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ABSTRACT

The motion of a wavy liquid thin film falling under
the action of gravity and of a co-current gas flow, was
investigated in a 2" diameter channel for a wide range of
liquid and gas flow rates. The Reynolds number for the
liquid phase was varied from 200 to 7500 and for the gas
phase, from 0O to 113000. Since the nature of all processes
observed in such a system are "random", it was necessary
to use statistical means to describe this random wave
process.

By the use of a number of techniques for time series
analysls, a broad range of information on the characteristics
of the waves was extracted from the film thickness data.

The existence of three distinct classes of waves was es-
tablished from this analysis, each with their characteristic
dimensions (amplitude, shape, base length and separation
distance) and celerity. One type is the small waves moving
on the substrate; a second is the large wave structure and

a third type are small waves moving on these large wéves.
Detalled statistical data were developed including probabi-
lity density and moments for the amplitude, location of
maximum, minimum, separation time, base dimension, shape

and celerity for each class. The variation of these statis-
tical properties witﬁ liquid and gas ratés and with location

down the tube were established. Joint probabllity densities



for certain important properties were also obtained. 1In
order to develop much of this information, several new tech-
nigues of extracting the relevant data from the signais

had to be developed involving special processing of the time
serles analysis and detalled interpretation of the stochastic
process, h(t).

A new technique for simultaneous measurement of local
pressure anc film thickness was developed. By measuring
the spectral density of the wall pressure fluctuations and
cross density between the pressure and film thickness
definitive information on the gas-liquid interaction was
obtained.

These data were used to determine the distribution of
liquid flow between waves and substrate and, for the first
time, it is possible to understand the local flows in a
wavy system such as this. The data also permitted defini-
tive tests of existing theories. All were shown to be
inadequate for both large and small waves.

New theoretical approaches wére developed to explain
the process of wave motion. These included (1) introducing
white noise perturbations into the equations of motion and
(2) extending a theory originally proposed by Telles in which
a shot noise model 1is assumed for the wafe motion. In parti-
cular, this extension is shown to be the only theoretical

description of wave motion that describes large wave behavior.
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CHAPTER I
INTRODUCTION

The flow of thin films of liquid over a solid surface
with and without gas flow has been observed in numerous
engineering processes in the field of petroleum, chemical,
nuclear and power industries. The significance of film
flow in the above processes lies in the fact that higher
heat and mass transport rates are caused by the presence
of the liquid interface itself.

The influence on the transport processes by this
free liquid surface is due to the waves which are ge-
nerated on the interface by response to external
disturbances. Description of the free surface waves
present as an important, difficult, and challenging
problem in the field of applied mathematics and prac-
tical engineering. The classical wave theory occupied
the efforts of many great mathematicians such as G.

Green, G. Alry, G. Stokes, Lord Rayleigh etc., Their

works are well presented in many books by Stoker (S-7),
Lamb (L-1 ), end Kinsman (K-4). Usually their approaches
describe the wave motion on the free surface as periodic.
But in the real world one often discovers that the classical
theory is inadequate for many wave phenomenon on the free

liguid surface such as ocean waves and wavy flow in



two~phase flow. Once Lord Rayleigh took a look at ocean
waves and remarked "the basic law of the seaway is the
apparent lack of any law".

An adequate theory of stochastic processes is a quite
recent development carried out by a number of men. Among
the most important contributors are Khintchine, Kolmogorov,
Levy, Tukey, Rice, and Slutsky. This advanced mathematics
first appeared in the field of turbulence and commu- .
nication theory. Pierson (P-7) was the first oceanographer
who épplied the results developed for noise in electronic
circuits to problems in ocean gravity waves. He brought
together four major concepts which were necessary before
the modern approach to wave could take form:

(a) The conviction that the problem of bringing law to

the confusion of the ocean wave, in its essence, was
a statistical problem. |

(b) The realization that even undér the new formu-
lation the motion must still obey the classical

- equations (Navier Stokes equations).

(c) The identification of the energy spectrum as the
ordering and governing principle in the apparent
confusion.,

(d) The conception that the space-time function des-
cribing a given sea state must ﬁave a certain

multivariate probability structure.



Since Pierson's four concepts, one discovers a view-
point from which the chaotic appearance of the ocean waves
reveals a kind of order.

The exlistence of certain random aspects of the waves
motion on falling film was discovered by Dukler (D-9),
wicks (W-4), Telles (T-2), and Webb (W=2). But the
nature of this random process is still not well defined.
Waves on the falling film present a more difficult problem
than ocean waves for the following reasons:

(a) The waves of the falling film appear strongly
non-Gaussian in nature which prevents one from
using certain statistical transformation possible
for ocean waves.

(b) The external force acting on the waves in the
direction of propagation 1s not only due to the
gas phase velocity but also due to the gravitational
force.

(¢) Since the waves appear on the very thin film the
viscous forces also are important and the potential
function can not be applied as in the ocean waves
system.

(d) The velocity field is impossible to measure,



The purpose of this work is to study certain statis-
tical properties assocliated with instantaneous film thick-
ness and wave structure, to examine the question of the
characteristics of this random wave system in search of a
more fundamental basis on which to bulld stochastic models
for the waves and to investigate analytically various approaches
to obtain a more fundamental understanding of this complex

wavy velocit; field.



