.
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1. Introduction

1.2 Objectives and novelties of current project

The objective of current research is to investigate the effect of wall corrugations on
the instability properties of film flows, in particular, the mode of instability, and
onset of the primary instability, which is the critical Reynolds number (Re) that
film flow transits from steady to unsteady regime. The main parameters to be
investigated are the shape of corrugations (sinusoidal and orthogonal), geometries
of wall corrugations (various wavelengths and amplitudes), inclination angles as
well as two distinct configurations of set-up (channel flow and vertical cylinder).
The experiments were performed over two experimental apparatuses (an inclined
film flow channel and a vertical cylinder system) at Transport Processes & Process
Equipment Laboratory in University of Thessaly.

In the current dissertation, the most remarkable observation is a new insta-
bility mode of film flow, which is referred to as short-wave mode. It is found
that, under certain conditions (for specific inclination angles or beyond specific
steepness), the short-wave instability mode occurs before the classical, convec-
tive, long-wave one. The short-wave mode is highly regular and persistently
two-dimensional. The inclination angle, exact shape (sinusoidal or orthogonal)
and wall steepness has a leading-order effect on the mode of primary instability,
which was documented in the current dissertation.

Next, the effect of wall corrugations on the onset of primary instability was
tested over a wide range of wall geometries. Compared to the behaviour of film
flow on a flat substrate, the tested walls are found having a stabilizing effect under
majority conditions, except for steep orthogonal corrugations at high inclinations,
when an oscillatory behaviour is observed at very low Re. Moreover, the extent
of the stabilizing effect varies significantly with wall geometry and inclination
angles.

An interesting oscillatory behaviour, which occurs at low Re, is also reported
in the dissertation. The oscillation is found more remarkable at lower Re, and

exists till the flow rate approaching zero. This counter-intuitive behaviour may
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be related to absolute instability caused by separations in the trough of the cor-
rugations, and is also an evidence of destabilizing effect imposed by orthogonal
wall corrugations.

The main technique employed in the current project, is conductance probes
method, which is used for measurement of the temporal variation of film thickness
at specific locations. A new approach, which is based on the standard deviation
of the time signal from the conductance probe, is developed and proved sufficient
for detection of onset of instability. For film over vertical cylinder, an alternative
technique based on direct photography, is developed, which is able to capture the

free surface profile and measure the spatial variation of film thickness.

1.3 Structure of the dissertation

This dissertation is presented with the following structure:

In Chapter 2, a brief literature review of film flows over flat and corrugated
substrates is provided, including the steady solution, primary instability and
transition mechanism. Moreover, some widely used techniques for film thickness
measurement are also introduced.

Chapter 3 is devoted to descriptions of experimental methodology in the cur-
rent study. The experimental apparatus, including an inclined film flow channel
and a vertical cylindrical film flow rig are described. Moreover, the measurement
techniques for liquid properties, flow rate and film thickness are presented. Since
the film thickness is the most important parameter in film flow, the design and
calibration of conductance probe technique are discussed in details. In addition,
the determination method of the typical long-wave instability is provided.

Chapters 4, 5, 6 and 7 are concerned with experimental results of the current
project. Chapter 4 concentrates on the new short-wave instability, which is the
main observation in current dissertation. In Chapter 5, the main results regarding

the effect of wall corrugations on the onset of primary instability of film flow are
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discussed. Chapter 6 presents the results of film flow over the vertical cylinder, as
well as the applicaiton of a new technique for film thickness measurement based
on direct photography. Results of interesting low-Re instability, which occurs
specifically on steep corrugations at high inclination, are presented and discussed
in Chapter 7.

Finally, the last chapter, the conclusions, gives a brief summary of the main

findings in the project as well as some recommendations for further work.
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Chapter 2

Literature Review

2.1 Falling films over flat substrate

Film flow over flat substrate has been studied more thoroughly compared to that
over corrugated substrates, and will be discussed first in the following section.
The system of interests is an incompressible Newtonian fluid flowing down a flat
substrate with an inclination angle, ¢ , as shown schematically in figure 2.1.
Coordinates are chosen as x is the downstream direction, and y is in the normal
direction.

The problem is typically defined in two independent dimensionless parameters:

(i) the Reynolds number,

q

Re== 2.1

e=1 21)

where ¢ is volumetric flow rate per unit width, and (ii) the Kapitza number,

defined as,

o

Ka = 2.2

7 (gsing) PP (22)

where o , p , v are respectively the surface tension, density, kinematic viscosity

of the fluid, and ¢ is the gravitational acceleration. The advantage of using
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2. Literature Review

¢

Figure 2.1: Schematic diagram of film flow over flat wall

Kapitza number is that it depends only on physical properties and represents
the competition between capillary and viscous phenomena. Some authors use a

different scaling, for instance, Re and the Weber number,

g

We=—"
‘ pg*hysing

(2.3)

where hy is the Nusselt film thickness, to be defined in the next paragraph.

2.1.1 Evolution of film over flat wall

The evolution of film flow is usually characterized by Reynolds number, Re. For
Re below a critical value, the film is in the stable regime, in which all the distur-
bances will be damped and eventually disappear, leaving a steady and flat free
surface. For Re above the critical value, the flow is in the unstable regime, in
which the instability starts to develop. Figure 2.2 depicts an example of waves
naturally occurring on a film of water falling along a vertical plate (Park &

Nosoko, 2003). As qualitatively shown in the figure, along streamwise direction,
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Figure 2.2: Shadow image of waves naturally occurring on a film of water falling
along a vertical plate at Reynolds number Re = 33. (Park & Nosoko, 2003)

flat film flow first develops a two-dimensional periodic wave train, after which fur-
ther evolves to solitary waves, and eventually to three-dimensional and complex
wave patterns.

More systematic classification of the stages of wave evolution can be found
in the review paper by Chang (1994). Four distinct wave regions have been ob-
served, as shown in the schematic of figure 2.3. In the inception region (region
I), infinitesimal disturbances at the inlet are amplified downstream to form a
monochromatic wave at the end of the region. The amplitude of the monochro-
matic wave grows exponentially downstream as in all linear excitation processes
of convectively unstable systems. Noteworthy is that the transverse disturbances
are selectively damped in this region resulting in two-dimensional waves.

The first stage is followed by a second stage (region II) with saturation of
the linear growth. In the region II, weakly nonlinear interaction between an

unstable fundamental Fourier mode and a stable second harmonic occurs, which
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2. Literature Review

Figure 2.3: Schematic of four wave regimes and corresponding wave spectra in a
naturally excited evolution on a falling film from a slit (Chang, 1994).

causes monochromatic wave to develop a finite overtone as its sinusoidal shape
steepens downstream. The wave speed in this region is slowed as waves grow,
due to a negative nonlinear correction, and the wavelength is also different from
the monochromatic wave in region I due to the nonlinear selection mechanism.
Moreover, the waves travel a long distance (~ 10 wavelengths) without changing
much with their shape and speed.

In region III, due to the interaction of two dominant instabilities, wave coa-
lescence occurs, and leads to some intermittent patches. This process can result
when neighbouring waves coalesce at intermittent locations due to a sub-harmonic
instability, or when a long-range modulation takes place due to the sideband in-
stabilities. Within the patches, the distorted waves grow in wavelength and am-
plitude, and further evolve into characteristic spatially localized teardrop humps,
which have steep front and a series of front-running ripples of the characteristic
wavelength close to the monochromatic waves at inception (Chang, 1994).

In the final region (IV), the instability in the transverse direction starts to
develop at the crests of the solitary humps. The increasing amplitude in the
direction parallel to the wall causes the adjacent crests to merge at various points

and pinch off. The flow appears with a three-dimensional structure.
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Figure 2.4: Schematic diagram of Nusselt film flow over flat wall

In the current study, we will concentrate on the transition from steady flow

to the first stage of wave evolution, which is referred to as primary instability.

2.1.2 Steady-state laminar flow

Prior to discussing the primary instability of film flow, the steady solution for
laminar film will be presented here. The first attempt to solve the steady solution
is done by Nusselt (1916). As shown in figure 2.4, we consider that a layer of
a viscous fluid of thickness h flows down a plate that is inclined by an angle ¢
to the horizontal surface. Since the flow is steady, the parameters of the film
flow are constant and the shear stress force is balanced by the gravitational force.

Thus, the Navier-Stokes equation takes a simple form for steady film flow

a2

Md_yg + pgsing =0 (2.4)
d

_d_]y) + pgcosp =0 (2.5)

10

Institutional Repository - Library & Information Centre - University of Thessaly
16/10/2023 19:04:50 EEST - 167.114.118.212



2. Literature Review

in which p is the dynamic viscosity of the fluid, p is the pressure of the primary

flow. The boundary conditions are
u=0 at y =0 (no-slip condition)

d
d—u =0 at y = h (absence of shear stresses on the free surface)
Y

p=FPyaty=~h
The velocity profile and static pressure can be obtained by integrating the

initial system of equations, as following;:

sin 2
u=PEEE - T (2.6)
p =P+ pgcosp(h-y) (2.7)

where Py is the ambient atmospheric pressure. From equation 2.6, it is easy to

find out that the maximum velocity is at free surface, with its value as:

PYSINg o
max = h 2.8
u 2 (2.8)

The flow rate per unit width can be obtained by integrating the velocity across

the film:
B [h ~ pgh3
q= | wudy=
0 3

Given the flow rate ¢ and the kinematic viscosity of the liquid, v = u/p , The

Siny (2.9)

mean film Nusselt thickness hy, can be calculated as

3qu
gsing

1

hyn = ( )3

(2.10)

And the mean film velocity of Nusselt solution, uy, can be obtained as following:
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~ ghn?sing 2

- 5 Ymax 2.11
i 3v 3" (211)

2.1.3 Primary instability

A question of evident interest is at which condition will the Nusselt flow deviates
from steady-state and enter the unstable regime. The linearization of the Navier-
Stokes equation with the condition of two-dimensional infinitesimal perturbation
leads to the Orr-Sommerfeld equation, which is further solved by long-wave ex-
pansion (Benjamin, 1957; Yih, 1963, 1967). The key finding is that the film flow
will first be destabilized by long-waves when above a critical Reynolds number,

which is given as:

Refiq = gcotgo (2.12)

where ¢ is the inclination angle. The early works by Benjamin and Yih are
restricted to small Reynolds number. This was further extended to larger Re by
some other authors both analytically (Anshus & Goren, 1966; Krantz & Goren,
1971) and numerically (Chin et al., 1986; Pierson & Whitaker, 1977; Whitaker,
1964). The result was verified experimentally by Liu et al. (1993), who first
proposed an experimental method for detection of onset of the primary instability.

In their studies, the influence of surface tension on the onset of primary in-
stability is negligible, since the most unstable waves are the waves with longest
wavelength where the curvature at the free surface is lowest. However, equa-
tion 2.12 will not be sufficient to predict the correct threshold, if the disturbance
is no longer two-dimensional (side-wall effect). The effect of sidewall on the pri-
mary instability of inclined film flow was studied experimentally by Vlachogiannis
et al. (2010), using conductance probe methods to detect wave evolution. They
reported that films flow at small and intermediate inclination angles are signifi-

cantly more stable with smaller channel width. Based on a fluorescence imaging
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method, Georgantaki et al. (2011) further demonstrated experimentally that the
delay in the primary instability scales with the ratio of capillary to viscous forces
(expressed by Kapitza number), which is attributed to a long-range transverse co-
herence. The sidewall effect on the primary instability with two different contact
angles between liquid and the side wall was studied experimental by Pollak et al.
(2011). The influences of different capillary boundary layer effects at the side
walls, on the instability of the free surface, are resolved by varying the crosswise
side wall distance of the measurement positions. One of the interesting observa-
tions is the coexistence of unstable and stable regions: the flow may be unstable
in the center of the channel, but stable in the vicinity of the sidewall.

In order to study the flow evolution subsequent to wave inception, nonlinear
stability theories have been developed. Benney (1966) first derived a nonlinear
evolution equation for two-dimensional flows on an inclined plate, which is known
nowadays as Benney equation. Benney equation successfully predicted the critical
Reynolds number and described the dynamics of falling liquid films close to the
threshold. It has been studied over the years, and was further developed by a
number of authors (e.g. Gjevik, 1970; Lin, 1969; Nakaya, 1975). However, it was
found that the solutions of the Benney equation grow without bound in a certain
subdomain of the linearly unstable region of the system (Oron & Gottlieb, 2002;
Pumir et al., 1983; Rosenau et al., 1992; Scheid et al., 2005)

An alternative model, which is based on boundary-layer theory, was firstly
proposed by Shkadov (1967). This approach can describe the dynamics of falling
films over vertical and inclined substrates for intermediate Reynolds number (Re <
300). However, it fails to recover the correct threshold of primary instability as
equation 2.12. This drawback was overcome by Ruyer-Quil & Manneville (2000,
2002) by combining a systematic gradient expansion with weighted residual tech-
niques using polynomials as test functions. By applying a Galerkin method, a
two-equation model, which involves local flow rate ¢ and local thickness h of the

film, is obtained, known as weighted-residual integral boundary layer (WRIBL)
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model. The linear stability analysis of this model leads to an instability thresh-
old that matches the Orr-Sommerfeld results, at least up to moderate Reynolds
numbers (Re ~ 50). Moreover, in the strongly nonlinear regime, the spatial evo-
lution that produced by the model in the presence of the noise or periodic forcing
compares quantitatively to the previous experimental and numerical evidences
(Liu & Gollub, 1994; Ramaswamy et al., 1996). Thereafter, the WRIBL model
was studied by a number of authors under various conditions (e.g. Mudunuri &
Balakotaiah, 2006; Scheid et al., 2005). More recently, Oron et al. (2009) studied
vertical falling film in the framework of the first-order time-dependent WRIBL
equation with periodic boundary condition. In his study, the critical Reynolds

number based on linear analysis of the model is presented as following:

27,
L

Refar = g[cotgp + Ka( )] (2.13)

where L is the wavelength of the imposed disturbance, Ka and [, are respectively
the Kapitza number and the viscous length-scale. This expression contains the

first-order effect of disturbances of finite length.

2.1.4 Convective characteristics

An important character of instability of film flow is whether the instability is
absolute or convective. This concept was originally developed in plasma physics
(Briggs, 1964) and later applied to hydrodynamics (Huerre & Monkewitz, 1985).
A flow is said to be convectively unstable, when a perturbation grows with respect
to coordinates moving with the disturbance but decay in the laboratory frame of
reference. The flow responds to upstream perturbations as a noise amplifier. On
the other hand, in an absolutely unstable system, the perturbations grow at a
fixed laboratory frame, i.e. they are able to move upstream. In this case, the flow
behaves as an oscillator having its own intrinsic dynamics. The schematic diagram

of the development of wave packet in the laboratory frame for convective /absolute
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Figure 2.5: Schematic of the development of a wave packet in the laboratory
frame for convective/absolute instability (Kalliadasis et al., 2012)

instability is shown in figure 2.5.

An important characteristic associated with the distinction is that a convec-
tive instability is extremely sensitive to the external perturbation at inlet. The
resulting wave patterns at downstream are in fact “noise-sustained structures”
whose amplitudes can depend on the amount of external noise. In contrast, the
patterns resulting from absolute instability are less sensitive to the external noise,
except during their initiation (Liu et al., 1993).

For film flow over flat plane, it was first noted by Benjamin (1961) that
a localized disturbance is transported downstream. Linear analysis, which is
based on long-wave expansion equation of Benney (1966), predicts that the pri-
mary instability of film flows is convective, rather than absolute, near the critical
Reynolds number (Joo & Davis, 1992; Liu et al., 1992). The analysis also predicts
a convective-absolute instability transition at high Reynolds number. However,
this prediction is not reliable since the dominant wavenumbers at corresponding
Re is out of validity domain of long-wave expansion. Experimentally, Liu et al.
(1993) investigated the character of the instability of film flow, and demonstrated
that film flows are convectively unstable over the entire range of their measure-

ment (up to Re =200 for ¢ < 10 °).
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2.1.5 Mechanism of the long-wave instability

Some researchers have attempted to investigate the physical mechanism of the
long-wave instability. Kelly et al. (1989) conducted energy analysis of the film
flow on an inclined plane for disturbance with arbitrary wavelength, and identified
the various contributions to the disturbance energy. The main conclusion is that
energy of disturbance of a falling film increases at moderate Reynolds number
attributed to the work done by the perturbation shear stress at the surface of the
film.

An alternative mechanism for the long-wave instability is proposed by Smith
(1990). In his study, the complete detailed mechanism is composed of an initiating
mechanism that produces dominant motion in the film and a growth mechanism
which produces the unstable motion of the interface. The initiating mechanism
is further classified into stress-induced and velocity-induced instability. A liquid
film on a rigid inclined plane bounded above by a free surface is dominated by

stress-induced instability.

2.2 Film flow over corrugated substrates

The literature regarding film over corrugated substrate, will be discussed in the
following section. Key lengthscales of the problem are the wavelength, [, and
the height, aj, introduced by the wall (figure 2.6). In the literature (e.g. Nguyen
& Bontozoglou, 2011; Trifonov, 2007), [, is usually normalized with the capillary
length of the liquid, L, = l,/l.. I, is defined as:

le= ()" (2.14)

The height, ay, is normalized as the steepness, A, = ap/l}.
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Figure 2.6: Schematic diagram of film flow over corrugated substrate

2.2.1 Laminar film flow over corrugated substrates (steady

solution)

Gravity-driven films along a periodic wall were initially studied in the special case
of creeping flow (Pozrikidis, 1988; Shetty & Cerro, 1993; Wang, 1981). Wang
(1981) first performed an asymptotic analysis for sinusoidal wall with small-
amplitude variations, in which the velocity profile and free surface profile were
determined at condition of small Reynolds number. The analysis was further
extended to the separated flow of two fluids by some other authors (e.g. Dassori
et al., 1984; Kang & Chen, 1995). Later, a more detailed examination was carried
out by Pozrikidis (1988), who applied boundary-integral method to creeping flow.
In his work, the free surface profile and flow structures were investigated numer-
ically with varying flow rates, inclination angles, surface tensions and arbitrary
wall geometries. Shetty & Cerro (1993), using asymptotic analysis, demonstrated
that the flow of a viscous liquid down a wavy surface follows a local Nusselt so-
lution in the limit of negligible inertia and capillary effects.