CHAPTER IT

FREVIOUS STUDIES

1. INTRODUCTION

A general review of the two-phase flow in conduits was
published by Dukler and Wicks (D-*7) in 1963, and a detailed
survey of film flow in particular was presented by Fulford
(F~1) in 19A4, Recently a detailed discussion of modelling
of the wavy gas-liquid interface was given by Dukler (D-3 ),
and a comprehensive survey of annular two-phase flow was
also given by Hewitt and Hall-Taylor (H-'7 ). A detailed
review and discussion of important theoretical progress
and experimental measurements in vertical wavy falling film
with and without gas flow will be given in the following
section, particularly the publications after 1965,

2. THEORETICAL ANALYSIS

All the theoretical analysis for a falling film start
with the equation of continuity and the equations of motion

for a two dimensional system as follows:

Ux TVy=0 - = — — — — — - - - - @-h

Ue t Ul TV Uy = F —F P 72 (et Ugy )~ — = (1-2)

Vet U Vx + Uy = --));P}+uufxx«\r}}3 ~~~~~ (I-3)



Boundary conditions of this falling film system are
no slip condition at wall, normal stress and shear stress
at interface, and the kinematic boundary condition. These

boundary conditions are expressed in the following five

equationst
U =0 T 3=0 — — — — — — = (I-4)
=0 &1 4z0 - — — — — — —= (;W-5)
B = {uxﬁz - &u}fu'a)ﬁx*u&}* G -ﬁxl XX at “5-=ﬁ “'”(_\1—6)
(\"*"ﬁx_) (\-\-‘ﬁl 1.
c (U'}“'U.x) Tx ‘\‘(U:c'ru‘a_) (\—ﬁl)zo oF a:ﬁ_____(ﬂ__w)
Vo= Re+ URx av y=-——(I-8)

A complete solution of this set of nonlinear partial
differential equations with nonlinear boundary conditions
1s impossible to obtain. Only partial information can be
developed and this only when suitable simplifications are
made.

2-1. SMOOTH FILM MODEL,

The first two important theoretical studlies of ver-~

tical film flow were done by Hopf (H-Q ) in 1910 and Nusselt

(N-2) in 1928. They considered that the flow is a steady,



uniform smooth film and is controlled by gravitational
and viscous force only. The equationsand the boundary

conditions can be simplified by the above assumption as

47U

p—;—%—1+%=o——~—————————(ﬂ—?)
u=0 or 4=0 — — — — (1L -10)
du-o o geR -~ — — @

The solution is the famous parabolic velocity dis-

tribution
-V — — — {@-\2)
we g (R o) -

Since that work there are many extentions of this
famous result for different geometry and by adding different
correction terms. The most‘important and significant work
in this smooth film approach was developed by Dukler (D-4,D-%),
He considered a turbulent liquid film with and without
interfacial shear due to the action of co-gurrent gas flow.
The basic equation was obtained by a force balance among
gravitational force, viscous force, Reynolds stress and

interface shear stress.

33 { (MrBPYEL Y -2 (- f)3=0 - - —— (@-3)



The numerical solution of this equation was presented in
terms of two parameters: the liquid Reynolds number and a
dimensionless pressure drop parameter. The approcach was
also extended by Dukler (D-5, D-8 ) in a heat transfer
design problem.

The main defect of this type of approach arises from
the fact that the film is not smooth at all except near the
region of entrance and very small liquid flow rates. Ex-
perimental evidence shows that the transport rate is
controlled by the rough surface due to the waves. BRecently,
Wicks (W~-4) extended Dukler's turbulent smooth film model
by introducing a discontinuity in the stress at the gas-~
liquid interface to take care of the effect of interactions
between the gas flow and the surface wave. To accomplish
that, he assumed that one can neglect the effect of the
wave disturbance in the continuous liquid phase below the
waves and the gas phase. The studies by Worley (W-5)
would tend to indicate that this assumption is valid on
the gas phase, but on the liquid phase there might
persist a significant effect all the way to thé‘wall.

2-2, WAVY FLOW BY STABILITY CONSIDERATION

The first series of rigorous formulations of the sta-

bility of a liquid film flowing down an inclined plane were

presented by Yih (Y-1, Y-2 ) and Benjamin (B-3 ). Their



basic approach can be stated as below:
(2) The primary flow obeys the Nusselt equations
(11-9), (II-10) and (II-11)
(b) A sinusoidal disturbance on the velocity field
and pressure is assumed, and the form of dis-

turbance 1is expressed by means of a Fourier series

Y= ¢,(g)€wp{£Nny—ct{/-——-—— (I-14)

p'= ¢ () exp {4’ Nw (x-cz:)} ————— (T-15)

(¢) Assuming the disturbances sre small, the eguations
(I1-1) through (II-8) can be linearized and sim=-
prlified. The well-known Orr-Sommerfeld equations

results.
Y77/ 2 7, ’ r 7]
O, = 2Ny D N ¢,=4Nwﬁ%{(v>0)@a—mjg>~tf¢j—— TZ-16)

ﬁhere Ny is a dimensionless wave number
C 1s a complex wave velocity
Their results can be summarized by the statement that
the flow is unstable for allRe&nolds numbers. The wave
velocity 1s obtained as three times the average velocity
calculated from Nusselts equations. This analytical so-
lution for infinitesimal disturbances has done much to
improve an understanding of the instability of this flow,
but their results are limited to flows of low Reynolds
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-~

number or very low Weber number and therefore are not
of great practical interest.

The direct numerilcal integrations of the Orr-Summerfeld
-Equation by Whitaker (W-3), permitted extension of results
to higher Reynolds numbers, Anshus and Goren (A~3 ) obtained
an approximate solutions by replacing the x directions ve-
locity by its values at the free surface, and theif results
agreed well with that of Whitaker. Recently, Anshus (A-1)
solved the Asymptotic Solution of the Orr~Summerfeld Equa-
tion, and Krantz and Goren (K-'7) used a polynominal equation
in y for the velocity profile to integrate the equation of
motions and reduced the differential equations to the
algebraic equation for the wave number Nye All these three
results predict that tgg wave velocity and the wave length
1s a function of Reynolds number, and the dimensionless wave
velocity Cc/a ) is always less than or equal to three.

The above linear stability theory can only predict
the initial growth of an unstable infinitesimal disturbance
breaking down once the disturbance becomes too large. To
take account of initially finite disturbance and to predict
equilibrium amplitude when disturbance grows to finite size,
a nonlinear stability theory was developed. In 1965, Anshus
(A- 2) applied Stuart's (S=-3) and Watson's (W=1) non~

linear stability theory of parallel flow to derive a
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amplitude equation for the case of falling film. The
usual form of anplitude equatlon is

—%%?:7‘5,42+ AT — = — — — — — i)
where 73, and 'ﬁz are functions of wave number Ny,
wave velocity C and Beynolds number Re. The equilibrium

t.'Dlitude of the wave was obtained directly by letting

_dA®

94— = 0 .+ BRecently Lin (L-4, L=5, L=-6) has applied the

amplitude expansion technique proposed by Reynolds and Potter
(R-1), who extended and modified the method of Stuart and
Watson, to study the nonlinear stability of a falling film.
His results show that the wave velocity of long waves in-
~crease with the amplitude. But for the waves with relatively
short wave length, the wave velocity decreases as the ampli-
tudes increase. A result particularly important to this
study. 1s the discovery that the solution is able to give

a wave profile and to predict a wave velocity greater than
three times the average film velocity.

In parallel to the above work which applies Stuart and
Watson's method, Mei (M-2 ) and Benny (B-4 ) presented '
another approach to treat nonlinear waves on thin films.
Thelr approach i1s a systematic direct expansion of equations
of motions and boundary conditions by a suitable dimension-
less small parameter. However, the effect of surface ten-

sion is neglected in their nonlinear analysis, and con-
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sequently they were unable to obtain a finite equilibrium
amplitude. Nakaya and Takaki (N- ! ) used similar expan=-
sions as Mel and retained the surface tension term. A
equilibrium amplitude was then obtained. This clearly
Indicated that surface tension does have a stabllizing
effect on finite-amplitude waves. Recently Gjevik (G-2)
extended Benney's method to include the effect of surface
tension. Hi~ results is similar to Lin's prediction:
Krantz and Goren (K-6 ) also used Benney's expansion
method to show that equilibrium amplitude for most highly
amplified waves is a function of a single dimensionless
group G = Re u@fé the asymptotic solution of equili-
brium amplitude for the case of G « 1 and G >» 1 was
solved by Javdani and Goren (J-1 ).
2-3. WAVY FLOW BY INTEGRAL METHODS

Three approaches which have been followed in the
search for periodic solutions of the integral momentum
equations to characterize the wavy interface will be
briefly discussed in this section.

(1) Kapitza's method

This approach was first suggested by Kapitza (K-2).

The main idea of his approach can be summarized
as follows: -
(2) The x-direction equation (II-2) is integrated

over the film thickness, and ~x term is
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evaluated from boundary condition (II-6)
which introduces the surface tension force
with equations.

(b) Assuming the profile of the free surface moves
without changing in form with a constant wave
velocity, it is possible to integrate the
kinematic boundary condition (II-8) and to
relate the instantaneous film thickness and
instantaneous velocity to the mean film thick-

ness and mean velocity as

H(C-T)=Fol(C -Us) —— — — — — (I~I$)

(¢c) By assuming the velocity profile to be every-
where parabolic, scaled by the instantaneous
film thickness (which is related to the mean film
thickness by = F. (1+N) ), the partial
differential equation obtained from (a) can
be reduced to a ordinary differential
equation in terms of 7 .

The solution is obtained by se%king the condlition at
which a steady periodic solution exists. The linear
theory of Kapitza which considers only the first harmonic
in the "l expansion, predicts the wave velocity and the
wave length. Kapitza's nonlinear theory retains two

" harmonics but produce an unknow wave amplitude which is
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dependent on mean film thickness e . A minimization
principle which has yet to be validated, was used to mi-
nimize fo . This nonlinear theory gives not only the wave
velocity and the wave length but also the wave amplitude.