The effect of inertia was considered more recently, and led to the conclusion
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Figure 2.7: Comparison of the free surface amplification predicted by laminar
and by creeping-flow theory for [, = 0.002 m and ¢ = 60 °. Circles correspond
to results using a discretization of N = 41 points across the film (Bontozoglou &
Papapolymerou, 1997).
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that even a wall with small-amplitude corrugations can affect the mean liquid
flow in a non-trivial way (Bontozoglou & Papapolymerou, 1997; Luo & Pozrikidis,
2006; Trifonov, 1999; Wierschem et al., 2008). This was first observed by Bonto-
zoglou & Papapolymerou (1997), who carried out a linear analysis and predicted
a resonance interaction between the free surface and bottom undulation, in case
of intermediate range of Re. The resonance phenomena are manifested as a sig-
nificant amplification of the wall deformation at the free surface. As shown in
figure 2.7, as the thickness of the film increases (corresponding to higher Re),
the amplification of free surface deformation changes drastically, which is remi-
niscent of the resonance of horizontal inviscid flow. This phenomenon has been
further investigated numerically (Bontozoglou, 2000) and confirmed experimen-
tally (Vlachogiannis & Bontozoglou, 2002; Wierschem & Aksel, 2004). A more
recent study is published by Wierschem et al. (2008), which provided systematic
investigation with arbitrary thickness and further demonstrated that resonance
is associated with an interaction of deformed film with capillary-gravity waves

that are travelling against the mean flow direction.

2.2.2 Separations in film flow over corrugation

Another manifestation of film flow over corrugation is the possible appearance
of separations (eddies) in the trough of wall corrugation. For sufficient wall
steepness, eddies could be induced both kinematically and inertially, which occur
at relative low and high Reynolds number respectively.

For low Reynolds number, an experimental study carried out by Wierschem
et al. (2003) shows that the eddy will be generated and developed beyond a
critical film thickness, which are consistent with later analytical investigation
by Scholle et al. (2004). The work which takes into account of inertial effect
includes the theoretical analysis of film over vertical undulated surface with a wide
range of Reynolds number by Trifonov (1999) and a recent systematic study by
Scholle et al. (2008) and Nguyen & Bontozoglou (2011), who provided a detailed

19

Institutional Repository - Library & Information Centre - University of Thessaly
16/10/2023 19:04:50 EEST - 167.114.118.212



2. Literature Review

Figure 2.8: Pictures of the path lines in the film flow at different flow rates
together with numerical streamlines (Wierschem et al., 2010). a, b, ¢ and d
corresponding to four Re, which are respectively 9, 16, 31 and 48.

investigation of formation and presence of eddies with varying geometry and
inertia and also defined a critical steepness of transition from kinematically to
inertially induced local eddy flow structure.

Wierschem et al. (2010) performed numerical and experimental studies on the
film over undulated topography, and indicated that eddies created in the troughs
of the substrate by an increase of inertia can disappear in an interval of Reynolds
numbers. Moreover, it has been shown that eddies are specifically suppressed
where the fundamental harmonic of the free-surface contour is sufficiently ampli-

fied by resonance of the free surface with the bottom undulation (figure 2.8).

2.2.3 Effect of wall corrugation on instability properties

It is already known that, in the case of a flat wall, linear stability analysis predicts

a long-wave instability with critical Reynolds number, Rey;,:, proportional to the
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Figure 2.9: The critical Reynolds number, measured as a function of inclina-
tion angle for orthogonal corrugated wall. O, Ka =3365; o, Ka =1102; —— the
neutrally stable Re for a flat wall (Vlachogiannis & Bontozoglou, 2002)

cotangent of inclination angle, Ref,: = (5/6)cotp. Thus, a question of evident
interest is the effect of a periodically corrugated wall on the primary instability
of film flow, as expressed by the critical Reynolds number, Re,, .

Indeed, there is growing evidence in the literature that such a wall affects
the stability characteristics of the film, to an extent that makes this modifi-
cation potentially attractive for applications (Dévalos-Orozco, 2007). Evidence
comes mostly from the analysis of models of reduced dimensionality that exploit
a long-wave expansion, whereas the available data are relatively scarce. Most
importantly, given the multi-parameter nature of the problem, the extent and
the parametric variation of such an effect is presently unclear, and in some cases
evidence appears contradictory. The problem may become even more intriguing
by consideration of other physical effects, resulting from the addition of surfac-
tants (Pozrikidis, 2003) or the application of electric fields (Tseluiko & Blyth,
2009; Tseluiko et al., 2008), but these are beyond the scope of the present work.
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Figure 2.10: Minimum critical Reynolds number as function of the inclination
angle obtained by Wierschem et al. (2005)

The first prediction of a stabilizing effect refers to a vertical wall with sinu-
soidal corrugations (Trifonov, 1998), and is based on a long-wave model derived
by integrating in the normal direction an ad-hoc velocity profile (Integral Bound-
ary Layer—IBL equation). Sometime later, based on experiments on a wall of
orthogonal shape (consisting of symmetric step-ups and step-downs) with wave-
length [, =12 mm and height a, =0.4 mm, Vlachogiannis & Bontozoglou (2002)
reported that corrugation expands the stable regime by 20-30 % at small incli-
nations (1-8°) (figure 2.9).

A local linear stability analysis was carried out for film flow over moderate
bottom steepness, which also shows a stabilizing effect (Wierschem et al., 2003).
However, the analysis is incapable to reproduce the resonance between the ex-
cited waves and the periodic bottom predicted by Bontozoglou & Papapolymerou
(1997). Systematic experimental data were provided by Wierschem et al. (2005),

for silicon oils flowing along a sinusoidal wall with wavelength of [, =300 mm and
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Figure 2.11: The ratio of the critical Re for a corrugated wall to the critical Re
for a flat wall at the same inclination, as a function of wall steepness (Argyriadi
et al., 2006): (x) ¢ =1.3°, (A)p =2.6° (&) ¢ =3.4° (m)p =5.4° (O) p =T7.4°

amplitude of a; =15 mm. These authors tested inclinations 15-45° and showed
that the sinusoidal wall always has a stabilizing effect in the experiment range.
Their data, at high inclination angles, were in good agreement with the prediction
by stability analysis of a speudo-steady base flow (Nusselt solution at the local
inclination), which is restricted to monotonously falling bottoms. It is interest-
ing to note that the measured effect of inclination on the relative stabilization
(Recr[Refiqt) exhibits in these data a discontinuity in slope: this ratio increases
with inclination, until a maximum of the order of 100 % at ¢ =25°, and then
drops again, forming a cusp at the maximum (figure 2.10).

Argyriadi et al. (2006) extended the experiments for their orthogonal wall
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to cover three different heights in order to study the effect of wall steepness,
Ay = ap/ly. The stabilizing effect, which can be expressed as ratio Re../Re fiat,
was found to increase with inclination in the range tested (1-8°), and to grow
as the cubic power of Ay, exhibiting for the highest wall an increase in the order
of 200-300 % (figure 2.11). The above represent practically all the experimental
evidence that is presently available.

More recently, there has been an outburst of numerical and mainly theoretical
work on the problem. The paper by Trifonov (2007) is unique, in which it solves
full Navier-Stokes equations for a vertical sinusoidal wall, and uses Floquet theory
to predict the linear stability of these solutions. In his paper, stabilities of steady
flows with respect to spatial perturbation of various wavelengths are investigated.
An interesting prediction is that the flow may remain stable even up to Re =10—
20 with sufficiently steep corrugations in a range L, =1-5, and that stability also
depends on surface tension (Kapitza number). Though not thoroughly discussed
by the author, his calculated eigenvalues indicate the possibility of unstable short-
wave modes.

Evolution equations for film over corrugation are stemmed from those of flat
substrate. Déavalos-Orozco (2007) derived a Benney-type equation and investi-
gated numerically its temporal behaviour by introducing local pressure fluctua-
tions of desired frequency on the free surface. He predicted that, with appropriate
choice of the wall wavelength, traveling disturbances decline and even disappear,
under conditions that would lead to growth had the wall been flat.

Oron & Heining (2008) derive a first-order, long-wave model by substituting
the ad-hoc imposition of a parabolic velocity profile by the systematic weighted-
residual technique originally advocated by Ruyer-Quil & Manneville (2000) (Weighted
Residual Integral Boundary Layer—WRIBL equation). They predict that, with
increasing Re, the steady free surface deformation first gives in to a time-periodic
oscillation in amplitude and phase, and later to traveling waves.

Although most studies show that wall corrugations will impose a stabilizing

24

Institutional Repository - Library & Information Centre - University of Thessaly
16/10/2023 19:04:50 EEST - 167.114.118.212



2. Literature Review

Figure 2.12: Critical Reynolds number VS bottom amplitude with cotyp =0.5 and
d = hn/l, =0.1 (from D’Alessio et al., 2009)

Figure 2.13: Neutral stability curves for the case with with coty =0.5, We =5,
and 0 = hy/l, =0.1(from D’Alessio et al., 2009)
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Figure 2.14: Critical Reynolds number VS free surface amplitude (A = a/d) at
different inverse Bond numbers. cotp =1 and 6 =0.2 Heining & Aksel (2009)

effect and expand the stable regime, there are some computation work predict a
destabilizing effect at some conditions. D’Alessio et al. (2009) derived a second-
order, WRIBL model. They predict for the first time that a corrugated wall
may destabilize the flow when the Weber number is large enough (We ~ 10?)
and at the same time the film is thick enough (Nusselt film thickness, hy >
0.1 ly). In his study, the role of surface tension on instability was investigated:
bottom topography tends to stabilize the low under condition of moderate surface
tension; however, for relatively strong surface tension, bottom undulation may
destabilize film flow if the wavelength is sufficiently short (figure 2.12). Another
interesting prediction is concerned with the wavelength of the perturbation. It
is well know that film flow is first destabilizing by long-wave disturbance for
flat substrate. However, when above undulated substrate, film flow can first be
destabilized by shorter wavelength of disturbance if film thickness is sufficient
small compared with amplitude of wall corrugation (figure 2.13).

According to the prediction by D’Alessio et al. (2009), the effect of the cor-
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rugation height however remains monotonic, and always enhances the deviation
from the flat wall prediction. These results are strengthened by similar pre-
dictions from Heining & Aksel (2009), who investigated the problem reversely,
seeking for the corresponding wall substrate for a given free surface shape by
weighted-residual integral boundary-layer method. The instability of film flow
is studied by treating the computed wall substrate profile as a starting point of
direct problem. The result of critical Re changing with the free surface deforma-
tion at various Bo~! was shown in figure 2.14. The Bo! is inverse Bond number,

which is defined as:

B 2md o
Bo = (T

2.15
pgd%@'ngo) (2.15)

Here, [ and d correspond to the wavelength of the free surface and mean film thick-
ness respectively. In the range of small and moderate surface tensions (Bo™! < 14),
increasing surface amplitude results in a monotonic increase of critical Re. How-
ever, under the condition of strong surface tension (Bo~! = 19), the effect is more
complicated: with increasing free surface deformation, a destabilizing effect with
increasing extent was first observed, after which the critical Re starts to increase
and end up with a value higher than the theoretical value for flat substrate,
indicating a reverse to stabilizing effect.

Hécker & Uecker (2009) derive a WRIBL equation in a curvilinear coordinate
system following the wall, and show that their model works satisfactorily even un-
der conditions that correspond to extensive flow separation at the trough. A most
interesting prediction is that the effect of wall steepness may be non-monotonic,
i.e. it may first stabilize and later destabilize the film (figure 2.15). They also
predict that, with increasing steepness, the dominant instability shrinks in wave-
length, going from infinite to that of the wall. Nguyen & Plourde (2011) also
derive a WRIBL equation working in a coordinate system that follows the wavy
wall, and investigate the effect of inclination angle on the ratio of free-surface to

solid wall area.
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Figure 2.15: Critical Reynolds number R..; as a function of the waviness, (
(Hécker & Uecker, 2009)

2.3 Overview of techniques for film thickness

measurement

The thickness of film is the primary characteristic parameter for film flow. For
some circumstances in which the film flows are uniform and steady, the thickness
can be readily obtained: For instance, in the case of a steady two-dimensional
films over inclined plane, the film thickness can be calculated easily from the
average flow rate, which can be determined by hold-up measurement. However,
average thickness is insufficient for the non-uniform film or films with interfacial
traveling waves. Extensive methods have been developed over the decades, which
are reviewed by a number of authors (e.g. Alekseenko et al., 1994; Clark, 2002;
Hewitt, 1978). Based on the localization and/time response, the measurement
techniques can be classified as film average methods, localized method and spatial
method, shown in table 2.1. In the following section, some of the most widely

applied techniques for film thickness will be discussed.
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Table 2.1: Summary of measurement techniques of film thickness

Film Average Localised (Point) Spatial
Hold-up Measurement Conductance(Capacitance)  Photographic Light
Probes Absorption
Film Conductance Method Needle Contact Probe Multiple Electrode
Probes
Weighing Method Radioactive ~ Absorption (Emission) Multi-Conductance
Probes
Shadow Method Pigment Luminance
Method
Acoustic Method Fluorescent Imaging
Ultrasonic Pulse-Echo Ultrasonic Transmission
Method
Fluorescent Techniques Photographic Image
Processing

Interferometric Methods
Laser Scattering Method
Light Absorption
Techniques
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2.3.1 Contact Method (Need-contact method)

The film thickness in determined by the position of the needle point at the moment
of contact with the free surface. The contact moment is registered either visually
(observing menisci) or electrically, based on closing the electric circuit between
the needle and conducting wall (Alekseenko et al., 1994). Applications of the
needle-contact method in film thickness are presented by e.g. Ishigai et al. (1972),
Takahama & Kato (1980), Nosoko et al. (1996). This technique can accurately
measure the localized film thickness of a steady flow, but it is incapable to perform
measurements of continuous film thickness variation. Therefore, nowadays, it is
mainly used as a calibration or comparative device for some other measurement
techniques.

However, the contact method can provide statistical information concerning
the distribution of instantaneous film thickness. The needle is originally placed
above the surface of liquid film, and gradually moved closer to the substrate.
At first, the wave in the liquid surface makes discontinuous contact between
the probe tip and liquid. The contact will be permanent when the probe tip
reaches the minimum film thickness (wave-trough). Thus, the film thickness
probability distribution could be obtained by recording the time fraction of the
probe tip keep contacting with the film. The accuracy of this method is related
to the wettability of the needle. The most serious difficulty in application is the
uncertainty of contact hysteresis: It may be possible for the needle to remain in
extended contact with the film by “dragging out” a filament of liquid (Alekseenko
et al., 1994; Hewitt, 1982).

2.3.2 Conductance Probe Technique

The most widely used measurement technique for film thickness on film flow is
conductance probe technique, which is based on the electric conductivity of the

liquid. The conductance is measured between two electrodes, which are usually
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set flash with the wall. The wall surface between two electrodes has to be insu-
lating, typically of thermosetting resin or Perspex glass. A small amount of salts
(NaCl/KCl) is added into the liquid to increase the specific conductivity. In the
range of small film thickness (relative inter-electrode distance), the calibrated de-
pendence is linear. The voltage signal received can be converted to film thickness

using the calibration data, as following,

h=aV +b (2.16)

where h is the film thickness, V' is the output voltage, a and b are the coefficient
to be determined by calibration. The calibration is done by recording the signal
for film with known thickness, which is measured by alternative technique or
calculated theoretically.

Alternating current (A.C.) signal frequency (1-100 kHz) is supplied to the
electrodes of the probes. The lower limit is restricted by the potential polarization
effect in a long term and also the phase of the admittance of the electrolyte; while
the upper limit is restricted by the effect of stray capacitances (Brown et al., 1978;
Kang & Kim, 1992). The value of the voltage at the probe should be below the
decomposition potential.

A wide variety of probe geometries have been employed in the literature.
Detailed description of considerations in probe design will be presented in Chapter
3. Due to the simplicity and accuracy, the conductance probe is still widely
applied in film thickness measurement in film flow or multi-phase flow. Moreover,
a number of variations of conductance probes have been developed over the years
for their specific purples (e.g. Fossa, 1998; Kim et al., 2009; Présser et al., 1998;
Rajagopalan et al., 1998).
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2.3.3 Fluorescence imaging method

In order to investigate the spatio-temporal dynamics for the film flow, fluorescence
imaging method was first employed by Liu et al. (1993) and later developed by
Vlachogiannis & Bontozoglou (2001, 2002). As shown schematically in figure 2.16,
the film flow is illuminated by a UV light source that is placed on the top of the
channel and is captured by a CCD camera below the transparent channel. The
fluid is doped with a small concentration (about 100-300 ppm) of fluorescence
dye (e.g. CyH19O5Naz), which will fluoresces under UV light and also keeps the
physical properties of the fluid unaffected. The CCD camera is typically mounted
with optical filters (e.g. green band pass filter) to remove the background UV
light and leave only the radiation light from the fluorescence. The light intensity
in the image plane I(x,y,t) is proved to be satisfactorily represented as a linear

function of film thickness I(x,y,t), as following,

I(z,y,t) =a(z,y)h(z,y,t) +b(z,y) (2.17)

The two linear coefficients, a(x,y) and b(x,y), depend on the concentration of
dye, the fluid solution, the surface roughness of wall plate and light source. There-
fore, a and b values have to be calibrated for each pixel of the digitized image.
The calibration is usually performed in situ at the steady state of film flow,
when the film thickness is known as the Nusselt film thickness (equation 2.10).
An alternative method is to use contact needle method to measure absolute film
thickness in the steady state, which can also be applied for verification. The
measurement rate depends on the frame grabber, typical of the speed up to 15
frames per second. This method shows reasonably good accuracy in the literature.
Vlachogiannis & Bontozoglou (2001) reported that the linear relation is found
satisfactory (accurate to within 2-5%) for film thickness in the range of 0.2-2.0
mm. However, when employed to film over corrugated substrate, the technique

is straightforward only on orthogonal corrugation. An abnormal reflection was
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Figure 2.16: Sketch of the experimental apparatus: 1, overflow tank; 2, image
grabbing system; 3, corrugated wall; 4, UV light source (Vlachogiannis & Bonto-
zoglou, 2002)

reported, when attempted to perform on sinusoidal corrugation (Vlachogiannis

& Bontozoglou, 2002).

2.3.4 Laser-induced fluorescence method

Laser-induced fluorescence method (LIF) has gained popularity as a general-
purpose visualization tool for its numerous applications in the recently years. It
was also adapted for film thickness measurement by a number of authors (e.g.
Desevaux et al., 2002; Hidrovo & Hart, 2001; Schubring et al., 2010). Same as
fluorescence imaging method, it is also based on the photo-excitation of fluores-
cent dye, but has the advantage of capturing movement with much smaller time
interval (us), since the flow can be visible only when the laser is triggered (typ-
ically two laser are installed in the system, and can be triggered in small time
interval). A small concentration of fluorescence dye, which has an optical reso-
nance wavelength as the laser, is introduced into the liquid. When illuminated

by the laser, the dyes will yield fluorescent light of longer wavelength, which can
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Figure 2.17: A example of test section for PLIF measurements from Schubring

et al. (2010)

be recorded by a high-speed CCD camera set perpendicularly. A filter, which has

same transmission wavelength as the emission light, is mounted on the camera, in

order to get rid of spurious light. The illuminated area appears as bright region

in the image, which can be further processed to obtain film thickness value. An

example of test section is shown in figure 2.17 (Schubring et al., 2010), where the

LIF system is employed for film thickness measurement of annular flow in a tube.

2.3.5 Photographic image processing

The measuring principle of photographic image processing is similar to laser-

induced fluorescence method: it also based on processing of images of the flow

field. The flow is illuminated by a light source (or a laser system), and captured

by a CCD camera which is set perpendicular to the flow field. The free surface

profile and the film thickness can be readily determined by processing the resulting

image, within pixel resolution.
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Figure 2.18: A sketch of experiment apparatus from Wierschem et al. (2002)

The calibration can be done by counting the number of pixels for a known
distance. In order to increase the resolution, usually, a microscope objective is
mounted to the camera. This method was employed by Negny et al. (2001),
for the determination of free surface profile of film over a vertical column, and
by Wierschem et al. (2002, 2003) for measuring the thickness of film flow over
inclined channel (figure 2.18). In the current project, it was also implemented in

the study of film over vertical cylinder.
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Chapter 3

Experimental Setup and Problem

Definition

This chapter mainly presents the experimental apparatuses and measurement
techniques employed in the current project. Detailed descriptions of two exper-
imental facilities are provided in section 3.1. As a general tool in the project,
conductance probe technique including a classical method of detecting the insta-
bility threshold is introduced in section 3.2. In section 3.3, the principles of an
alternative measurement technique, photographic image processing, is presented.
In the last section, the problem definition, including the main parameters and

non-dimensional terms used in the dissertation, are provided.

3.1 Experimental facilities

3.1.1 Description of the inclined film setup

The experiments of inclined film flow over corrugation are performed in an existing
apparatus in the lab, which is shown schematically in figure 3.1. The set-up
consists of four main components: an elevated overflow tank (1), the main channel

(12), a collection tank (7) and data acquisition system. The overflow tank is
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Figure 3.1: Schematic diagram of inclined film flow channel

placed around 2.5 m high, which can provide sufficient pressure to maintain the
flow. Flow rate is adjusted by a manually controlled valve (9), and determined
by measuring the volume of liquid flowing out of the channel over a known period
of time. From the overflow tank, the fluid is directed by three elastic tubes to the
distributing head and enters the main channel smoothly. The main channel (12)
has a length of 800 mm and width of 250 mm. The bottom part (5) of the main
channel is removable, where different wall substrates (length: 500 mm; width:
250 mm) can be accommodated. The whole channel is made of Plexiglas, so
that flow visualization can be applied. The collection tank (7), which contains a
submersible pump, is isolated from other components of the experimental devise,
in order to minimize transmission of vibrations. The liquid in the collection tank
(7) is pumped back to the elevated overflow tank (1). The entire apparatus is
mounted on rubber sheet to reduce the influence of vibration. The inclination of

the channel can be adjusted ranging from 0-48°, through a threaded rod (2).
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A perturbation system was installed in the channel, which controls an on/off
electronic value (4) that is located at a bypass exit below the distributing head.
When this valve is closed, the flow that used to exit from the bypass will be
added to the main stream and serves as an external disturbance. The magnitude
of the disturbance can be adjusted by a valve at bypass, while the extent of
each disturbance depends on the time duration of the flow surge, which is varied
in the range 0.2-2.0 s. This system can generate disturbances with a range of
frequencies up to 4 Hz.

Another important factor worth attention, during the experiments, is the
alignment of the channel. This can be checked by introducing a two-dimensional
wave at or close to steady state (no three-dimensional wave is developed), and
observe the evolution of the wave downstream. The channel is inclined in the
transverse direction, if the wave downstream is no longer symmetrical along the
centerline. The alignment can be realized by adjusting the supports (12) at
bottoms of the legs. The support at each leg can be screwed into the leg, which
in turn changes the height at that location. This check has to be done every
time after changing inclination angles or occasionally, when someone moves the

channel.

3.1.2 Description of the falling film set-up

A new experimental apparatus was built during the project, in order to extend
investigation of inclined film flow to a vertical wall. The experimental set-up is a
closed hydrodynamic loop consisting of the test section (1), a collection tank (2),
a gear pump (3) and a flow distributor (4), as shown in figure 3.2. Liquid from
collection tank is pumped to the distributor that is placed at the top of the test
section, then supplied into an interior compartment of the test section. The fluid
is then supplied on the external surface of the test section by overflow from the
interior compartment. Some porous material is used to equalize the resistance to

flow circumferentially, and the exterior of the ridge is rounded in order to avoid
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Figure 3.2: Schematic diagram of the falling film set-up

Table 3.1: List of dimensions of available cylinders

Column | Diameter (mm) Shape Wavelength (mm) | Height (mm)
1 282 Flat N/A N/A
2 282 Sinusoidal 4 mm 1 mm
3 231 Sinusoidal 12 mm 2 mm
4 231 Orthogonal 12 mm 2 mm

perturbation introduced by the sharp corner. The liquid from the test section is
collected and flows back to the collection tank.

The test section is a one meter-long cylinder made of polyamide, whose surface
has been shaped with periodic corrugations. Test sections with two diameters and
various geometries of surface corrugation, were manufactured, as listed in table
3.1. A crucial point regarding experiments is to make sure the column is vertical
and achieve circumferential uniformity of the flow. The vertical adjustment can

be realized though four screws at bottom of the test section and measured by a
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3. Experimental Setup and Problem Definition

Figure 3.3: Schematic diagram of conductance probe method

cathetometer.

3.2 Conductance Probe Method

The instantaneous thickness is the most important parameter to be measured for
film flow. Several measurement techniques have been reviewed in chapter 2. In
current study, two measurement techniques are implemented in the experiments:
conductance probe method and an optical method based on direct photography.
In this section, conductance probe method will be discussed, while the principle

of the optical method will be introduced in the next section.

3.2.1 Description of the technique

As discussed in section 2.3.2, this technique is based on the fact that the resis-
tance (conductance) of film is proportional to its thickness. Due to its simplicity,
it is one of the most widely applied techniques in film thickness measurement.
Figure 3.3 is the schematic diagram of the main components of the technique.

The conductance probes are placed at the locations where we plan to measure
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(typically one at upstream and one at downstream for detection of instability
threshold), and are connected to an analyzer circuit. A signal generator produces
input sine signal at a frequency of 25 kHz, and the response is converted to an
analog signal by the analyzer. This analog signal is then collected and logged by a
data acquisition card, converted to digital signal and fed into computer. The data
acquisition card used is PCI-1710HG board, which allows 16 channels connection
from instruments to the board. The digital signals could be converted to readable
data and saved in EXCEL spreadsheets or text file by Labview software in the
computer. Using Labview software, it is possible to set the sampling frequency
and recording period of the measurement. In the investigation of film flow, the
typical sampling frequency were set to 800 Hz, which is sufficient to capture the
characteristic of waves (0 ~ 20 Hz). The time period of measurement is usually
set to 60 s, in which 48 000 values are recorded. Evidently, the liquid has to be
conductive in order to apply the method. Thus, a small concentration of salt (<
1%), which will not change the liquid properties, is added to the liquid to increase

its conductivity.

3.2.2 Probe geometry

An important consideration in conductance probe technique is the geometry of
the probes. Various geometries of conductance probes have been applied in the
literature. In general, they can be mainly classified into two large categories: one
is a flush-mounted type, the other is parallel-wires conductance probe (figure 3.4).
There is an alternative design combining the two types, in which one electrode is
set flush with the wall and the other electrode is a wire vertically inserted from
the top side (Kang & Kim, 1992).

For the types of flush-mounted and parallel-wire, an important geometric pa-
rameter is the distance between the two electrodes, since the measured resistance
of the probe is based on a region around the electrodes whose area strongly de-

pends on the spacing of electrodes (e.g. Coney, 1973; Koskie et al., 1989). In case
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Figure 3.4: Schematic diagram of main types of conductance probes (Kang &
Kim, 1992)

of wavy films, in order to increase the locality of measurement, smaller spacing
is preferred.

The flush-mounted probes, namely, are set flush with the channel surface. It
will be flat on planar channel and curved in a pipe. The advantage of this type
is that the probe will not disturb the flow. However, there is a limitation for
its application, because, as the film goes sufficiently thick, the probe gradually
loses its sensitivity (signal no longer linearly proportional to thickness). Although
the measurement range can be extended by increasing the spacing between the
electrodes, this is at the cost of losing locality. Since the film thickness measured
by the probe is an average value between the electrodes, closely spaced electrodes
are preferred in order to obtain more localized response. This point is evidently
very important in the case of a wavy film, where film thickness varies according
to the steepness of the wave. Some experimental investigations have shown that
the conductance probe can detect a wave shape satisfactorily when its wavelength
exceeds five times the electrode spacing (Alekseenko et al., 1994). Thus, there is
a compromise between localized measurement and measurement range.

The parallel-type has two wires (strips) crossing the film. For probes of this

type, there is no saturation in the response signal, which leads to much larger
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Figure 3.5: Calibration data of 60% glycerol on a corrugated wall (¢ = 3°, [, =12
mm, a, =1.6 mm)

measurement range. An obvious disadvantage is that, to some extent, especially
when the flow rate is large, the film will be disturbed by the wires. Thus, it is
important to use thin wires in order to minimize their effect on the flow. Some
researchers have attempted to quantify the effect of the wires, and found out
that, if the wires are thin enough, the interfacial phenomena caused by them,
such as meniscus, bow waves and wakes, are negligible. On the other hand, the
wires cannot go thinner without limitation, since the electric resistance of the
wire must be much smaller than that of the liquid. Parallel wires probe, whose
design gave reasonably good responses in the past experiments (Vlachogiannis
et al., 2010), was selected in the experimental work. Each probe consists of two
parallel chromel wires, 0.4 mm in diameter, separated by an axis-to-axis distance

of 2 mm.

3.2.3 Calibration method

Some studies are trying to calibrate the probes theoretically, by finding the exact
relation between film conductance and thickness. However, in real measurement,

this method need to maintain the conditions of liquid and probes precisely, which
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is very difficult.
In current experiments, the probes are simultaneously calibrated in situ by
taking measurements of the output voltage in the stable flow regime (without

disturbances) and calculating the film thickness from the Nusselt solution:

~ 3Rev?

h .
gsineg

(3.1)

Since output voltage of the probe varies linearly with the Nusselt film thickness,
the linear relation can be determined by interpolation of a set of recorded voltages
and calculated Nusselt solutions, as shown in figure 3.5. Thus, the voltage signal
received can be converted to film thickness using the calibration data, as following

expression:

h=aV +b (3.2)

where h is the film thickness, V' is the output voltage, a and b are the coefficient

to be determined by calibration.

3.2.4 Determination of marginal stability

An important goal in the project is to investigate the effect of corrugation on
the primary instability. Liu et al. (1993) first proposed a method for detecting
the primary instability of film flow. Time series of local wave slope at two dif-
ferent locations along the flow is measured based on reflection of laser beams by
the liquid surface. For a given Reynolds number, which is expected to be above
the critical value, disturbances of varying frequency are consecutively introduced
until a cutoff frequency is found, beyond which the spectral power of the time
series of wave slope detected declines from the first to the second measuring loca-
tion. This procedure is repeated for different Re, and all those cutoff frequencies
are interpolated to determine the theoretical critical Re at zero frequency. Sim-
ilar technique based on laser beam reflection was implemented by some other

authors (Pollak et al., 2011; Wierschem et al., 2005), with simplified procedure
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of detecting the threshold. They were comparing the amplitude of a traveling
disturbance at two locations along the channel: The flow is considered as stable
when the amplitude deceases along the channel; in contrast, the flow is unstable
when the amplitude of disturbance is observed larger downstream. The critical
Re is recognized if the amplitude is the same.

Vlachogiannis et al. (2010) developed a less tedious procedure using conduc-
tance probe method to detect the onset of interfacial instability with reasonable
accuracy (better than 5%). This method was adopted and implemented in cur-
rent experiment in order to detect threshold of the classic long-wave instability.
For the threshold of short-wave instability, which will be discussed detailed in
chapter 4, a more appropriate method, based on the standard deviation (STD) of
the signal is developed. In the following section, detection of long-wave instability
will be presented.

Disturbances with very low frequency (f =0.167 Hz), which practically co-
incides with theoretical long-wave disturbance, were introduced at inlet of the
channel. Multiple conductance probes (at least two) are installed along the cen-
terline of the channel to measure the local film thickness at different locations.
By comparing the time-series of film height, the evolution of the low frequency
disturbance can be obtained.

A typical example of time-series at various Re is shown in figure 3.6, corre-
sponding to an orthogonal corrugated wall (I, =24 mm, a, =0.8 mm) at inclination
of ¢ = 25°. The green lines represent the signals obtained from the upstream
probe, while the red lines represent the signal from downstream. The humps
in the time-series are the disturbances, which are introduced periodically at fre-
quency f =0.167 Hz. As can be seen from the figure, for the first five values of Re,
the amplitude of disturbance at downstream is smaller than those at upstream,
which indicates that the film flow is stable. For the condition Re >3.69, which
is unstable in this case, the disturbance is amplified downstream, and gradually

breaks into shorter waves. Thus, it is natural to infer that the critical Re lies in
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Figure 3.6: Time series of film height for a 60 wt % glycerol solution at various
Re (I, =24 mm, a; =0.8 mm, ¢ =25 °).
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Figure 3.7: Determination of marginal stability (I, =24 mm, a; =0.8 mm, ¢ = 25°,
60 % Glycerol solution)

the range of 3.51< Re <3.69.

In order to determine the instability threshold accurately, a quantitative deter-
mination method followed by Vlachogiannis et al. (2010) is employed. It is based
on the observation of the parametric evolution with Re of the ratio of downstream
to upstream wave heights. The wave heights are normalized with the measured
mean film thickness at respective probe locations. Two characteristics facilitate
reliable determination of the threshold: 1) theoretically, the ratio should be lower
than one when flow is stable and higher than one when it is unstable; 2) the
rate of change with Re exhibits a jump when crossing the stability limit. Thus,
the critical Re can be determined by the coincidence of three lines, which are
the two linear interpolations before and after transition, and the horizontal line
corresponding to ratio of one. In the case that the three lines do not cross at
exactly the same point, the interpolation before the transition is neglected since
it usually exhibits higher scatter. In the example shown in figure 3.7, the critical

Re can be determined as Re,, =3.6.
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3.3 Photographic image processing methods

Similar to the work by Negny et al. (2001), the photographic image processing
method is employed for the vertical cylinder. The optic system is originally de-
signed for PIV measurements (TSI), and consists of a pulsed laser, a synchronizer,
a CCD camera and a desktop installed with the control programme (Insight 3G).
Instead of the laser, a lamp is used in the current study for illumination, since
it is sufficient to capture the free surface profile, and at the same time avoids
problems associated with stray light that stem from the refraction on the free
surface of the laser beam reflected from the wall. Small concentration of fluo-
rescence dye is introduced into the liquid to increase the visibility. The colour
of the wall substrate is white, and the fluid is also shown as a bright area when
illuminated by the lamp. Thus, in order to increase the contrast, a blackboard,
which is placed with a distance from the cylinder (to make sure it is out of focus),
is used as background.

The high-resolution CCD camera (Powerview TM Plus 4MP), which has
2048x2048 pixels, is set perpendicular to the edge of the test section of the ver-
tical cylinder. A monochrome frame grabber board (Xcelera-CL PX4) is used to
acquire and digitize the images up to a maximum speed of 16 frames per second.
The images acquired are digitized at 2048x2048 pixels with 12-bit of resolution
(deliver up to 4096 gray levels). A micro lens is used to increase the accuracy of
the measurement.

The camera is controlled by the software Insight 3G provided by TSI company.
The time interval of camera exposure is set to 500-1000 ps in the experiment,
which is sufficient to capture the free surface variation. The image can be saved
both in the RAM and hard disk, but usually, storage in the RAM is preferred,
because it can increase the grabbing speed. The number of images that can be
saved depends on the capacity of RAM. In our system, 242 images can be saved
with single mode (one image frame is taken for each capture).

Restricted by the size of the CCD, there is a compromise between the length-
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Figure 3.8: A example of raw image taken from the CCD camera.
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scale of measurement range and accuracy of the thickness measurement. If a
relatively long part of the flow is fitted into the image, each pixel corresponds
to a large area and leads to lower accuracy. On the contrary, if we focus on the
small length, each pixel now corresponds to a smaller physical dimensions, and
this improves the accuracy of the measurement.

A raw image, obtained from the system, is shown in figure 3.8. The left part,
which shows black in the image, is the aforementioned background. The white
area, which has a wavy interface with the background, is the left edge of the
vertical cylinder. In this case, the cylinder is covered by a thin film, therefore,
the interface of the black and white area is actually the free surface. Thus, the
main goal is to detect accurately the location of this edge. The film thickness can
be subsequently determined by subtracting in image of the cylinder without film
flow. The processing of raw images and edge detection is done by MATLAB, and

will be discussed in chapter 6.

3.4 Problem definition

The problem considered in the current dissertation is isothermal film flow over
periodic corrugated substrates, including both inclined and vertical cases (figure
3.9).