There have been numerous studles based on the modi-
fication of Kapitza's method. Among those the most signi-
ficant extension on no gas flow are Shkadov (S=2 ), Lee
(L-2), Byatt=Smith (B-9), Rushton and Davies (R~ 3,
Gollan and Sideman (G- 3), Massot, Irari, and Lightfoot
(M- 1), and Levich (L-3 ). The extension for the case
where the free surface was exposed to the shear due to a
gas flow was also done by Semenov (S- 1) and Wicks (W-4).
The solution obtained from this integral method agree
reasonably well with that of stability method. However
this method is simpler.

(11) Ruckenstein's method

In 1968, an interesting work was done by Berbente and
Ruckenstein (B-G ). They used the Kapitza's type equations.
As in the procedure of Kapitza, a velocity distribution
is assumed, but in their case the velocity is described
by a power series in 4 up to the 6th degree, the co-
efficient of each term depending on a single varlable =
n

3 £ A-y
-_ = = Jy Ay S S -
0 5B Zi)an ( = ) (I-19)
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VoaF o (L g
s where Q, = On (X ’)
bn= bn (X))
Xx’'= X -CL

The velocity is no longer parabolic and local accelerations
in the waves can be accommodated. Substitutinggb{/these relationS
for veloclity into the equations of motion and the continuity
equation,a set of nonlinear differential equations in terms
of 1, Onand bn are obtained. By making the Fourier
series expansion and linearization, the equations are re-=
duced to a set of algebraicequatioﬁs. The absencé of one
relationship makes a closed form solution impossible.
A correlation between amplitude and a dimensionless group
was made on Kapitza's data to make up éhe more ;elationship;
The solution are close to Shkadov's results.

(111) Dressler's method

A discontinous type solution for roll waves which is
widely used in open channel flow, was first proposed by
Dressler (D=2 ) in nearly horizontal channels and was
modified by Brock (B-'7) to include small channel angles.
The approach is to apply the integral momentum equation to

give the shape of the back of the single wave and a shock

condition to the front. Recently Miya, woodmansee, and
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Hanratty (M= 3) extended this roll waves model to the case
where waves driven by the interfaclilal shear caused by gas
flow in horizontal channel. The applicability of this
.r0ll wave model to vertical falling films have been ex-
plored in this laboratory.
2 4, STATISTICAL MODELS OF WAVY FLOW

Statistical models have been developed for gravity
waves on the ocean under the condition of inviscid flow
by Kampe ' de Ferriet (K- 1), Tick (T-4 ), Phillips (P-6)
and Hasselmann (H-2 ). But the only random wave model for
a falling film was done by Telles (T-2, T=3 ). Telles
assumed that the separation distance of waves 1is a shot
noise processes and a single wave can be represented by the
Gram=-Charlier series. The theory of shot noise processes
which was developed by Rice (R-2), enables him to extract the
Gram=Charlier coefficlents from statistical data of film
thickness such as moments. The equation of motion for
an isolated wave represented by Gram~Charlier series was
solved by quasi-linearization. The results give the iiqaid
velocity profile and wave velocity'for this 1soiated‘
wave. -
o Telles's method is not a rigorous statistical approach.
However it gives us a promising method to handle such a

difficult phenomenon.
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3. EXPERIMENTAL MEASUREMENTS

In the early stage of falling film study the éxperi-
mental work was concentrated on measuring the mean film
thickness. The experimental determination of parameters
charactering the interfaclal wavy structure is extrémely
disficult especially in the region far from the entrance
or at high liquid flow'rates; This is clearly indicated
by the fact that the number of systematic experimental
studies published in last ten years is much less than that
of theoretical.invéégigatioﬁé; Some of the experimental
investigations published are either qualitative or unre-
liable., Since the waves are moving at least in the two
dimensions, X and = , it is ideal to have a measuring
system which can simutaneously record the instantaneous
film thickness at multiple position along the test tube.
In order to reach the above goal, only the method of light
absorption and conductivity probe are suitable at present
time.,

The following discussion will be baéed 5n1y on the
important recent experimental investigation by Green-
berg (G-4), Charvonia (C-1 ), Stainthorp, Allen and
Batt (S-3, S-4, S-5), Portalski and Clegg (P-ito, P-i1),
Tailby and Portalski (T-21), Hewitt et a1l (H-1, G~1,

H-2, H-7), Webb (W-2 ), Wicks (W-4), and Telles and



18

Dukler (T-3 ). Table II-1 gives the outline of the ex-

perimental techniques used in these studies.

TABLE II-1

FREVIOUS EXPERIMENTAL TECHNIQUES

Investigator| Measuring Test no, of| Gas _Liquid | Length
Probe Section Probec{ Effect ~-Effect | Effect
Reg Rel,
Greenberg light 2.5%I.D. 1 5xlOi- 17- ——
and absorption tube 3x10 1780
Charvonia 2.38°
length
Stainthorp |light 1.36"I.D. 1 5:;103--,+ 20~ 212"
Allen and absorption tube and | 4.6x10 200
Batt 2.49"' 2
length
Portalski light 21"wide 1l —— 10~ 4v-10"
Allen and absorption| 7'length 700
Clegg
Wicks, conduc- 6"wide 2.7xloi- 1000~ -——
Telles and |tivity 18'length| 2 5.7%10 5000
Dukler probe
and tivity tube 8 2X104 4200
Webb probe 50'length *
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3-1, FILM PROPERTIES