The liquid used is aqueous glycerol solution. Its pertinent physical properties
include kinematic viscosity v, density p and surface tension o. The advantage
is that the viscosity can be adjusted easily according to its concentration, and
the density and surface tension vary only slightly. The approximate physical
properties of fluid are available as function of glycerol concentration. The latter
is obtained by measuring the refractive index of the liquid, and refering to the
refractive index-concentration table provided by the supplier (Appendix A).

More accurate values of physical are achieved by direct measurement of each

parameter at the experimental conditions. The density of the liquid is measured
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Figure 3.9: Schematic diagram of film flow over flat wall

by a density meter based on the balance of buoyancy force and gravity. The
kinematic viscosity is measured by a Cannon-Fenske opaque (reverse-flow) vis-
cometer, and involves multiplying the eflux time and the viscometer constant.
The surface tension varies slightly with concentration, and is determined by a
tensiometer (SINTERFACE STA-1), whose operation is based on measuring the
force acting on a ring when it is pulled out through the liquid surface. All the
measurements were taken at the actual temperature of the liquid in the exper-
iment, since the properties of the fluids (especially viscosity) vary significantly
with temperature. Temperature is kept constant between each set of experiments,
and the properties are to re-measured if there is temperature variation between
experimental campaigns.

The main raw variables are channel inclination and flow rate. The inclination
angles range from 0° ~ 48° for the inclined channel and 90° for the vertical cylin-
der. It was measured by a digital inclinometer, with an accuracy of £0.05°. In

terms of the flow rate, an overall measurement is sufficient for the current study.
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Thus, a simple averaging method, which is based on weighting the fluid that exits
from the outlet during a given time interval, is employed for the measurement
of mass flow rate. The volumetric flow rate per unit width, ¢, can be obtained
easily by further dividing with the density and the channel width.

The corrugated wall consists of periodic corrugations with two surface shapes,
sinusoidal and orthogonal. Key geometric characterizations are the wavelength,
ly, and the height, a;, introduced by the wall. Following a recommendation in
the literature (Nguyen & Bontozoglou, 2011; Trifonov, 2007), we normalize [,
with the capillary length of the liquid. The reasoning is that at small enough
Ly = lp/l., the free surface will remain roughly flat, whereas at very large Ly it is
expected to conform more closely to the shape of a smoothly varying wall. The
intermediate values of L; are of particular interest, in relation to the predicted
and observed possibility of resonant-like free surface deformation Bontozoglou &
Papapolymerou (1997); Trifonov (1999); Vlachogiannis & Bontozoglou (2002).
The height, ay, of the corrugations also appears to exert a strong influence (Ar-
gyriadi et al., 2006; Wierschem et al., 2005), and we normalize it as the steepness,
Ay = ap/ly.

Other characteristic scales of the problem are based on the classical Nusselt

solution for films along flat substrate, or on combination of physical properties,

and include the Nusselt film thickness, hy = (gi’f:w)%, Nusselt velocity, uy =

gh?\, sing

o—, capillary length scale, [. = (%)1/2, viscous lengthl, = (”?2)%, and time

scale t, = (g%)%. The thickness and velocity are scaled by Nusselt film thickness
and Nusselt velocity.

Data are parameterized in terms of two dimensionless numbers: (i) the Reynolds
number,

q
Re=2 3.3
e=" (3.3)

and (ii) the Kapitza number, defined as

(3.4)
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Noteworthy is that the Ka as defined here is different from Kapitza number in
some literature (as well in chapter 2), where inclination angle is embedded. The
Kapitza number may be re-written as Ka = (I./l,)?. Thus, Ka depends only on
physical properties and represents the competition between capillary and viscous
phenomena. The values corresponding to the present experiments are low enough
to make the recently discovered (Georgantaki et al., 2011) effect of side-walls on

the primary instability practically insignificant.
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Chapter 4

Short wave instability

4.1 Introduction

This chapter, which is a revised version of a paper by Cao et al. (2013), reports on
a short-wave instability observed experimentally along the corrugated substrates.
Detailed data on the primary instability for two different wall shapes and a wide
range of inclinations will be presented. It provides experimental evidence that the
instability may indeed occur through a disturbance of finite wavelength (short-
wave mode), and documents the parametric effect of inclination angle and wall
shape in the transition from a long- to a short-wave mode. For the wall pa-
rameters tested, the corrugations prove strongly stabilizing, and a qualitative
interpretation of this behaviour is attempted. This chapter will be organized as
following;:

Section 4.2 describes the experimental setup and methodology.

Section 4.3 presents and discusses the results.

Finally, some concluding remarks will be given in section 4.4.
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Figure 4.1: Schematic diagram of the film flow test section, with the geometric
characteristics of the two corrugated walls (-——, orthogonal wall; - --- , sinusoidal
wall), and the typical location of a conductance probe.

4.2 Experiment Methodology

The present experiments are performed on the inclined channel, and corrugated
walls with two surface shapes are investigated: in one case the corrugations are
purely sinusoidal and in the other they consist of symmetric step-ups and step-
downs (the latter are referred to as orthogonal corrugations). The two walls,
shown schematically in figure 4.1, share the same wavelength, [, = 12 mm, and
height, a, = 2 mm. Thus, the effect of exact wall shape on the stability results
can be directly interrogated. The normalized wavelength L, and steepness A,
corresponding to the above walls are L, = 4.9 and A, = 0.167.

The liquid used in the experiments is an aqueous glycerol solution with weight
percentage around 68 % (p = 1.17 g/cm3). The temperature is kept constant (&
0.5°C) during each set of experiments. Slight variations in temperature between
different experimental campaigns are counter-balanced by appropriate changes of
the exact glycerol content, so that liquid viscosity remains practically unaffected
(v = 10.9 mm?/s). A system for perturbing the entrance flow rate through an
electronic valve at bypass is available in the channel, in order to generate periodic
inlet disturbances at desired frequency. Some of the present experiments were

performed with a low-frequency inlet disturbance of 0.167 Hz, while others were
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only driven by ambient noise. Multiple conductance probes are installed along
the channel to measure the local film thickness at various locations. The main
advantage of this technique that is relevant to the present investigation is the
high rate (> 800 Hz) of data collection. Thus, short traveling disturbances are
easily detected. Correlating signals from different probes provides information
on the spatial growth/decay and on the wavelength and phase velocity of these
traveling disturbances. Each probe, sketched in figure 4.1, consists of two parallel
chromel wires, 0.4 mm in diameter, separated by an axis-to-axis distance of 2
mm. A function generator provides an input sinusoidal signal to the probes at a
frequency of 25000 Hz in order to avoid polarization effects. The output signal
is a sinusoidal voltage whose amplitude depends linearly on system conductance,
and thus varies with the coverage of the wires by the liquid. The probes are
simultaneously calibrated in-situ by taking measurements of the output voltage
in the stable flow regime (without inlet disturbances) and calculating the film
thickness from the Nusselt solution. In all cases, voltage is found to vary linearly

with thickness.

4.3 Result

4.3.1 Fundamental difference between flat and corrugated

walls

As already mentioned in the chapter 2, it has been shown both experimentally
and theoretically (Brevdo et al., 1999; Liu et al., 1993) that, liquid films on an
inclined flat wall are first destabilized by long-wave disturbances, when above the
critical Reynolds number, Re = %cotgp. The disturbance will travel downstream
fast enough to result in a convective instability. This characteristic was recently
exploited by Vlachogiannis et al. (2010), in order to determine the primary in-

stability threshold with smaller effort and higher accuracy. In their experiments,
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Figure 4.2: Typical time series of liquid film height (------ , upstream signal; ——,
downstream signal, probe separation 500 mm) on a flat substrate at inclination
= 5°, resulting from an inlet disturbance of frequency f = 0.167 Hz. The three
plots correspond to Re: 8.1, 15.6 and 19.3. The critical Reynolds is determined
as Reﬂat =13.1.

disturbances of constant, very low frequency, f = 0.167 Hz, were introduced at
the channel inlet, and the ratio of downstream to upstream amplitude served
to determine crossing of the threshold. Typical time-signals, below and above
the critical Reynolds, are shown in figure 4.2. They indicate that at subcritical
Re the disturbances retain their shape and only decline in amplitude, whereas
at supercritical Re they grow in amplitude and gradually begin to break into a
number of shorter components. We presently consider the two periodically corru-
gated walls, one sinusoidal and one orthogonal. As will be subsequently shown,
both walls produce a strong delay in the appearance of the primary instability of
the liquid film. However, we postpone for later the effect of corrugations on the
critical Re, and concentrate first on the characteristics of the instability mode.
The new results are more evident for the sinusoidal wall, since they occur
over almost the entire range of inclination angles (¢ > 7°) tested. Figure 4.3
shows upstream and downstream time-signals for ¢ = 10° and increasing Re. The

locations of the two probes are 150 mm (upstream) and 650 mm (downstream)
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from the channel inlet, or respectively 50 mm and 550 mm from the onset of the
corrugations (a flat section of length 100 mm precedes the corrugated section).
The behaviour exhibits a distinctly different parametric evolution with Re, as
compared to a flat wall. In particular, beyond a value of Re, the time-signal
presents an oscillation of high frequency that is superposed on the low-frequency
inlet disturbances and dominates the free surface dynamics. More specifically,
according to the data in figure 4.3, a high-frequency oscillation is clearly present
at Re = 7.7 and beyond, whereas its onset is determined—by a technique de-
scribed in the next subsection—at Re = 7.3. It is important to observe that the
high-frequency oscillation first manifests at a Re for which the long-wave distur-
bances imposed at the inlet still decline. Indeed, it is visibly evident in figure 4.3
that the low-frequency humps decrease in amplitude from the upstream to the
downstream probe, both at Re = 7.7 and Re = 8.9. Furthermore, the experi-
mentally determined critical Re for the onset of the high-frequency oscillation,
Re,.,. = 7.3, is significantly higher than the theoretical, long-wave prediction for a
flat wall, Refqr = (5/6) coty = 4.73. From all the above, we conclude that the
high-frequency oscillation corresponds to a new instability mode, which sets in
before the long-wave disturbances actually become unstable.

In order to check the above conjecture for a new mechanism, we consider the
dynamics of the free surface without the regular inlet disturbances. Represen-
tative time-series for the same as above and various Re are shown in figure 4.4.
Subject only to ambient noise, the free surface develops downstream an oscilla-
tory component whose amplitude increases with Re. This oscillation consists of
a background signal with rather well-defined frequency, which is modulated at
a longer time scale. By comparing the evolution of the flow with and without
low-frequency inlet disturbances, we note that (a) the oscillation has the same
frequency, irrespective of the existence of the regular inlet disturbances, and (b)
it occurs at roughly the same Re, with small differences attributable to the vari-

ation in the local value of Re caused by the low-frequency inlet disturbances (the
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Figure 4.3: Time series of liquid film height (------ , upstream signal; ——, down-

stream signal, probe separation 500 mm) on the sinusoidal substrate at inclination
= 10°, resulting from an inlet disturbance of frequency f = 0.167 Hz. The three
plots correspond to Re: 5.3, 7.7 and 8.9. The onset of the high-frequency oscil-
lation is determined—by a technique to be discussed in the next sub-section—as
Re,.. =7.3.

oscillation appears at slightly lower Re on the crests of long waves). Thus, we
argue in favour of the existence of two different instability modes, which at most
interact only weakly.

The characteristics of the new mode are investigated in the next section. In
particular, we show that it is a traveling wave with finite wavelength. Thus, from

here on it will be referred as “the short-wave mode”.

4.3.2 Characteristics of the short-wave mode

For the classical long-wave instability, the method of detecting instability thresh-
old is already introduced in chapter 3. However, for short-wave mode, it is no
longer valid, since the oscillation occurs prior to long-wave disturbance that we
introduced. A new method, by which the onset of the short-wave mode can be
reliably determined, will be suggested here.

The time-signal of film flow without inlet disturbance (only subject to ambi-
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Figure 4.4: Time series of liquid film height (------ , upstream signal; ——, down-
stream signal) on the sinusoidal substrate at inclination ¢ = 10°, resulting only
from ambient noise. The five plots correspond to Re: 5.7, 7.3, 9.1, 10.1 and 12.7.
The critical Reynolds is determined as Re,, = 7.3
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Figure 4.5: Variation of the standard deviation of time signals with increasing
Re at inclination 15° and 25° ((upstream: O; downstream: o).
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4. Short wave instability

ent noise), is used to quantify the magnitude of the oscillation by its standard
deviation (STD). Data of STD, corresponding to two inclinations ¢ =15° and
@ =25°, are shown in figure 4.5 a and figure 4.5b respectively. It is evident that
the magnitude of the oscillation for both upstream and downstream signals orig-
inally remains constant a value approximately of zero (small deviation of zero
due to the discretization error of signal), and start to increase at well-defined
thresholds, whose values may readily be determined by interpolation. For each
inclination angle, the threshold is the same for upstream and downstream, but
the downstream signal is increasing in a higher rate than upstream, which is
reasonable since the disturbances are amplified downstream. Actual values are
Re.. = 5.2 for ¢ = 15°, and Re,.. = 5.0 for ¢ = 25°, and these have been used in
normalizing the x-axis, as re-plotted in the figure 4.6a and 4.6b. The parametric
evolution of the magnitude of the oscillation with Re may be satisfactorily fitted

by an equation of the form
STD = a(Re - Re.,)? (4.1)

as is confirmed by figure 4.6¢, which shows a log-log plot of the data in figures
4.6a, b. Parameter  is determined from the slopes in figure 4.6¢, as 5 =1.21
(upstream) and 1.41 (downstream) for ¢ = 15°, and § =1.57 (upstream) and 1.72
(downstream) for ¢ = 25°.

As discussed in relation to figures 4.3 and 4.4, the new instability mode in-
troduces an intrinsic frequency, which is insensitive to external excitation. This
is further demonstrated in Fourier space. Figures 4.7a and 4.7b show the fast
Fourier Transform (FFT) of time-signals, respectively without and with the low-
frequency inlet disturbance, at a Reynolds number, Re =7.0 for ¢ = 15°, which
is above the critical value (Re..=5.2). A dominant peak around f =10 Hz (with
rather narrow frequency range and a discernible first super-harmonic at 20 Hz)

is evident in both figures, and corresponds to the new instability.
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Figure 4.6: Variation of the upstream (a) and downstream (b) standard deviation
of time signals with increasing Re at inclination 15° (upstream: m, downstream:
0) and 25°(upstream: e, downstream: o). (c): log-log plot of STD with (Re -
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Figure 4.7: Fast Fourier Transform of a time signal without (a) and with (b) inlet
disturbance, under condition of Re = 7.0 and inclination 15°.
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Figure 4.8: Time signals taken at the same streamwise distance from the inlet
and symmetrically off the channel centreplane. a: Re = 8.1, b: Re = 17.8. The
inclination is 15° and the experimental critical Reynolds is Re., = 5.2

This behaviour is characteristic of a global mode, rather than a spatial one.
This view is further supported by figures 4.6a and 4.6b, which may be interpreted
as providing the saturation amplitude of the oscillation as function of the control
parameter, Re. Thus, it appears that, beyond a specific inclination, the liquid
film along the present periodic substrate switches in behaviour from a noise am-
plifier to an oscillator (Huerre & Monkewitz, 1990). In this frame, theoretical
identification of an absolute instability arises as a challenging question. This
would not be the first occurrence of a transition from convective to absolute in-
stability in a thin film system. For example, Duprat et al. (2007) predicted such
a transition for a viscous film flowing down a vertical fibre.

An interesting characteristic of the short-wave mode is that it is persistently
two-dimensional, i.e. it is invariant in the transverse direction, for a significant
range of Re beyond the instability threshold. This is confirmed by taking time-
signals at the same downstream location but symmetrically off the channel cen-

terplane. Such data are shown for ¢ =15° and Re = 8.1 in figure 4.8a, where the
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Figure 4.9: a: cross-correlation, and b: autocorrelation of a time signal at Re = 8.0
and inclination 15°.

probes are separated by a transverse distance of 110 mm. It is clear that the two
signals are identical within experimental error, for a value of Re ~ 50 % beyond
the threshold. Results for a further strong increase in Re (above ~ 200 % of the
threshold) are shown in figure 4.8b, and indicate that the first deviations from
two-dimensionality appear simultaneously with the loss of regularity. Figure 4.8b
probably represents a series of fairly independent irregular waves. The aforemen-
tioned observation permits us to correlate signals at short streamwise separations
(e.g. between consecutive crests), when close enough to the instability threshold,
by locating the probes conveniently displaced in the transverse direction.
Moreover, the phase velocity and the wavelength of the short mode are deter-
mined. To this end, two probes are placed at a downstream location (approxi-
mately 300 mm from the onset of the corrugations), above consecutive crests of the
sinusoidal wall. By taking the cross-correlation of the two signals (figure 4.9a), we
compute a time-lag, which, in combination with the known distance between the
probes (12 mm), gives a non-zero mean phase velocity. Thus, the high-frequency
oscillation corresponds to a traveling mode. Using the phase velocity just deter-
mined, we return to any of the time-signals and take its auto-correlation (figure
4.9b) in order to calculate the wavelength of the traveling disturbance. The high

regularity of the oscillations in the two correlations in figure 4.9, and the slow
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Figure 4.10: a: Variation of wavelength, [/l;, and b: variation of phase velocity,
c/un, of the short-wave mode, as a function of Re/Re,,.. uy is the mean Nusselt
velocity. O, ¢ = 15°, x, ¢ = 25°.

decay in magnitude of the maxima, manifest that the short-wave mode produces
on the free surface a very regular and periodic pattern.

In figure 4.10a, b, we document respectively the parametric evolution of wave-
length, [, and phase velocity, ¢, of the short-wave mode as function of the devi-
ation from the instability threshold. The data are non-dimensionalized respec-
tively with the wavelength of the wall, [,, and with the mean Nusselt velocity,
uy = (vgsinpgRe?/3)1/3. Results are shown for two inclination angles, ¢ = 15° and
25°, and exhibit only minor variation. In figure 4.10a, we note that the wave-
length of the traveling disturbance attains its lowest value at the onset of the
instability, and from there on grows roughly linearly with increasing Re. This is
the opposite trend from the behaviour of the classical, long-wave instability of
film flows, which starts from infinite wavelength at the onset and then gradually
shrinks with increasing Re.