Measurements considering the film as a random process :-
is a relatively recent development. Mean film thickness
'was measured in all of the studies described in Table II-1l.
The first important statistical measurement of film thick-
ness was done by Charvonia. He used analog methods to
construct a type of wave frequency - amplitude spectrum
( in terms of standard statistical terminology this was
a form of probability density function of the film thick-
ness). Useful information was not obtained, however
because of lack of other wave structure measurement and
the difficulty in assigning the statistical meaning to
such curves. Wicks used a similar technique to obtain the
probability distribution function of film thickness. The
probability distribution function 1s an integral function
of the probability density function. It naturally contains
less information. The spectral density and cross sbectral
density of film thickness were first measured by Telles
using a wave form analyzer. Unfortunately the recording
voltage which was used to obtain the spectral function is a
nonlinear function of film thickness. Hence only part of
the useful information can be extracted. Webb (W-2) recently

repeated Wicks and Telles's measurement in a circular tube.



3-2. WAVE PROPERTIES

The characteristic of a fluctuation disturbance, or wave
is described by Stainthorp et al (S-3, S-5 ) and Portalski
et al (P-10, T-1 ) in terms of wave amplitude, wave velocity,
wave length and wave frequency. Only the mean value of those
duanfities based on the arithmétic average of observation of
less than 100 waves was presented. The statistical error
in those mean value measurement 1s large. The first accurate
measurement on wave velocity was from the phase spectrum by
Telies. The same principle was applied by Webb using cross
correlation. The only statistical function describing the
variation in wave velocity was obtained by Webb. A method
was used to obtain the probability density function of the
wave veloclty by measuring the time displacement of corres-
ponding waves on a wave trace. It is doubtless that the
result suffers a large error due to the difficulty of
identifying the wave at two positions along the time. Lack
of statistical description of the wave is obvious. Since
the wave on the falling film is an unsymmetric%l non sinﬁ;
soidal type, using only the above four quantities to

4

describe the wave is unsuitable and incomplete.



CHAPTER ITI
DESCRIPTION OF THE EXPERIMENTAL
EQUIPMENTS AND TECHNIQUES

1. INTRODUCTION

The equipment used in this study was designed pri-
marily to measure the interfacial structure of water-air
film flow under the following considerations:

. (a) The flow channel should be sufficiently long to
permit fully developed wavy flow to occur over an
appreciable length of test section.

(b) The cross section of the flow channel should be
symmetrical in ordgr to avoid corner effect which
occurred in Wicks' (W-4) and Telles' (T-3)
study due to their use of a rectangular channel.

(¢c) The inside wall of the test section should be
sufficiently smooth and uniform to prevent dis-
turbing the wave structure.

(d) Multiple measuring stations élong the length and.
multiple probes along the periphery must be
available to allow for a study of wave structure
along the length and the periphery.

(e) The entire test section should be substantially
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free from external vibration.
In an attempt to satisfy theseconditions, the following
flow system was constructed.

2. GENERAL FLOW SYSTEM

The flow system consisted of a 14 ft long test section,
5 wAft long air-water injection section, a 2 ft long air-
water separation section and four measuring stations. The
whole system was mounted between two 3/4 inch plywood sheets
on a 25 ft by 5 ft by 2 ft unistrut structure. A complete
schemaﬁ;g_flow diggram of the apparatus is given in Fig.
III-1., The detailed structure of each section is descri-
bed as follow:
21, LIQUID-GAS INLET SYSTEM

The liquid-gas inlet system consisted of a 12 inch
| long by 8 inch I. D. cylindrical tank to hold a constant ..
level of water. Water flows down into a vertical 2 inch
I. D. 1/4 inch wall pipe which is set inside the cylinder.
Aif 15 1ﬁjected from the top of the cylinder into the 2
inch water outlet pipe by a 2.00 inch I. D. 1/4 inch wall
Pipe with a smooth knife outside edge, which can be adjusted
to maintain a suitable gap to allow the water smoothly
flowing down the pipe without forming a jet. A small
tubing is also connected from the air inlet to the cylinder

to equalize the pressure. A detailed sketch of the system
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is shown in Fig. III-2. All theconnections from this inlet
system to the main air line and waterwline are flexible
tygon tubing so that it can be adjusted to be perfectly
horizontal and also insulate the test section from ex-
ternal vibration. This system was constructed of FPlexi-~
élass.
2-2., LIQUID-GAS SEPARATICON SYSTEM

The liquid~-gas separation system consisted of two
units + First is an annular slot removal unit to separate
water in the film flow from the central air flow. Second
is a commercial Peerless Vane type line separation to
- remove the water entrainment in the air. A detailed
description of the annular slot removal device 1s given in
FPig. III-3. This device consisted of 1 ft x 1 ft x 1 1/2
ft Plexiglass box which maintained a constant level of
water by a valve. Connection pipe from the test section
was expanded from 2" I. D. to 5" I. D. inside the box to
allow the film flow spread to the box. The gas core was
removed by a 1.75 inch I. D. Plexiglass inside the box
with a 2 inch I. D. circular knife edge section on the
top which can be traversed into the expansion section.
All connections from this devicewere also tygon tubing.
The Peerless Vane type line separation have extremely
low pressure drop from 2" - 6" of water and 100% removal

of all entrained droplets 8 - 10 microns and larger.
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2~-3. TEST SECTION

The test section consisted of 4 lengths of 2" I. D.
Plexiglass pipe with lengths of 1 ft, 2 ft, 4 ft, and
6 ft. A typical 2' section is shown in Fig. III-4. Each
section was constructed from a number of 1 ft long pipes
which were individually machined to have exactly 2" I. D.
and 2.,45" O, D. with error less than 0.001" and two
flanges with an interlocking "0" ring. Sepcial care was
takgn on the flanges to match the measuring block housing
to the adjacent test sectlion. A speclal supporting ring
for the test section was also designed to support the
welight of the test section and to keep a perfect alignment
of the test section with the vertical. Fig. III-5 shows
one of the supporting ring..
2-4, FILM THICKNESS MEASUREMENT STATION

There are four measuring stations, each housed be-
tween two adjacent test sections. Therefore the separation
distance between the measuring stations were 13.936 inch,
25.936 inch and 49.936 inch. FEach individual measurement
station consisted of four pairs of conductivity probes
for film thickness and four pressure channels to the
pressure transducer adapter. A detalled sketch of this
system is given in Fig. III-6. The design of the probe

housing was such that four film thickness probe pailrs
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were arranged perpendicularly to each other around the
periphery of the flow tube. The assoclated pressure
tapping was situated between the components of the probe
pairs.

The film thickness conductivity probes were of a
similar geometry to that used extensively in this laboratory
by Wicks (W=4), Telles (T-2) and in England by Webb (W-2 )
for the study of film thickness. The electrodes were made
of silver foil, 0.002" in thickness, and were cast into
an Afalite housing. The silver foil electrode palrs were
0.2 inch apart and parallel and their width being 3/4 inch.
The main feature of the design of the probe housing was
the pressure and film thickness were measured at a single
point.

3. EXPERIMENTAL TECENIQUE

The purpose of the’following paragraph 1s to discuss
all the electronic equipment used in this study, various
calibration methods applied for different measurements and
the form of data stored for the statistical analysis.
3=-1. INSTANTANEOUS FILM THICKNESS

The method of measuring instantaneous film thickness
i1s based on the fact that the conductance of a liquid
film depends on the liquid film thickness and the specific

conductivity of the liquid. This method has been discussed
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and analyzed in detail by Wicks (W-4 ) and Webb (W-2 ).

The system used in this study has similar probe as Wicks (W-
4), Telles (T-2 ), and Webb (W-2 ), butincludes & different
.calibration system and a new design of féﬁfﬂ;ﬁéﬁnel simul-
taneous conductivity monitoring circuits. For convenience
the method used here is described under the following sub-
headings:

(1) Condnetivity Probe

The silver electrodes used as a conductivity probe

in this study showed a unstable reading of conductivity
for a constant liquid film thickness. This phenomenon
also happened in Webb's (W-2) study. This difficulty

was overcome by platinizing a thin layer of platinum
black onto the silver probe surface. Platinizing solution
was obtained from Leeds and Northrup Co. ( L N part Std.
1192-3). An auxiliary chemically pure platinum is also
needed for platinization. The platinization procedure

is briefly described as follow:

(a) Immerse the silver conductivity probe and the
auxiliary platinum electrode in the platinizing
solution.

(b) Connect the negative terminal of a 3 V. battery
to both leadwire of the conductivity cell, and

then connect the positive terminal of the battery
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to the auxiliary electrode for approximate 30
second.
(¢) During the platinizing operation, stir the solution
gently.,
A detailed procedure of platinization is given in Leeds &
Northrup's Directions for used in thelr electrolytic
conductivity cell.
(11) Crclibration of the Conductivity Probe
As mentioned above, the thickness of liquid film is
related to the conductance of the liquid film. The
conductance of the liquid film will vary with the specific
conductivity of the liquid which is a function of tem-
perature and salinity. Therefore in order to avoid
making & calibration curve for various temperatures and
salinity, calibrations were carried out for liquid film
thickness vs., cell constant which is independent of teﬁ-
prerature and salinif&i The definition of cell constant

for a conductivity probe at given film thickness is

Kee = o - — = — = —— (-

AV\’\EQ
1

value of cell constant in cm .

where K

ce
Lmg = mean length of the conducting path between

the cell electrodes
Amea = mean effective cross-sectional area of

the conducting path between the electrodes
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The factors L, and Apes take into consideration not only
physical dimensions but also the shape of vessel in which
the electrodes are mounted and the nature of electrode
surface. Therefore the values of Lpg and Apeg can not be
easily measured by machanical means, but the value of

Kee can be readily determined by an auxiliary standard
conductivity cell with a known ch value as reference
cell., Since the measured conductance of electrolyte

from a conductivity cell can be described as the following

equation:

G o -
Kee = G\i\— ————————— (-2)
where Gg = speciflc conductance of electrolyte

in mhos/cm at solution temperature

Gp = measured conductance of electrolyte
in mhos
Applied equation (II-2) to a standard reference cell, we
can determine the specific-conductance of the liquid Gg.
Then applied the same equation on the unknown cell we can
determine the cell constant by equation (III-3)

Kecu = —%‘“—:ﬁl— Keegs — — — — — — — (@-35
-where Keeu = unknown cell constant

Kees = cell constant of a standard

conductivity cell
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[
]

measured conductance of electrolyte
from unknown cell
Gps = measured conductance of electrolyte
from standard conductivity cell

The main features of this calibration system 1s given
in Fig. III-7. A series of plugs of various dlameters
used to set up film of different thickness is given in
Table III-1. Water was continuously pumped through the -
calibration block in order to eliminate air bubbles during
the measurement of the conductance. Special care was also
taken in housing the plug and the conductivity probe to
reduce the error.