The variation of the dimensionless mean phase velocity with Re is shown
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Figure 4.11: Wavelength of the short-wave mode at inception, as function of
channel inclination. e, sinusoidal, and O, orthogonal wall.

in figure 4.10b. We use the qualifier “mean” for the phase velocity, because
we anticipate that it will generally vary depending on whether the disturbance
travels above a crest or a trough, and that this variation will be periodic with the
wavelength of the corrugation. We observe that the mean phase velocity of the
short-wave mode is initially slightly higher than four times the Nusselt velocity,

and then decreases with Re.

4.3.3 Investigation of the primary instability threshold

After documenting the existence and the main characteristics of the new insta-
bility mode in film flow along a periodic wall, in the following section, the com-
petition between the long- and the short-wave mode, and of their combined effect
on the primary instability of the film, will be investigated. Up to this point, all
the results presented are only for the sinusoidally corrugated wall. Here, results
for the orthogonal wall will also be included. Since the two walls share the same
wavelength and height, these results will help to investigate the potential role of
the wall shape on the critical Re of the primary instability, and also on the mode
of the instability.

The wavelength of the unstable mode at the critical threshold is first consid-
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Figure 4.12: Fast Fourier Transform of time signals taken along the orthogonal
wall, at increasing inclination. a: ¢ = 15° (Re = 11.2), b: ¢ = 20° (Re = 10.0), c:
p=25°(Re=8.6) d: ¢p=30°(Re=7.6),e: p=35°(Re=5.6).
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Figure 4.13: The experimentally observed critical Reynolds, normalized with
the theoretical prediction for a flat wall, as function of channel inclination. e,
sinusoidal, and O, orthogonal wall.
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ered. It is recalled from the introduction that D’Alessio et al. (2009) and Héacker
& Uecker (2009) have predicted the possibility of transition from long-wave to
short-wave instability for high enough corrugations, without paying particular
attention to the channel inclination. In the present work, we study only one
corrugation steepness, but vary the inclination angle. Results are shown in fig-
ure 4.11 for both the sinusoidal and the orthogonal wall. For the sinusoidal wall,
the wavelength at inception is finite for ¢ > 10°, and continuously decreases with
inclination. Based on an extrapolation of the results for high inclinations, it may
be conjectured that the instability wavelength will approach that of the wall in
the limit of a vertical channel. At the other end, experiments at small inclinations
indicate that the short-wave mode disappears rather abruptly below ¢ < 7°, and
instability sets in by amplification of the long (low-frequency) inlet disturbance.
This is the reason why no data points are plotted below ¢ < 10°.

Unlike the results with sinusoidal corrugations, the wavelength at inception
with orthogonal corrugations varies weakly with inclination, and is practically
equal to that of the wall for the highest inclinations tested. Even more important,
the short-wave mode now disappears at inclinations ¢ < 25°. This is again the
reason why no data points are plotted below this inclination. Comparing the two
sets of data in figure 4.11, it may be concluded that the shape of the wall has a
leading-order effect on the instability mode that prevails.

The rather abrupt transition from one mode to the other can be further
demonstrated in Fourier space. Figure 4.12 is an example of Fast Fourier Trans-
forms of time signals from the orthogonal wall. The two FFTs at the left, taken
at inclination below the transitional value, ¢ = 25°, have dominant frequency
around 5 Hz; the two on the right, at inclinations above the long- to short-mode
transition, have jumped to a frequency around 20 Hz. The intermediate FFT
corresponds to ¢ = 25°, and exhibits both peaks.

The dependence of inception wavelength on Re and inclination (demonstrated

in figure 4.11), and more generally, the fact that it differs from that of the wall,
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argues in favour of the short-wave mode as being the result of a genuine absolute
instability. In particular, it may not be considered a naive outcome of spatial
forcing, similar to the synchronization of film flow along a flat wall subject to
a periodic temporal forcing at the inlet. Indeed, in the latter case, the period
measured at a fixed location does not vary with Re, inclination etc, but is “by
definition” always equal to the period of the inlet forcing. Of course this is an
indirect argument, and a direct and unequivocal experimental confirmation of the
absolute nature of the instability would be evidently very welcome.

Next, we concentrate on the critical Re for the film to become unstable, ir-
respective of the mode that is responsible for the transition. In order to directly
assess deviations from a flat wall, the experimentally determined critical Re for
each of the corrugated walls is normalized with the classical long-wave prediction,
Re it = (5/6) coty. The results for Re../Refiqt, as function of inclination angle,
are shown in figure 4.13 and lead to the following phenomenological conclusions:
(a) The primary instability is always delayed by the presently examined corru-
gated walls, and the difference from the prediction for a flat wall is quantitatively
very significant. (b) Inclination angle has a strong effect, with the film becom-
ing progressively more stable at higher inclinations. (c¢) The exact shape of the
periodic wall has again a leading-order effect: Film flow along the orthogonally
corrugated wall is distinctly more stable at intermediate inclinations.

It is interesting to note from figure 4.13 that the data for both walls exhibit
a discontinuity in slope, but each at a different value of inclination angle. The
sinusoidal wall changes behaviour at ¢ = 7°, whereas the orthogonal wall has a
pronounced cusp at ¢ = 25°. In both cases, the change coincides with the previ-
ously described exchange of the role of the short and the long-wave mode as the
disturbance responsible for the primary instability. Thus, the abrupt transition
from one mode to the other also manifests in the variation of the critical Re with
inclination. In this sense, the data for each wall presented in figure 4.13 may be

considered to consist of two independent curves, corresponding respectively to
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Figure 4.14: Experimentally observed critical Reynolds number, normalized with
the theoretical prediction for a flat wall, as function of channel inclination. Mea-
surements taken by (Wierschem et al., 2005) for silicon oil flowing along a sinu-
soidal substrate with [, = 300 mm and a; = 15 mm.

the parametric variation with inclination of the long and the short mode. These
two curves cross at the point of discontinuity. It is further noted that a similar
discontinuity in slope exists in the data of Wierschem et al. (2005), which are
reproduced in figure 4.14 as Re.,/Refq; versus inclination. It would be of evident
interest to examine whether this discontinuity is also associated with a change in
the mode of instability.

As a consequence of all the above (and as implicitly suggested by Trifonov
(2007)) it might be of interest to check the following potential rule of thumb: The
critical Reynolds, Re.., be estimated to leading order by the classical result of
long-wave analysis for a flat wall, taking into account not only the first, but also
the second term in the expansion, which introduces a finite-wavelength effect.
Then, the role of periodic corrugations may be roughly accounted for by an
appropriate choice of the disturbance wavelength. The relevant expression, from

the solution of the Orr-Sommerfeld equation by a long-wave expansion, is (Oron

71

Institutional Repository - Library & Information Centre - University of Thessaly
16/10/2023 19:04:50 EEST - 167.114.118.212



4. Short wave instability

25 — : : :

cr

Re

0 10 20 30 40 50
Inclination angle (°)

Figure 4.15: Critical Reynolds for the primary instability of liquid film flow along
a sinusoidal wall. O, present data; ——, theoretical prediction for disturbances
with infinite wavelength; ------ , theoretical prediction for disturbances with the
wavelength of the wall; — e — theoretical prediction for disturbances with the
experimentally determined wavelength.
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& Heining, 2008)

(4.2)

where L is the wavelength of the imposed disturbance, and Ka and [, are re-
spectively the Kapitza number and the viscous length-scale. Following this line
of thought, we compare in figure 4.15 the data of critical Re for the sinusoidally
corrugated wall to three predictions based on the above equation and different
choices of L: The lowest curve corresponds to L — oo, the upper to L = [, and
the intermediate one to the measured wavelength of the short-wave mode. The
proposed rule of thumb works very satisfactorily, using the experimentally deter-
mined wavelength, in the range of inclinations ¢ = 10°-15°. At lower inclinations,
the agreement deteriorates, but the extreme predictions, based respectively on
L — oo and L = [, still bracket the data. At higher inclinations, the stabil-
ity threshold appears to be underestimated even by the prediction based on the

wavelength of the wall.

4.4 Concluding remarks

The present work contributes detailed data on the primary instability of liquid
film flow along periodically corrugated substrates. Two different wall shapes (si-
nusoidal and orthogonal) are tested, for a range of inclinations 3°-45°. Tt is found
that, with increasing inclination, an abrupt transition in the instability mode is
manifested: the classical long-wave instability, which is convective and thus de-
termined by the characteristics of externally imposed excitation, is replaced by a
new short, traveling mode, which is highly regular and strongly two-dimensional.
The new instability introduces an intrinsic frequency insensitive to external ex-
citation, and appears to be a global mode. The exact shape of the corrugations
has a leading-order effect on the inclination on which the new mode appears and
on its wavelength at inception.

Compared to the behaviour of film flow on a flat substrate, the presently

73

Institutional Repository - Library & Information Centre - University of Thessaly
16/10/2023 19:04:50 EEST - 167.114.118.212



4. Short wave instability

tested periodic walls are found to delay very significantly—but each one to a
different extent—the onset of the primary instability. When expressed as a ratio
of the experimental critical Re to the theoretical prediction for a flat wall, the
delay increases with inclination, and presents a distinct discontinuity in slope
when transition from the long- to the short-wave mode takes place.

The above behaviour raises the interesting question of why long-wave distur-
bances do not amplify at high enough inclinations. A qualitative explanation for
this behaviour may be provided by positing an energy-transfer mechanism from
long- to short-wave disturbances. Such a mechanism is presently speculative, but
appears to be supported by preliminary numerical simulations that are presently
under way. More specifically, it is well-known (e.g. Vlachogiannis & Bontozoglou
(2002)) that a periodic wall imposes a similar spatial periodicity on the steady
film flow. Free-surface disturbances may interact with this steady, base flow, with
the result that wavelengths much longer than that of the wall are filtered out.

The above tentative mechanism is consistent with the aforementioned ob-
servation that stabilization by a periodic wall is stronger at higher inclinations.
Indeed, it has been shown (Nguyen & Bontozoglou, 2011; Trifonov, 2007) that
the periodic, steady deformation of the free surface imposed by the wall, becomes
generally more pronounced as inclination increases. It is also consistent with the
enhanced stability of the orthogonal wall. The latter may be viewed as a com-
bination of super-harmonics of the wall wavelength, and indeed some of these
harmonics appear distinctly in observations of the steady free surface deforma-
tion (Argyriadi et al., 2006; Vlachogiannis & Bontozoglou, 2002; Wierschem &
Aksel, 2004). As a result, the interaction between disturbances and steady flow
will feed energy to shorter wavelengths that are more efficient in dissipating it by
viscosity.

A theoretical framework to provide fundamental understanding of the primary
instability along a corrugated substrate could borrow ideas from receptivity the-

ory, in particular the interaction of an inlet disturbance, which imposes the tem-
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poral scale, with the steadily deformed base flow, which imposes the spatial scale
(Choudhari, 1993; Ruban, 1984). Another interesting line of thought involves
the scattering of incident wave-energy by the wall topography, as predicted from
inviscid theory, and in particular the Bragg resonance that leads to extensive
reflection (Davies & Heathershaw, 1984). The availability of a proper theoretical
framework would be very useful in the efficient scrutinization of the effect of sub-
strates with different geometric scales. The impressive modification to the film
flow, demonstrated by the present data for only one combination of corrugation
height and wavelength, points to an enormous potential for instability control in

such flows through the development of appropriately tailored substrates.

75

Institutional Repository - Library & Information Centre - University of Thessaly
16/10/2023 19:04:50 EEST - 167.114.118.212



Chapter 5

Effect of corrugated wall

steepness

5.1 Introduction

As reviewed in chapter 2, some recent computational studies propose that a
destabilizing effect may be imposed by wall corrugations that are steep enough.
It is thus of evident interest to investigate experimentally the effect of corrugations
in a fuller range of wall steepness. Moreover, the question concerning instability
mode (long- vs short-wave instability) at different wall geometry will also be

considered.

5.1.1 Experimental conditions

The experiment results presented in the current chapter, are performed on six
different corrugated walls, including sinusoidal and orthogonal shape. The results
of the sinusoidal wall from previous chapter are brought for comparison. Since
the shape of the wall corrugation has a leading-order effect, the two different
shapes will be investigated separately.

The liquid used in the experiments is mainly an aqueous glycerol solution
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with weight percentage around 68%, except in section 5.3.2, where an additional
concentration (50%) is used in order to investigate the effect of viscosity. Slight
variations in temperature and concentration exist in different experimental cam-
paigns, but temperature is kept constant (0.2 °C) during each set of experiments.
The liquid properties for each experimental campaign, are listed explicitly in the
appendix for future reference. The Kapitza numbers are approximately 110 and
260, for the 68% and 50% aqueous glycerol solution respectively.

The conductance probe method same as the one described in last chapter
was employed: Typical inlet perturbations are introduced at a frequency of 0.167
Hz. The measurement rate varies from 100-1000 Hz, due to different purposes of

investigation.

5.2 Results of sinusoidal substrate

5.2.1 Effect of wall steepness

Two new sinusoidal walls are investigated to compare with result of sinusoidal
wall which was presented in last chapter. The geometries of the corrugations
of three different sinusoidal walls are listed in table 5.1. The wavelength [, is
normalized with the capillary length of the liquid, I, = (/;Lg)l/ 2 and the amplitude
a, is normalized as steepness, A, = ap/l,. As we known, for a vertical wall, at
small enough L; = [y/l., the free surface will remain roughly flat, whereas at
very large L it is expected to conform closely to the shape of smoothly varying
wall (Trifonov, 1998). And the intermediate value of L, is corresponding to the
resonant-like phenomenon as described by Bontozoglou & Papapolymerou (1997).
The normalized wavelengths for the three walls are respectively 0.82, 4.9 and 20.4,
which have covered the three different cases, for small, intermediate and large L.

The threshold of primary instability for wall with small corrugations (L; =0.82,
A, =0.5), is shown in figure 5.1: in the upper panel(a), critical Reynolds num-

bers measured from experiment (Re..) are plotted against the inclination an-
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Table 5.1: List of dimensions the sinusoidal corrugations

No. Shape | Wavelength (mm) | Height (mm) | L, Ay
1 | Sinusoidal 2 mm 1 mm 0821 0.5
2 | Sinusoidal 12 mm 2 mm 4.9 | 0.167
3 | Sinusoidal 50 mm 10 mm 204 | 0.2

gles, and the continuous line corresponds to theoretical prediction for flat sub-
strate (Refq); in the lower panel(b), the experimentally determined threshold is
normalized with the theoretical prediction for flat wall, referred as Re../Refiat.
As can be seen from the figure, in all inclination angles, the measured critical
Reynolds, Re.,, is above the theoretical value of flat substrates, indicating a sta-
bilizing effect. The stabilizing effect slightly varies with inclination angle, with its
maximum at inclination angle of ¢ = 15°, where the stable regime is expanded for
approximately 60%. When above critical Reynolds number, the inlet disturbance
with low-frequency (long-waves) was first observed to be amplified downstream,
indicating a long-wave instability. We conclude that corrugations with small di-
mensionless wavelength act like roughness, and the flow does not vary drastically
from that over a flat substrate. This behaviour may be interpreted by taking into
account that, at such small L, the free surface does not deform much from the
flat shape.

In the case of large corrugations (L, =20.4, A, =0.2), a distinctly different
behaviour was observed (figure 5.2). This may be explained by the change of
the steady free surface, which is now strongly deformed by wall corrugations,
especially at high inclinations. Four inclination angles were investigated for this
corrugated wall, and in all cases a stabilizing effects were observed, which is pro-
gressively increasing with inclination angles. In terms of the mode of instability,
short-wave mode was detected in all the inclination angles. The following inter-
pretation is proposed: due to the steep and long corrugations, the steady free
surface takes the form of steps, while, in every trough, the local inclination angle

is roughly zero. When the long-waves disturbances travel down the steps, they
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Figure 5.1: Measured (a) and normalized (b) critical Reynolds for the primary
instability of liquid film flow along small sinusoidal corrugation(L; =0.82, A, =
0.5). O, experimental data; ——, theoretical prediction for flat substrate.
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easily break into smaller components right after entering the corrugation. In a
different wording, the disturbances of shorter wavelength interact strongly with
the steady structures on the free surface, and thus grow in amplitude.

The result of the intermediate corrugation (Lj =4.9, A, = 0.167) was repro-
duced in figure 5.3 for comparison. As discussed in chapter 4, the primary in-
stability is delayed significantly by the corrugated wall, and the stabilizing effect
varies with inclination angles. Moreover, a transition from long- to short-wave
mode was observed, which exhibits a discontinuity in the figure (¢ = 7°).

The results for the three wall substrates are plotted together in figure 5.4.
Generally, the wall with intermediate corrugation exhibits the most significant
stabilizing effect (up to 350% at inclination of ¢ = 45°), while the wall with small
corrugation (roughness) only slightly expands the stable regime. The wall with
the longest and steepest corrugations lies in-between, indicating that the role of
the geometric characteristics of the wall is complex, and possibly involves non-
monotonic dependence on steepness. The inclination has strong effect, with the
film becoming progressively more stable at higher inclinations, for both large and
intermediate corrugations. However, for the small corrugation, no such effect was

observed.

5.2.2 Preliminary results of effect of liquid properties

Some preliminary results concerning the effect of liquid solution on the primary
instability is presented in figure 5.5. Two different concentrations of aqueous
glycerol solution, which are 68% and 50%, are investigated in the current exper-
iment. The surface tension and density of the solution remains roughly constant
with variation of the concentration. However, the viscosity for 68% aqueous glyc-
erol solution is approximately twice of that of 50%. We consider in general that
the effect of physical properties of the liquid is described satisfactorily by the
Kapitza number. We presently vary only the viscosity, but we could also vary

surface tension by adding in the liquid a highly soluble surfactant (Georgantaki
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Figure 5.2: Measured (a) and normalized (b) critical Reynolds for the primary
instability of liquid film flow along large sinusoidal corrugation(L, =20.4, A, =
0.2). O, experimental data; ——, theoretical prediction for flat substrate.
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Figure 5.3: Measured (a) and normalized (b) critical Reynolds for the primary
instability of liquid film flow along an intermediate sinusoidal wall (L, =4.9, A, =
0.167). O, experimental data; ——, theoretical prediction for flat substrate.
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Figure 5.4: Normalized critical Reynolds for the primary instability of liquid film
flow along three sinusoidal corrugations. (x), L, =0.82, A, = 0.5; (O), Ly =20.4,
Ap=0.2; (o), Ly =4.9, A, = 0.167.
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Figure 5.5: Critical Reynolds for the primary instability of liquid film flow along
a sinusoidal corrugation(L, =4.9, A, = 0.167). — e — and — m — are respectively
for Ka =260 and 110.——, theoretical prediction for disturbances with infinite
wavelength.

et al., 2011).