TABLE III-1

Probe Calibration Plugs

) .
§%?gi ?;izﬁger gii?kness, §%?g ?ii?g§er‘ giiikness
(inch) | . | (inch) |

1 1.990 0.005 | 10 | 1.701 ! 0.1495

2 1.980 0.010" ! 11 1.651 ; 0.,1745

3 1.969% | 0,0153 | 12 | 1.600 . 0.2000

b 1.951 0.0245 t 13 | 1.5504 f 0.2248

5 1.93 0.035 14 | 1.4504 % 0.2748

6 1.901 0.0495 15 | 1.400 E 0.300

7 1.8504 0.0748 16 1.30L  0.3495

8 1.801k 3 0.0993 ! 17 | 1.201 E 0.3995

9 1.751 | 0.1245 - 18 1,00 t 0.500
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The procedure of the calibration method can be des-

cribed as the following steps:

(2)

(p)

(c)

" (d)

(e)

(f)

Set up a known film thickness by the plug at the
conductivity probe to be calibrated.

Record the conductance from the conductivity probe
by a Leeds & Northrup's Conductivity Bridge.
Measure the conductance from a standard Leeds &

Northrup's Conductivity Cell with cell constant

Kee = 0.1 in the same liquid..

Calculate the cell constant for the given film
thickness by equation (III-3).

Rotate the plug and repeat the above processes.
After several rotation, the average cell constant
were used for the given film thickness.

Set up another film thickness by changing another

prlug and repeat the above procedures.

The final calibration curve Kqe vs. film thickness for

conductivity probe is given in Fig. III-8.

(111) Conductivity VMonitoring Circuit

In the design of the conductivity monitoring circuit,

an A. C.

voltage with 1 KC frequency and constant amplitude

was applied to the electrodes. Then the signal from the

conductivity probe will also be an A. C. signal with 1 KC

~frequency and amplitude varying with the liquid film thick-
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ness. The above 1 KC signal becomes a D. C. signal after
passing through a linear full wave rectifier and two 1 KC
low pass filtefs. The detalled circuit diagram is shown in
Fig. III-9, and the function of this circuit will be illus-
trated in Fig. III-10. The above 1 KC osicillator can be
éet at any amplitude < 12.00 A. C. voltage and a offset

was also used to set D. C. output. The main characteristics
of this circuit system are output D. C. voltage from +1l.2v~_
~1.2v corresponding with the variation of the resistance

6 thS'ﬁv'Z.EOXIO-uthS)

b K 2 ~ 300k Q. (conductance 3.7x10"
and a frequency response around 100 K Hz.

(iv) Calibration of the Conductivity Monitoring Circuit

The calibration of the conductivity monitoring circuit
was done by a standard decade resistor box. Fig. ITII-1l1l
shows several calibration curves for different A. C.
anplitudes from oscillator.

(v) Data Recording and Storage

The final four channel D.C. voltage signals which
proportion to the liquid film thickness ywere recorded on a
7 track Ampex tape recorder with speed of 3 3/4 inch per
second. Then the D. C. voltage signals were reproduced
on IBM 360-44 Analog - to - Digital converter and went

through the above two calibration curves with the aid of

the specific conductivity of the water. The D. C. voltage
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sienal was transfered into the actual film thickness in
digital form and was stored in magnetic tape. The detailed
procedure is shown in Fig.III-12. The Hybrid Computer
program to perform the above task is given in Appendix A.
3-2., INSTANTANEOUS PRESSURE FLUCTUATION AND PRESSURES DROP

The purpose of measuring the instantaneous pressure
is to detect the pressure fluctuations that occurs as a
result of local variations of film thickness. Only the
studies by Telles (T-2 ) and Webb (W-2) have tried to
make such measurements. Both fail to produce useful in-
formation concerning the pressure fluctuation actually
due to the local wave motion.

There are two main difficulties in making such a
measurement. First is the pressure of large sound wave type
of fluctuations generated from outside of the flow system
especially at the outlet. These fluctuations interfere
with the observed pressure. Second, the pressure trans-
ducer used for such measurement needs to satisfy two
requirements; high resolution at low absolute pressure
and hlgh frequency response. Low-pressure transducers
usually have very low frequency response.