As shown in figure 5.5, the squares indicate the measured threshold for Ka =260,
while the circles refer to the results for Ka =110. In all the inclination angles,
stabilizing effect has been found in both liquid with current wall corrugation.
However, the extent of the stabilizing effect varies in the range of tested incli-
nation angles, which can be divided into three regions: for inclination angles
¢ >10° and ¢ < 5°, the film is more stable with higher Kapitza number, which is
consistent with finding on flat substrate (Georgantaki et al., 2011); while in the
intermediate range 5° < ¢ < 10°, the film is less stable with the liquid of Ka =260.

The result presented in preliminary and fragmental, more detailed investigated

in necessary in the future.
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5. Effect of corrugated wall steepness

Table 5.2: List of dimensions the orthogonal corrugations

No. Shape Wavelength (mm) | Height (mm) | L, | A,
1 | Orthogonal 24 mm 0.8 mm 9.7 1 0.033
2 | Orthogonal 12 mm 0.8 mm 4.9 1 0.067
3 | Orthogonal 12 mm 1.6 mm 4.9 1 0.133

5.3 Results on orthogonal substrate

For film over orthogonally corrugated walls, there are super-harmonics on the free
surface (Argyriadi et al., 2006; Vlachogiannis & Bontozoglou, 2002; Wierschem &
Aksel, 2004), which make the phenomena of primary instability behaviour more
complicated.

Three orthogonal walls are investigated in current experiments, as shown in
table 5.2. The wavelengths for three walls, L, are of the same order, in which
region free surface resonance occurs. Mainly, the effect of wall steepness will
be studied from the experiments on those walls. Similar to the sinusoidal cor-
rugations, the threshold of primary instability and the mode of instability are
determined experimentally.

The experimental results from three orthogonally corrugated walls are illus-
trated respectively in figure 5.6, 5.7 and 5.8. Before discussing the effect of steep-
ness on the instability threshold, we concentrate first on the instability mode. For
the wall of smallest steepness, A, =0.033, only long-wave mode exists in all the
tested inclination angles (shown in figure 5.6): the long-waves are observed to be
amplified first downstream, when above the critical Re. For larger wall steepness
(Ap =0.067 and A, =0.133), both long-wave and short-wave mode are observed.
The inclination angle where transition occurs is marked as red line in figure 5.7b
and 5.8b. The red line is more appropriate to be viewed as a transition region
rather than the exact transition boundary, and more closely-spaced experiments
should be performed in order to determine the accurate transition conditions.
For the wall of steepness A, =0.133, long-wave mode is observed at inclination

angles, ¢ < 25°, and short-wave mode dominates for inclinations, ¢ > 25°. In the
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5. Effect of corrugated wall steepness

case of A, = 0.067, multiple transitions were found (figure 5.7): first transition
occurs at inclination angle ¢ = 7°, below which long-wave mode dominates and
above which the primary instability becomes short-wave mode; a second short- to
long-wave mode transition occurs at inclination around ¢ = 25°. This behaviour
is puzzling and needs to be further investigated. As a preliminary guess, it may
be attributed to the more complicated free surface profile, where multiple har-
monics exists. However, this cannot be confirmed by conductance probe method,
which can only provide temporal, and not spatial, variation of film thickness.
Comparing the effect on the primary instability of various wall steepnesses
become more complicated, since two different instability modes need to be con-
sidered. Generally, all three walls exhibit stabilizing effects on the film flow, and
the stabilizing effects increase with wall steepness. The wall with largest steep-
ness expands the stable regime up to 400% of that over flat substrate at high
inclination angles. However, for the two lowest inclination angles tested (¢ = 3°
and 5°), the reverse trends was observed. The critical Reynolds number, Re,,,

becomes smaller with increasing steepness, as shown in figure 5.9.

5.4 Conclusion and discussion

In this chapter, the effect of wall corrugated wall on the primary instability was
investigated in a wide range of wall geometries (both sinusoidal and orthogonal
shape) and inclinations 3-45°. The tested periodic walls are always found to
delay the onset of the primary instability with different extent, compared to the
film flow on a flat substrate.

For sinusoidal shape, the three corrugations correspond to three different flow
regimes: For the corrugation with smallest wavelength and amplitude, which can
be viewed as surface roughness, the effect on primary instability is mild. A slight
stabilizing effect was observed, and the effect remains roughly constant with incli-

nation angles. Moreover, only long-wave mode was observed in the experiments
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Figure 5.6: Measured (a) and normalized (b) critical Reynolds for the primary
instability of liquid film flow along an orthogonal corrugation(L; =9.7, A, = 0.033).
O, experimental data; ——, theoretical prediction for disturbances with infinite
wavelength.
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Figure 5.7: Measured (a) and normalized (b) critical Reynolds for the primary
instability of liquid film flow along an orthogonal corrugation(L; =4.9, A, = 0.067).
0, experimental data; ——, theoretical prediction for disturbances with infinite
wavelength.
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Figure 5.8: Measured (a) and normalized (b) critical Reynolds for the primary
instability of liquid film flow along an orthogonal corrugation(L; =4.9, A, = 0.133).
0, experimental data; ——, theoretical prediction for disturbances with infinite

wavelength.
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Figure 5.9: Normalized critical Reynolds for the primary instability of liquid film
flow along three orthogonal corrugations. A A, = 0.033; —e —, A, = 0.067; —m —,
Ay =0.133
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5. Effect of corrugated wall steepness

have been done. For the other limit (with large wavelength and amplitude), on
the contrary, only short-wave mode was observed. A stabilizing effect, whose
extent is increasing with inclination angles, is found in those corrugations. The
intermediate wall corrugation, where the resonance-like phenomenon occurs, ex-
hibits most significant stabilizing effect.

In the case of orthogonal shape, the wavelengths of three tested corrugations
are of the same order, but varying the steepness. The instability mode transi-
tion is more complicated on orthogonal corrugations, where multiple transitions
between long- and short-wave modes can be observed along inclination angles.
Generally, the more steep walls lead to higher stability thresholds. However, at
the low inclination angles (¢ < 7°), an opposite trend can be observed.

Some preliminary results regarding effect of liquid properties (characterized
as Kapitza number) is also provided. An strong dependence on inclination angles
is observed. The fluid with lower Kapitza number is more stable at intermediate
inclination angle (5° < ¢ < 10°), but less stable at both high (¢ > 10°) and low

inclination angles (p < 5°).
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Chapter 6

Film flow around a vertical

cylinder

6.1 Introduction

This chapter presents a study of liquid film flow along the outer surface of a
vertical wavy cylinder. The main result is concerned with the instability of the
flow, which will be compared with the inclined case. Moreover, an alternative
measurement method that can provide spatial film thickness, is developed. In
combination with conductance probes, more comprehensive information of film
flow can be obtained. The chapter will be organized as follows:

In section 6.1, the experiment conditions will be described.

In section 6.2, experiment results of film flow over the vertical cylinder will
be discussed.

In section 6.3, the principles and procedure of the photographic image pro-

cessing method will be presented.
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6. Film flow around a vertical cylinder

Figure 6.1: Schematic diagram of the film flow test section with the geometric
characteristics of the corrugation, and the typical location of a conductance probe.
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6. Film flow around a vertical cylinder

6.1.1 Experimental conditions

The present experiments are performed on the vertical cylindrical set-up, as de-
scribed in chapter 3. The wall corrugations are of the sinusoidal shape, with
the wavelength, [, = 12 mm, and height, a; = 2 mm, as shown schematically in
figure 6.1. The x and y coordinates correspond respectively to the radial (hori-
zontal) and streamwise (vertical) directions. The normalized wavelength L, and
steepness A of the wall are L, = 4.9 and A, = 0.167. The liquid used in the
experiments is an aqueous glycerol solution with weight percentage around 65%
(p=1.19 g/cm3, v = 12.324 mm?/s), and temperature is kept constant at 19 °C
(£0.2 °C). The corresponding Kapitza number in current experiments is of the
value, Ka =92.

No external disturbance is introduced into the system, since a small variation
in the flow rate is already exists due to the rotation of the gear pump used in
this setup. Conductance probes method was employed to record the time signal
and detect instability. The design and setting of the method is the same as in
chapter 4.

6.2 Experiment Results

In order to detect the instability threshold, two conductance probes are first
placed along the channel, respectively 150 mm (upstream) and 650 mm (down-
stream) from the channel inlet. For vertical case, film flow evolve quickly down-
stream, therefore, this distance is sufficient to observe the evolution.

The time series of liquid film height are shown in figure 6.2, in which the green
(thick) line and red (thin) line corresponds to the location of upstream and down-
stream, respectively. At low flow rate, take Re =1.19 for instance, a long-wave
modulation of the period approximate 3 s can be observed from the time series.
This is due to the variation of flow rate from the gear pump, and can be viewed as

a low frequency disturbance (f ~ 0.35 Hz). As can be observed in the figure, for
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Figure 6.2: Time series of liquid film height (green(thick) line: upstream signal;
red(thin) line: downstream signal) on the vertical cylinder, resulting only from
ambient noise. The seven plots correspond to Re: 1.19, 1.82, 2.15, 2.39, 2.64,
3.39 and 3.86.
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Figure 6.3: Variation of the upstream and downstream standard deviation of time
signals with increasing Re.

the first three Re (Re < 2.15), the disturbances (both the long-wave modulation
and and super-posed oscillation) are damped downstream. With increasing Re,
the amplitude of small oscillations is amplified, and these oscillations gradually
evolve to solitary waves, indicating a short-wave mode. The variations of ampli-
tude measured by the two probes are illustrated further by standard deviation
(figure 6.3). The STD at the downstream location is initially smaller than that
at the upstream, and the former overtakes the latter at a well-defined thresh-
old (intersection of two curves). At the conditions shown, this corresponds to
Re = 2.3. According to the theoretical prediction for flat substrate, at inclination
angle ¢ = 90°, the film will be unstable for any Re, since the critical Re is of
the value, Re = 5/6coty = 0. The experimental result is qualitatively consistent
with Trifonov (2007), who predicts that the flow will remain stable for small Re
with sufficiently steep corrugations. Quantitative comparison is not possible due

to the difference in liquid solution and geometry of the set-up. The critical Re
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Figure 6.4: Variation of critical Re with Kaptiza number. The three points
correspond to Ka =10.1, 37.1 (Zioulis, 2011) and 92.

is also compared with the preliminary results by Zioulis (2011), who performed
experiments with two other Kapitza numbers (Ka = 10.1 and Ka = 37.1) with
the same wall. As shown in figure 6.4, the stable regime expands with increasing
Ka. Given that Ka represents a comparison of capillary to viscous forces, we
argue that the corrugated substrate stabilizes the falling film through the action
of capillary forces.

Next, we determine the wavelength and phase velocity of the traveling waves,
and compare them with the respective measurements taken in the inclined chan-
nel. As the film flow evolves quickly along the vertical cylinder, both probes
are placed at locations relatively close to the inlet, where the oscillations remain
roughly periodic. The probes are also placed close to each other, more specifically
at 175 mm and 199 mm from the inlet. The time lag of waves traveling through
the two probes are determined by cross-correlation of the two signals, as shown in

figure 6.5a. The phase velocity can then be determined by dividing the distance
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Figure 6.5: a: cross-correlation, and b: autocorrelation of time signal at Re =4.07.

of the two probes with the time-lag. Combined with the auto-correlation of the
time signal (figure 6.5b), the wavelength of the traveling wave can be obtained.
The parametric evolution of wavelength, [, and phase velocity, ¢, as function of
the deviation from the instability threshold is documented in figure 6.6. The data
are non-dimensionalized respectively with the wavelength of the wall, [;, and the
mean Nusselt velocity, uy. As can be seen from the figure, for increasing Re, the
wavelength of the traveling waves increase slightly, from 1.35 times of wall wave-
length at onset, and phase velocity remains roughly constant, at a value around
2.5-2.7 times the mean Nusselt velocity.

In chapter 4, it was conjectured that the instability wavelength may approach
that of the wall in the limit of vertical channel. However, as plotted in figure
6.7, it turns out that the wavelength remains roughly constant for inclination
angles, ¢ > 35°. It is worth mentioning that there are small differences in the

liquid properties between inclination angles, which may cause the variation in the
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Figure 6.7: Wavelength of the short-wave mode at inception, as function of chan-
nel inclination

inception wavelength. The wavelength of instability inception may be to some
extent related to the liquid properties. However, due to the time restriction, the
effect of liquid properties was not studied in the current project, and it is of

evident interest for future investigation.

6.3 Photographic image processing

6.3.1 Principles

The design and setting of the photographic image processing methods has already
described in chapter 3. In the following section, we will concentrate on the image
processing and result analysis.

The processing of raw images and edge detections were realized by MATLAB.
Figure 6.8 represents a typical raw image obtained from the system. The left
part, which shows black in the image, is the background, while the white area is

the left edge of the vertical cylinder. The quality of the raw image is crucial to
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6. Film flow around a vertical cylinder

Figure 6.8: A example of raw image taken from the CCD camera (the red line is
the mark of a row of pixels, which will be shown in the following text).
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6. Film flow around a vertical cylinder

the resolution of the final result. Since the edge is composed of the pixels at the
boundary that connects two separate regions with varying intensity, the accuracy
of edge detection will improve if the contrast of those two regions is enhanced.
The intensity variation along the pixels on the red line in figure 6.8, was plotted in
figure 6.9. A clear jump in the intensity can be observed at the location x » 1261,
which marks the edge of free surface at corresponding y location. Before edge
detection, typically, appropriate image enhancement processes are employed, to
convert the image to a form better suited for detection. This is done by analysing
the histogram of the raw image, as shown in figure 6.10. Examination of the
histogram of the raw image reveals that the dominant two peaks are corresponding
to the black and white region in the raw image, and the edge lies between the
values 50 and 550. Consequently, applying a window-level contrast stretching
function will give a better contrast at the edge, as shown in figure 6.11.

There are two generic methods for edge detection, differential detection and
model fitting. In the current study, differential detection is more appropriate. In
the approach, a spatial processing is first performed on the original image to pro-
duce a differential image with accentuated spatial amplitude changes, and then,
a differential detection operation is executed to determine the pixel locations of
the maximum differentials. There are several in-built operators of edge detection
in Matlab, including both first- and second-order derivative. For methods based
on first-order derivative, including Sobel, Prewitt, Roberts and Canny methods,
spatial first-order differentiation is first performed, and the resulting edge gradi-
ent is compared to a threshold value. The edge will be registered only when the
resulting gradient is larger than the threshold. In our result, Canny methods, in
which the gradient is calculated using the derivative of a Gaussian filter, shows

reasonable accuracy and is employed.
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Figure 6.9: The intensity variation along a row of pixels, corresponding to the
red line in figure 6.8
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Figure 6.10: The histogram of the raw image
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Figure 6.11: The processed image by applying a window-level contrast stretching
function
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6. Film flow around a vertical cylinder

6.3.2 Image processing procedure

In this section, the step of image processing will be introduced. The raw image,
which has been shown in figure 6.8, will be used as an example.

Step 1: Crop. The region of interest, which contained the edge of the wall and
the free surface, will be selected. This step can reduce the unnecessary processing
of the large region of the background and wall away from the edge, and also can
avoid some defects of the image, which is not relevant to the edge. The processed
image is shown in figure 6.12.

Step 2: Median filter and Image enhancement. A 1x3 median filter is applied
to every row of the image, to reduce single-pixel noise and preserving the inter-
facial edge. The image then is analysed based on its histogram, and adjusted
accordingly, to increase the contrast at the edge. This step is usually done man-
ually. In practice, for low flow rate, the interfacial edge is cleared displayed. The
edge can be well defined even without the enhancement step.

Step 3: Edge detection The enhanced image is proceed to edge detection using
Canny method. Keep in mind that, the free surface is a smooth and continuous
line. When multiple edges are found, the edge on the left is usually the real
interface. The real edge is expected to be a smooth continuous line. The detected
free surface is re-plotted in the raw image in the red, as shown in figure 6.13.

Step 4: Calibration and data analysis. The calibration is done by measuring
the number of pixels of known distance, e.g. the wavelength of the corrugation
without film flow. Next, the free surface profile can be converted into dimensional
scales, as illustrated in figure 6.14. Similar detection method can be employed to
the images of wall substrate, without film flow. Since the camera is fixed at same
location, therefore, the film distribution along the wall can be obtained (figure
6.15). Some other information can be derived from the free surface profile: for
instance, the wave number of the free surface can be obtained by auto-correlation,

which is shown in figure 6.16.
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6. Film flow around a vertical cylinder

Figure 6.12: The processed image after step 1
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6. Film flow around a vertical cylinder

Figure 6.13: An example of edge detection. The red line corresponds to the
detected edge using Canny method.
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Figure 6.15: Spatial film thickness determined by image processing
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6. Film flow around a vertical cylinder
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Figure 6.16: Auto-correlation of spatial film thickness

6.3.3 Restriction of methods

The application of the technique is evidently limited by the high flow rate, when
the flow loses its symmetry and three-dimensional solitary waves start to appear
on the surface. Moreover, a spurious edge might be detected due to the three-
dimensional traveling waves, since the heigh of free surface before/behind might
be higher than at the measurement location, and shown as a blurred edge in
the image. Thus, a laser-induced system is necessary for this case, as only the
location of interest will be illuminated by the laser. If information of flow field is

required, a PIV system is then appropriate.

6.4 Summary and discussion

Although various wall geometries are available, investigation is only performed on

one corrugation with one liquid solution due to the time restriction. The primary
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6. Film flow around a vertical cylinder

instability is found to be a short-wave mode, which is the same as on the inclined
channel. The onset wavelength of primary instability is roughly the same as that
on inclined channel at high inclinations (¢ > 35°). The wavelength might depend
on the liquid properties and has to be investigated in the future. Compared to
film over flat substrate, a stabilizing effect was observed in the experiment, and
results in a finite critical Re, which is qualitatively consistent with the prediction
by Trifonov (2007).

In addition, a measurement technique based on direct photography is pro-
posed for film thickness and free surface profile detection. By using a normal
illumination and black background, the free surface can be determined from the
processing of the flow image. The measurement frequency of the method is up to
14.5 Hz.

Some drawbacks in terms of the set-up is observed during the experiments,
which can be improved in the future. As seen from the current experiment, the
pump introduced a low frequency variation in the flow rate. Since the liquid film
is very sensitive to the external perturbation, the variation is quite significant in
the film flow and dominates at low flow rate. This may cover some important
intrinsic characteristics, and thus is worth alleviating by replacing the pump with
a smoother one. A better way to tackle the drawback is overflow tank on the top
of the system, which can generate a more stable flow rate. Moreover, the interior
compartment can be enlarged and filled with a porous medium, which will ensure
smoother entrance of the liquid and more uniform distribution along the cylinder

circumference.
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Chapter 7

An oscillatory behaviour at low

Re

7.1 Introduction

It is well known that film flow over a flat substrate is considered convectively
unstable, namely, all the disturbances are amplified spatially, and the flow is
supposed to become more stable with decreasing Re. However, in the case of steep
orthogonal corrugation at high inclination angle (¢ = 40° and 45°), an interesting
oscillatory behaviour is observed at low Reynolds number. The amplitude of
disturbance no longer varies monotonically with the control parameter, Re: the
oscillation will not disappear with decreasing Re, on the contrary, the magnitude
of oscillation increases until film raptures. In this chapter, experimental results
of this oscillatory behaviour will be presented and discussed.

The liquid used in the current experiments is aqueous glycerol solution, with
different concentration (from 55%-78%). The temperature varies slightly be-
tween different experimental campaigns. Similarly, Kapitza number is used to

characterize the liquid properties.
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7. An oscillatory behaviour at low Re

7.2 Characteristic of the oscillatory instability

The behaviour occurs on two orthogonally corrugated walls, which are of the
same wavelength, [, = 12 mm and different amplitudes, a, = 1.6 mm and a; = 2.0
mm. Figure 7.1 shows upstream and downstream signal for ¢ = 45°, with de-
creasing Re (a, = 1.6 mm). The two probes are placed along the centreline, at
distances respectively 15 mm and 550 mm from the inlet. No inlet perturbation
was introduced, and the flow is only subject to ambient noise. As can be seen in
the figure, at first, when the flow rate is high (Re =4.49), traveling waves have
been developed and amplified downstream. With decreasing Re, the magnitude
of traveling waves, which are detected downstream, gradually decreases, and the
waves finally disappear at Re =3.15. The variation manifests the typical transi-
tion from the unstable regime to a stable regime, which has been discussed in
chapter 4. However, when the flowrate is reduced further (Re < 2.26), the free
surface at downstream deviates from its steady state and starts to oscillate. This
oscillation is more remarkable with lower Re, and found to be sustainable and is
not vanishing even at very small Re.

This phenomenon can be further demonstrated by figure 7.2, where standard
deviation (STD) is used to quantify the magnitude of the free surface deformation.
For probe 1, which is located upstream close to flow inlet, the value of STD
remains approximately zero (small deviation due to the signal noise) for Re < 3.2,
and slightly increases with Re for Re > 3.2. In the case of probe 2, which is placed
at downstream of the channel, the magnitude of STD is close to zero for Re » 3,
which indicates a stead state of free surface. For Re above 3.5, it is reasonable
to attribute the growth of STD to the development of the short-wave instability.
The branch with decreasing Re manifests the remarkable growth of oscillation at
low flowrate.

Initially, the oscillation first appears at the very end of the channel, and, with
decreasing Re, the area of oscillation gradually expands upstream and occupies a

larger part of the channel. This cannot be shown directly by conductance probe,
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7. An oscillatory behaviour at low Re
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Figure 7.1: Time series of liquid height on an orthogonally corrugated wall (I, =12

mm a, =1.6 mm) at inclination ¢ = 45° (Ka = 137).
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Figure 7.2: Variation of standard deviation of time signals with Re on an orthog-
onally corrugated wall (I, =12 mm a; =1.6 mm) at ¢ = 45°(Ka = 137).
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7. An oscillatory behaviour at low Re

since it is incapable to provide spatial measurement. However, indirect evidence
can be provided by comparing time signals from multiple conductance probes.
Three probes are placed at the bottom of the channel, which are respectively
370 mm, 430 mm and 485 mm from the onset of the corrugation. Time series of
four different Re with descending order, is plotted in figure 7.3. The free surface
is originally steady in all three locations at Re = 3.40. For Re = 2.46, slight
oscillation can be observed at the probe 3, which is placed near the end of the
channel. With further decreasing of flow rate (Re = 1.66), oscillation spreads to
all the area of three probes, but is most significant at probe 3. Finally, in the
case of Re =1.44, the oscillation is remarkable in both probes 2 and 3, moreover,
in some time period, the oscillation is even stronger at probe 2 than probe 3.

The oscillation has an intrinsic frequency, which is insensitive to the (much
lower) external disturbance. The film flow with low frequency external distur-
bance, f =0.167 Hz, is shown in figure 7.4. The inlet disturbances are modulated
by the oscillation, and downstream, the oscillation dominates the dynamics of
free surface. The fast Fourier Transform (FFT) of time-signals, with and without
external disturbances, are shown in figure 7.5. In both figures, a dominant peak
around f = 5 Hz is evident, which corresponds to the oscillatory phenomenon.
The frequency increases slightly with the Re, as illustrated in figure 7.6, where
the results of two corrugations and various percentages of glycerol solution are
presented. However, the oscillation is very sensitive to the gradual change of flow
rate, as show in figure 7.7. A significant magnification oscillation can be observed,
when the Re is changed from 1.78 to 1.59. In comparison, film flow with single
long-wave pulse was presented in figure 7.8.

The wavelength of the oscillation is obtained by correlating time signals of
two probes, which are placed 48 mm apart, respectively 424 mm and 472 mm
from onset of corrugation. By taking the cross-correlation of the two signals
(figure 7.9a), we can computer the time-lag, and further obtain the mean phase

velocity. In combination with the frequency that obtained from auto-correlation

116

Institutional Repository - Library & Information Centre - University of Thessaly
16/10/2023 19:04:50 EEST - 167.114.118.212
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Figure 7.3: Time series of liquid height on an orthogonally corrugated wall (I, =12
mm a, =2.0 mm) at ¢ =45°(Ka =169). Red, blue and green line are respectively
370 mm, 430 mm and 485 mm from the onset of the corrugation.

117

Institutional Repository - Library & Information Centre - University of Thessaly
16/10/2023 19:04:50 EEST - 167.114.118.212



7. An oscillatory behaviour at low Re
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Figure 7.4: Time series of liquid height on an orthogonally corrugated wall with
low-frequency disturbance (I, =12 mm a; =2.0 mm) at ¢ = 45°(Ka = 134).
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7. An oscillatory behaviour at low Re
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Figure 7.5: Fast Fourier Transform of a time signal without (a) and with (b) inlet
disturbance. (Ka =134, [, =12 mm a; =2.0 mm). Re =1.83 (a); Re = 1.41 (b)
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7. An oscillatory behaviour at low Re

9 T
¢ Ka=137, corrugation (Ib=12 mm, ab=1.6 mm)
sk m Ka=92, corrugation (Ib=12 mm, ab=1.6 mm) ||
A Ka=85, corrugation (Ib:12 mm, ab:1.6 mm)
7k X Ka=144, corrugation (Ib=12 mm, ab:2.0 mm) |4
—~ 6 .
T
> ¢
5 5[ ¢ onm ¢ ” .
|
g = 4 "taa o e
“at A X i
A A | X
A
3 - -
2 - -
l 1 1 1 1
0.5 1 15 2 25 3

Re

Figure 7.6: The frequency of oscillation VS Re at two different orthogonal corru-
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Figure 7.8: Time series of liquid height with a pulse disturbance at Re =2.40
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7. An oscillatory behaviour at low Re
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Figure 7.9: a: cross-correlation, and b: autocorrelation of a time signal at
Re =2.06 (a, =1.6 mm, ¢ = 45°)

(figure 7.9b), the wavelength of the oscillation can be determined. The wavelength
of oscillation at different Re is presented in figure 7.10 the wavelength remain

approximately 30 mm under current conditions.

7.3 Occurrence of oscillation

As mentioned, the oscillation was first observed on orthogonal wall at high incli-
nation angles. A question of evident interest is that whether it occurs in other
experimental conditions, including different wall geometries, liquid properties in-
clination angles and etc.

We first consider the method to determine the occurrence of the oscillation.
A straight-forward way is to perform measurements at gradually smaller Re: by
observing the time series and its fast Fourier Transform, we can determine the

state of free surface. However, because of practical difficulties with film rupture,
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Figure 7.10: The wavelength of oscillation at different Re(Ka =181, [, =12 mm
ap =1.6 mm).

it is possible that we do not reach a low-enough Re for the oscillation to occur. An
alternative that may help rule out this possibility, is to completely stop the inlet
flow while performing measurements. Then, the liquid film gradually diminishes
in size, and—if a pseudo steady-state approximation is made—the behaviour of
small thicknesses is scanned. Of course, this approach is not rigorous, and in
reality we observe the behaviour of a time-varying flow. Thus, it is only used
as an additional check. A typical time signal with vanishing flow rate is shown
in figure 7.11, in which case we knew that oscillation exists. Time series from
three probes, which are placed respectively 36 mm, 240 mm and 456 mm from
the onset of corrugation, are shown in the figure. The Re is initially at 0.9, and
decreases after stopping the inlet flow. When Re =0.9, weak oscillation can be
observed at the downstream probe (probe 3), free surface at upstream and mid
of channel is almost steady. After closing the inlet flow, a remarkable oscillation
can be first observed in probe 3, and then, gradually moves upstream, shown in

probe 2 and probe 1. In contrast, the time signal, under conditions for which
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Figure 7.11: An example of time series with vanishing flow rate, which oscillation
exists(Ka =85, [, =12 mm a; =1.6 mm).

no oscillation can be observed, is shown in figure 7.12. For both probes (one is
placed upstream and the other is at downstream), the variation of free surface
with vanishing Re is slow and smooth.

From the experiments that have been performed, the oscillations are found
only on orthogonally corrugated walls, with two dimensions (I, =12 mm, a, =1.6
mm and [, =12 mm, a; = 2.0 mm). We note thought, that no experiment have been
done at low Re for orthogonal walls with other dimensions. Therefore, whether
the oscillation occurs at other steepness is still unknown. In case of sinusoidal
corrugations (I, =12 mm, a, =2.0 mm), no oscillation is found in the experimental
range (up to inclination angle of ¢ = 47°). The time series of film thickness over
sinusoidal substrate at inclination angle, ¢ = 47°, is plotted in figure 7.13. The

Re is decreasing from 2.11, and the plot indicates that no oscillatory phenomenon
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Figure 7.12: An example of time series with vanishing flow rate,which has no
oscillation(Ka =138, [, =12 mm a; =1.6 mm).
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Figure 7.13: An example of time series with vanishing flow rate(Sinusoidal, I, =12
mm a, =2.0 mm).

occurs under this condition.

Different inclination angles are also tested: oscillation only occurs at high
inclination angle, ¢ > 40°; for lower inclinations, ¢ < 35°, no oscillation is detected
(inclination angle between 35° and 40° were not tested).

The liquid property (more specifically the viscosity, since the surface tension
and density are roughly the same for small variation in glycerol concentration),
has significant effect on the onset of the oscillatory phenomenon. In general,
the oscillation will occur at lower Re the more viscous the liquid solution. In
addition to figure 7.1, which corresponds to Ka =137, time series of three different

concentrations of aqueous glycerol solution is presented respective in figure 7.14,
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7. An oscillatory behaviour at low Re

7.15 and 7.16. In the case of Ka =137 (figure 7.1), the oscillation appears when
the Re is below 2.20 (more evident at Re =1.80); while for Ka =85 (figure 7.15),
evident oscillation can only be found when Re is below 1.04. For the very viscous
solution (Ka =50), oscillation starts to appear when Re is as low as 0.29, as shown
in figure 7.16. This is significant lower than the theoretical long-wave prediction
for a flat wall, Re . = (5/6)coty = 0.833, indicates a destabilizing effect.

Due to the multi-parameter nature, it is difficult to exhaust all the parame-
ters. Thus, only fragmental experimental data are available. More experimental

evidence and theoretical work are encouraged to investigate this problem.

7.4 Conclusion and discussion

This chapter reports on an unexpected oscillatory phenomenon that occurs at
low Re, and is specific to orthogonal corrugation with high inclination angles
(> 40 degrees). When decreasing the flow rate, the free surface, especially at
the downstream of channel, deviates from its initial steady state and starts to
oscillate, and this oscillation tends to be more significant at lower Re. The
oscillation exhibits a synchronized mode with streamwise coherence, and can be
characterized by its dominant frequency, which slightly increases with Re.

Generally, disturbances on film flow are considered convective, and film flows
are supposed to be more stable with reducing the flow rate. However, the low-
Re oscillation is sustainable and will not vanish even at very small Re. In the
experimental range, the oscillation exists until film rapture occurs. Moreover, for
viscous liquid (Ka =50), the oscillation occurs at Re =0.29, which is even lower
than the theoretical long-wave prediction for a flat wall, indicating a destabilizing
effect.

This counter-intuitive oscillatory phenomenon is believed to have a different
mechanism. Huerre & Monkewitz (1985) have reported that inviscid mode of

instability will be absolute type when the backflow velocity in an isolated free
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Figure 7.14: Time series of liquid height on an orthogonally corrugated wall

(I =12 mm a; =1.6 mm) at ¢ = 45°(Ka =92)
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Figure 7.15: Time series of liquid height on an orthogonally corrugated wall
(Ip =12 mm a, =1.6 mm) at ¢ = 45°(Ka =85)
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Figure 7.16: Time series of liquid height on an orthogonally corrugated wall
(Iy =12 mm a; =1.6 mm) at ¢ = 45°(Ka =50)
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7. An oscillatory behaviour at low Re

shear layer exceeds a specific value of the primary stream. A number of papers
have indicated that a global instability may occur in the region where sufficient
streamwise local absolute instability exists and cause streamwise synchronized os-
cillation. Hammond & Redekopp (1998) further suggested that intrinsic, global
dynamics can be expected in flows with extensive separation if the peak back
flow velocity exceeds approximately thirty percent of the ambient stream speed.
This implies that strongly separated flows are likely to be globally unstable. The
streamwise synchronized oscillation observed in the experiments seems to be close
to a global unstable mode, which may be triggered by local absolute instabili-
ties of the separated regions in the periodic corrugations. The fact that this
phenomenon is only observed with the orthogonal wall at at high inclinations
(though separation also occurs with the sinusoidal wall, and may be more ex-
tensive at smaller inclinations), motivates further investigation of the role of the

detailed characteristics of separation.
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Chapter 8

Conclusions

8.1 Conclusion

The objective of the current study was to investigate experimentally the effect of
wall corrugations on gravity-driven film flow, and in particular on the primary
instability of the film. The experiments were performed in two experimental set-
ups, an inclined film flow channel and a vertical cylindrical setup. A number
of parameters was varied, including wall shape (sinusoidal and orthogonal), wall
steepness, inclination angle and liquid viscosity. The main measuring technique
employed involves conductance probes, and provides time-series of local thick-
ness of the liquid film. Based on this technique, a method for determining the
threshold of primary instability was developed and implemented. A photographic
measurement technique was also developed, which is based on direct photogra-
phy with normal illumination and black background, and on subsequent image
processing to determine the exact location of the free surface. The photographic
technique is complementary in that it provides the spatial variation of liquid film
thickness.

The main conclusions of the work are the following:

(i) The most important finding is a new instability mode, which is different

from the classical long-wave one. It is well known that film flow over flat substrate
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will be first destabilized by disturbances with infinite wavelength. For film along
periodically corrugated substrates, it is found that, with increasing inclination
angles, an abrupt transition in the instability mode is manifested: the classical
long-wave mode was replaced by a mode with finite wavelength, which is referred
to as short-wave mode. The new mode is a traveling wave, which is highly regular
and persistently two-dimensional. It has an intrinsic frequency insensitive to
external excitation, and appears to be a global mode. The wavelength of the
short-wave, which is determined by correlation of time signal at two locations
along the channel, is found increasing with Re at the first stage of wave evolution.
With increasing inclination angles, the onset wavelength is first shrinking and
later remain roughly constant at hight inclinations (¢ > 35°). The exact shape of
the corrugations has a leading-order effect on the inclination on which the new
mode appears and on its wavelength at inception.

(ii) Corrugated walls with various wavelengths and amplitudes were studied,
in order to investigate the effect of the substrate geometry. As a result, detailed
experimental data are presented, which report the critical Reynolds number for
the primary threshold and determine the instability mode that occurs first. In the
case of sinusoidal walls, the wavelength of the corrugation was varied by almost
two orders of magnitude, and thus very different flow regimes were observed.
In the case of orthogonal walls, wavelengths were of the same order, and the
study focused on the effect of corrugation steepness. It was concluded in general
that—with the possible exception of the case discussed in chapter 7—periodically
corrugated substrates have a stabilizing effect.

(iii) It is natural to raise the question of how will film flow behave in the
important special case of a vertical wall. To investigate this question, a cylindrical
set-up was built and commissioned during the project, and measurements of the
primary instability were taken for liquid flowing along the cylinder’s outer surface.
It was found that the first unstable mode is the short-wave one, and that its main

characteristics (the critical Reynolds number and the wavelength at inception)
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are comparable to those in a highly inclined channel (¢ > 35°). In particular,
the existence of a finite (non-zero) critical Re confirms for the first time previous
theoretical predictions (Trifonov, 2007).

(iv) Finally, an unexpected oscillatory instability is documented, specific to
steep, orthogonal substrates, which appears and intensifies when decreasing the
liquid flow rate. The oscillation exhibits a synchronized mode with streamwise
coherence, and can be characterized by its dominant frequency, which slightly
increases with Re. It is speculated that this counter-intuitive behaviour is re-
lated to the specific separation characteristics of the rectangular substrate, and is

triggered when the backflow velocity exceeds a percentage of the forward stream.

8.2 Future work

The current work provide an experimental perspective of the effect of substrates
on the film flow. The availability of a proper theoretical framework would be
very useful in the efficient scrutinization of the effect of substrates with different
geometric scales. From experimental point of view, some future work will also be
recommended:

The intrinsic frequency and wavelength of the disturbances was determined
only for one combination of height and wavelength with varying inclination angles.
The effect of wall geometry on the onset wavelength is still unclear, and can be
clarified by testing different wall corrugations.

Some preliminary results, varying the liquid viscosity, indicate the potentially
important effect of liquid properties on the primary instability. This could be a
potential direction for future investigation.

The instabilities investigated in the present work could be better understood if
information of the flow field were also available. Thus, it is desirable to implement
a PIV system from the side of the channel, and in this way conduct simultaneously

a flow visualization study and a documentation of the spatial variation of the film
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thickness. Such a technique could also be applied in the case of the cylindrical
setup. Flow visualization would be further facilitated by the use of fluorescent

particles.
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Appendix A

Physical properties of aqueous glycerine solutions
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Refractive Index of Glycerine-Water Solutions at 20°C (69°F)
Glycerine | Refractive , Difference Glycerine | Refractive A Difference
% by Index for % by Index for
Weight n, 20 1% Weight n, % 1%
100 1.47399 0.00165 50 1.39809 0.00149
99 1.47234 0.00163 49 1.39660 0.00147
98 1.47071 0.00161 48 1.39513 0.00145
97 1.46909 0.00157 47 1.39368 0.00141
96 1.46752 0.00156 46 1.39227 0.00138
95 1.46597 0.00154 45 1.39089 0.00136
94 1.46443 0.00153 44 1.38953 0.00135
93 1.46290 0.00151 43 1.38818 0.00135
92 1.46139 0.00150 42 1.38683 0.00135
91 1.45989 0.00150 41 1.38548 0.00135
90 1.45839 0.00150 40 1.38413 0.00135
89 1.45689 0.00150 39 1.38278 0.00135
88 1.45539 0.00150 38 1.38143 0.00135
87 1.45389 0.00152 37 1.38008 0.00134
86 1.45237 0.00152 36 1.37874 0.00134
85 1.45085 0.00155 35 1.37740 0.00134
84 1.44930 0.00156 34 1.37606 0.00134
83 1.44770 0.00160 33 1.37472 0.00134
82 1.44612 0.00162 32 1.37338 0.00134
81 1.44450 0.00160 31 1.37204 0.00134
80 1.44290 0.00155 30 1.37070 0.00134
79 1.44135 0.00153 29 1.36936 0.00134
78 1.43982 0.00150 28 1.36802 0.00133
77 1.43832 0.00149 27 1.36669 0.00133
76 1.43683 0.00149 26 1.36536 0.00132
75 1.43534 0.00149 25 1.36404 0.00132
74 1.43385 0.00149 24 1.36272 0.00131
73 1.43236 0.00149 23 1.36141 0.00131
72 1.43087 0.00149 22 1.36010 0.00131
71 1.42938 0.00149 21 1.35879 0.00130
70 1.42789 0.00149 20 1.35749 0.00130
69 1.42640 0.00149 19 1.35619 0.00129
68 1.42491 0.00149 18 1.35490 0.00129
67 1.42342 0.00149 17 1.35361 0.00128
66 1.42193 0.00149 16 1.35233 0.00127
65 1.42044 0.00149 15 1.35106 0.00126
64 1.41895 0.00149 14 1.34980 0.00126
63 1.41746 0.00149 13 1.34854 0.00125
62 1.41597 0.00149 12 1.34729 0.00125
61 1.41448 0.00149 11 1.34604 0.00123
60 1.41299 0.00149 10 1.34481 0.00122
59 1.41150 0.00149 9 1.34359 0.00121
58 1.41001 0.00149 8 1.34238 0.00120
57 1.40852 0.00149 7 1.34118 0.00119
56 1.40703 0.00149 6 1.33999 0.00119
55 1.40554 0.00149 5 1.33880 0.00118
54 1.40405 0.00149 4 1.33762 0.00117
53 1.40256 0.00149 3 1.33645 0.00115
52 1.40107 0.00149 2 1.33530 0.00114
51 1.39958 0.00149 1 1.33416 0.00113
0 1.33303 -
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Density of Glycerine-Water Solutions
Glycerine Density (g/cm 3) Glycerine Density (g/cm %)
(%) 15°C 15.5°C 20°C 25°C 30°C (%) 15°C 15.5°C 20°C 25°C 30°C
100 1.26415 1.26381 1.26108 1.25802 1.25495 50 1.12870 1.12845 1.12630 1.12375 112110
99 1.26160 1.26125 1.25850 1.25545 1.25235 49 1.12600 1.12575 1.12360 1.12110  1.11845
98 1.25900 1.25865 1.25590 1.25290 1.24975 48 1.12325 1.12305 1.12090 1.11840  1.11580
97 1.25645 1.25610 1.25335 1.25030 1.24710 47 1.12055 1.12030 1.11820 1.11575  1.11320
96 1.25385 1.25350 1.25080 1.24770 1.24450 46 1.11780 1.11760 1.11550 1.11310  1.11055
95 1.25130 1.25095 1.24825 1.24515 1.24190 45 1.11510 1.11490 1.11280 1.11040  1.10795
94 1.24865 1.24830 1.24560 1.24250 1.23930 44 1.11235 1.11215 1.11010 1.10775  1.10530
93 1.24600 1.24565 1.24300 1.23985 1.23670 43 1.10960 1.10945 1.10740 1.10510  1.10265
92 1.24340 1.24305 1.24035 1.23725 1.23410 42 1.10690 1.10670 1.10470 1.10240  1.10005
91 1.24075 1.24040 1.23770 1.23460 1.23150 41 1.10415 1.10400 1.10200 1.09975  1.09740
90 1.23810 1.23775 1.23510 1.23200 1.22890 40 1.10145 1.10130 1.09930 1.09710  1.09475
89 1.23545 1.23510 1.23245 1.22935 1.22625 39 1.09875 1.09860 1.09665 1.09445  1.09215
88 1.23280 1.23245 1.22975 1.22665 1.22360 38 1.09605 1.09590 1.09400 1.09180  1.08955
87 1.23015 1.22980 1.22710 1.22400 1.22095 37 1.09340 1.09320 1.09135 1.08915  1.08690
86 1.22750 1.22710 1.22445 1.22135 1.21830 36 1.09070 1.09050 1.08865 1.08655  1.08430
85 1.22485 1.22445  1.22180 1.21870 1.21565 35 1.08800 1.08780 1.08600 1.08390  1.08165
84 1.22220 1.22180  1.21915 1.21605 1.21300 34 1.08530 1.08515 1.08335 1.08125  1.07905
83 1.21955 1.21915 1.21650 1.21340 1.21035 33 1.08265 1.08245 1.08070 1.07860  1.07645
82 1.21690 1.21650  1.21380 1.21075 1.20770 32 1.07995 1.07975 1.07800 1.07600  1.07380
81 1.21425 1.21385  1.21115 1.20810 1.20505 31 1.07725 1.07705 1.07535 1.07335  1.07120
80 1.21160 1.21120 1.20850 1.20545 1.20240 30 1.07455 1.07435 1.07270 1.07070  1.06855
79 1.20885 1.20845 1.20575 1.20275 1.19970 29 1.07195 1.07175 1.07010 1.06815  1.06605
78 1.20610 1.20570  1.20305 1.20005 1.19705 28 1.06935 1.06915 1.06755 1.06560  1.06355
7 1.20335 1.20300  1.20030 1.19735 1.19435 27 1.06670 1.06655 1.06495 1.06305  1.06105
76 1.20060 1.20025 1.19760 1.19465 1.19170 26 1.06410 1.06390 1.06240 1.06055  1.05855
75 1.19785 1.19750 1.19485 1.19195 1.18900 25 1.06150 1.06130 1.05980 1.05800  1.05605
74 1.19510 1.19480 1.19215 1.18925 1.18635 24 1.05885 1.05870 1.05720 1.05545  1.05350
73 1.19235 1.19205 1.18940 1.18650 1.18365 23 1.05625 1.05610 1.05465 1.05290  1.05100
72 1.18965 1.18930 1.18670 1.18380 1.18100 22 1.05365 1.05350 1.05205 1.05035  1.04850
71 1.18690 1.18655 1.18395 1.18110 1.17830 21 1.05100 1.05090 1.04950 1.04780  1.04600
70 1.18415 1.18385 1.18125 1.17840 1.17565 20 1.04840 1.04825 1.04690 1.04525  1.04350
69 1.18135 1.18105  1.17850 1.17565 1.17290 19 1.04590 1.04575 1.04440 1.04280  1.04105
68 1.17860 1.17830 1.17575 1.17295 1.17020 18 1.04335 1.04325 1.04195 1.04035  1.03860
67 1.17585 1.17555 1.17300 1.17020 1.16745 17 1.04085 1.04075 1.03945 1.03790  1.03615
66 1.17305 1.17275 1.17025 1.16745 1.16470 16 1.03835 1.03825 1.03695 1.03545  1.03370
65 1.17030 1.17000  1.16750 1.16475 1.16195 15 1.03580 1.03570 1.03450 1.03300  1.03130
64 1.16755 1.16725 1.16475 1.16200 1.15925 14 1.03330 1.03320 1.03200 1.03055  1.02885
63 1.16480 1.16445  1.16205 1.15925 1.15650 13 1.03080 1.03070 1.02955 1.02805  1.02640
62 1.16200 1.16170  1.15930 1.15655 1.15375 12 1.02830 1.02820 1.02705 1.02560  1.02395
61 1.15925 1.15895  1.15655 1.15380 1.15100 11 1.02575 1.02565 1.02455 1.02315  1.02150
60 1.15650 1.15615 1.15380 1.15105 1.14830 10 1.02325 1.02315 1.02210 1.02070  1.01905
59 1.15370 1.15340  1.15105 1.14835 1.14555 9 1.02085 1.02075 1.01970 1.01835  1.01670
58 1.15095 1.15065  1.14830 1.14560 1.14285 8 1.01840 1.01835 1.01730 1.01600  1.01440
57 1.14815 1.14785 1.14555 1.14285 1.14010 7 1.01600 1.01590 1.01495 1.01360  1.01205
56 1.14535 1.14510 1.14280 1.14015 1.13740 6 1.01360 1.01350 1.01255 1.01125  1.00970
55 1.14260 1.14230  1.14005 1.13740 1.13470 5 1.01120 1.01110 1.01015 1.00890  1.00735
54 1.13980 1.13955 1.13730 1.13465 1.13195 4 1.00875 1.00870 1.00780 1.00655  1.00505
53 1.13705 1.13680 1.13455 1.13195 1.12925 3 1.00635 1.00630 1.00540 1.00415  1.00270
52 1.13425 1.13400  1.13180 1.12920 1.12650 2 1.00395 1.00385 1.00300 1.00180  1.00035
51 1.13150 1.13125  1.12905 1.12650 1.12380 1 1.00155 1.00145 1.00060 0.99945  0.99800
0 0.99913 0.99905 0.99823 0.99708  0.99568
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Viscosity of Aqueous Glycerine Solutions
in Centipoises/mPa s
Temperatur e (°C)
Glycerine
percent

weight 0 10 20 30 40 50 60 70 80 90 100
0® | 1.792 | 1.308 | 1.005 |0.8007 |0.6560 |0.5494 |0.4688 |0.4061 |0.3565 [0.3165 |0.2838

10 244 174 | 131 1.03 | 0.826 | 0.680 | 0.575 | 0.500 - - -

20 344 | 241 | 176 1.35 1.07 | 0.879 | 0.731 | 0.635 - - -
30 514 | 349 | 2.50 1.87 1.46 1.16 | 0.956 | 0.816 | 0.690 - -
40 825| 537 | 3.72 272 | 2.07 1.62 1.30 1.09 | 0918 | 0.763 | 0.668
50 146 9.01 | 6.00 421 310 | 237 186 | 1.53 125 | 1.05 | 0.910
60 299 174 | 108 719 508 | 3.76 | 285 | 2.29 1.84 | 1.52 1.28

65 457 | 253 | 152 9.85 | 680 | 489 | 3.66 | 291 | 228 | 1.86 1.55

67 55,5 299 | 177 113 | 7.73 550 | 4.09 | 323 | 250 | 2.03 1.68
70 76| 388 | 225 141 | 940 | 6.61 486 | 3.78 | 290 | 2.34 1.93

75 132 | 652 | 355 21.2 136 | 9.25 6.61 5.01 3.80 | 3.00 2.43
80 255 116 | 60.1 339 | 208 136 | 942 | 694 | 513 | 4.03 3.18

85 540 223 109 58 | 335 | 21.2 14.2 100 | 7.28 | 5.52 4.24
90 1310 498 219 109 | 60.0 | 355 | 225 15.5 11.0 | 793 6.00

91 1590 592 259 127 | 68.1 39.8 | 251 171 119 | 8.62 6.40

92 1950 729 310 147 | 783 | 448 | 28.0 19.0 131 | 9.46 6.82

93 2400 860 367 172 89 515 | 316 | 212 144 | 103 7.54
9 2930 | 1040 437 202 105 584 | 354 | 236 158 | 11.2 8.19

95 3690 | 1270 523 237 121 670 | 399 | 264 175 | 124 9.08
96 4600 | 1580 624 281 142 778 | 454 | 297 196 | 136 10.1

97 5770 | 1950 765 340 166 | 88.9 519 | 336 | 219 | 151 10.9
98 7370 | 2460 939 409 196 104 | 59.8 | 385 | 248 | 17.0 12.2

99 9420 | 3090 | 1150 500 235 122 69.1 | 436 | 278 | 19.0 13.3
100 12070 | 3900 | 1410 612 284 142 | 813 | 50.6 | 319 | 213 14.8

MViscosity of water taken from “Properties of Ordinary Water-Substance.” N.E. Dorsey, p. 184. New York (1940)
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List of conditions of experiment runs in Chapter 5
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Table 1: Experimental conditions of film over sinusoidal corrugations

No. Shape [, (mm) @, (mm) Inclination p v o (N x
) (kg/m®) (mm?fs) m)
1 Sinusoidal 50 10 7 1169 9.90 0.067
2 Sinusoidal 50 10 15 1169 9.90 0.067
3 Sinusoidal 50 10 25 1169 10.16 0.067
4  Sinusoidal 50 10 35 1169 10.16 0.067
5  Sinusoidal 2 1 7 1176 10.52 0.067
6  Sinusoidal 2 1 15 1168 9.29 0.067
7  Sinusoidal 2 1 25 1177 12.90 0.067
8  Sinusoidal 2 1 35 1177 12.90 0.067
9  Sinusoidal 12 2 4 1170 9.36 0.067
10  Sinusoidal 12 2 5 1170 10.25 0.067
11  Sinusoidal 12 2 7 1177 10.94 0.067
12 Sinusoidal 12 2 10 1170 10.73 0.067
13 Sinusoidal 12 2 15 1170 10.73 0.067
14  Sinusoidal 12 2 20 1170 11.05 0.067
15 Sinusoidal 12 2 25 1170 10.99 0.067
16  Sinusoidal 12 2 30 1170 10.67 0.067
17  Sinusoidal 12 2 35 1172 10.53 0.067
18  Sinusoidal 12 2 40 1172 10.95 0.067
19 Sinusoidal 12 2 45 1172 10.95 0.067
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Table 2: Experimental conditions of film over orthogonal corrugations

No. Shape [, (mm) @, (mm) Inclination p v o (N x
(°)  (kg/m?®) (mm?/s) m™)
1 Orthogonal 24 0.8 3 1193.2 9.30 0.067
2 Orthogonal 24 0.8 37 1193.2 9.30 0.067
3 Orthogonal 24 0.8 10 1193.2 9.35 0.067
4 Orthogonal 24 0.8 15 1193.2 9.60 0.067
5  Orthogonal 24 0.8 20 1193.2 9.60 0.067
6  Orthogonal 24 0.8 25 1193.2 9.60 0.067
7 Orthogonal 24 0.8 30 1193.2 9.50 0.067
8  Orthogonal 24 0.8 35 1193.2 9.50 0.067
9  Orthogonal 24 0.8 3 1193.2 9.31 0.067
10 Orthogonal 24 0.8 7 1193.2 9.31 0.067
11 Orthogonal 24 0.8 10 1193.2 9.58 0.067
12 Orthogonal 24 0.8 15 1193.2 9.58 0.067
13 Orthogonal 24 0.8 20 1193.2 9.92 0.067
14 Orthogonal 24 0.8 25 1193.2 9.57 0.067
15 Orthogonal 24 0.8 30 1193.2 9.57 0.067
16  Orthogonal 24 0.8 35 1193.2 9.09 0.067
17 Orthogonal 24 0.8 40 1193.2 11.70 0.067
18  Orthogonal 24 0.8 45 1193.2 11.70 0.067
19  Orthogonal 12 1.6 3 1153.8 9.36 0.067
20 Orthogonal 12 1.6 7 1153.8 9.36 0.067
21 Orthogonal 12 1.6 10 1189.5 9.00 0.067
22 Orthogonal 12 1.6 15 1153.8 9.36 0.067
23 Orthogonal 12 1.6 20 1189.5 9.13 0.067
24 Orthogonal 12 1.6 25 1189.5 9.10 0.067
25  Orthogonal 12 1.6 30 1189.0 8.80 0.067
26 Orthogonal 12 1.6 35 1189.5 9.13 0.067
27 Orthogonal 12 1.6 40 1189.7 9.13 0.067
28  Orthogonal 12 2 3 1151.4 8.00 0.067
29  Orthogonal 12 2 7 1151.4 8.00 0.067
30  Orthogonal 12 2 10 1189.5 9.00 0.067
31  Orthogonal 12 2 15 1151.5 8.10 0.067
32 Orthogonal 12 2 20 1189.5 9.10 0.067
33  Orthogonal 12 2 25 1189.0 9.00 0.067
34 Orthogonal 12 2 30 1189.0 9.00 0.067
35  Orthogonal 12 2 35 1189.5 9.13 0.067
36 Orthogonal 12 2 40 1189.5 9.13 0.067
37  Orthogonal 12 2 45 1189.5 9.13 0.067
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