The sound wave type of pressure fluctuation was

reduced to the minimum by using special tubing to insulate
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the external system from the main flow channel. Outlet
pulsations were eliminated by keeping a constant level of
water 1ﬁ the liquid-gas separation tank as mentloned in
. Section 2. The pressure transducer found to be suitable
was a DISA pu2a low pressure transducer of the capacitive
type. The pressure to be measured acts on a diaphragm
which forms one plate of a capacitor. As a result the
capacitance varles with the pressure. The main characte-
ristics of this pressure transducer for different thick-
ness of diaphragms used in this study are given in Table
111-2.
TABLE III-2

CHARACTERISTICS OF FRESSURE TRANSDUCER

Diaphragm 0.12 0.14 0.16 0.20
Thickness, mm

Pressure 0.85 1l.42 2.13 4.27
Range, psi '
Diaphragm 1.4 1.7 2.1 2.9
Resonance

Water 20 ° ¢ KHz

Channel 0.083 0.11 0.13 0.18
Resonance .
Water 20°c KHz

Damping Ratio 0.01
Water 20°c
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Several suxiliary units: tuning plug, Oscillator and
_Reactance converter, from DISA were also used in order to
transfer the response from the pressure transducer to a
D. C. voltage variation. The functions of all these units
and of the Resonant circuit for pressure transducer are
shown in Fig. I1I-13. The pressure transducer was cali-
‘brated with each diaphragm with a manometer under static
pressure conditions in the flow channelf

Recording and storage system for the instantaneous
pressure data were the same as that for the instantaneous
film thickness except in the case of pressure measurement
the calibration curve is simply a single linear curve.

The data of pressufe drop was obtained by taking the
difference of the mean value of time average pressure at
two different positions.
3-3. ENTRAINMENT MEASUREMENT

The liquid phase and the air phase were separated by
the annular slot removal unit which was described in
section 2-2., Then the liquid content in the alr phase
was extracted from the air by a Peerless Vane type
separator. The water was timed as it flowed into a
graduated cylinder.
3-4, FLOW METER

Two Safequard Rotameters were used to measure the

liquild flow rates. The Rotameters were calibrated by a
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welighting tank and a stop watch. The air flow rate was
measured by using an orifice runs and manometer. The above
orifice plates were carefully calibrated by a Rockwell low
pressure flow prover.

Errors due to the measuring technique for each measuréd

quantity described in this chapter will be discussed carefully
in Appendex B.



CHAFPTER IV

EXPERIMENTAL DATA: ENTRAINMENT, FRESSURE,
FPRESSURE DROP AND FILM THICKNESS

1. INTRODUCTION

In this chapter the experimental data is presented in

a summarized form. The original data are filed in data

books at

Chemical Engineering Department of the University

of Houston. Methods of data processing associated with

statistical data are also described in this chapter.

The
- features
(a)
(b)
(c)
(d)
(e)

(f)
(g)

(n)

The

experimental data which describe some overall

of the system are the following:

Entrainment rate

Pressure drop

Central moments of film thickness

Probabllity density functions of film thickness
Spectral density and cross-spectral density functions
of film thickness

Phase spectra pf film thickness

Auto covariance and cross-covariance functions of

film thickness

Spectra of wall pressure fluctuation and cross—

spectra between pressure and film thickness

matrix of operating conditions consisted of five
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air flow rates and ten water flow rates. Data were

collected at four film thickness measuring stations and two

pressure measuring stations. These conditions are tabulated

in Table IV-1. Table IV-2, Table IV-3, and Table IV-4,

TABLE IV-1

ATR FLOW RATE AND AIR REYNOLDS NO.

- Beg 4 0.0 L,214 62,650 92,860 113,550
TABLE IV=-2

WATER FLOW RATE AND WATER'REYNOLDS NO.

(Rer, including entrainment rate)

We(1b/sec) 0,016 0.028 0,04k 0.08 0.126

Repls 211 367 572 1,016 1,605

Wr,(1b/sec) 0.18 0.24 0.35 0.47 0.585

ReL 2,299 3,151 4-572 6,109 74560
TABLE IV-3

FILM THICKNESS MEASURING STATIONS AND LOCATIONS

CELL NO. | €, A3 By = D,

DISTANCE

(ft )
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TABLE IV-4

PRESSURE MEASURING STATIONS AND POSITIONS

PRESSURE TRANSDUCER NO.| P, Pl
DISTAN?E ?ROM INLET 12.5 13.7
ft

2. EFNTRAINMENT

The method of entrainment measurements described in
the last chapter offered some difficulties in the low flow

rate reglion because 1t was difficult to adjust slot gap

for the low flow rate. Moeck (M-4 ), Hewitt (H-Q ) and Webb

(W-2) have discussed the relative advantage of different
methods. There igs:' no very satisfactory measuring method
avallable at present due to large fluctuations in the
amplitude of the waves. In this study the width of slot
gap was adjusted by the maximum film thickness as measured
from probability deﬁsity function. Because of the uncer-
tainty, 1iquid entrainment rates should be considered as
approximate values, The mass rate of entrainment is shown
in Fig. IV-1l, The result shows an increase of entrainment
rate with both gas and liquid flow rates.

3. PRESSURE DROP

Pressure gradient measurements are shown in Fig. IV-2,

plotted versus air flow rate at various value of water flow
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rate. The results show a trend typical of all two-

phase pressure drop measurements. As either the liquid

or gas rate lncreases, they cause increésed pressure gra-
dient. The results also are 1n a good agreement with data
of Chien and Ibele (C-3 ) who studied the flow in a 2"
diameter tube.

L, MOMENT AND PROBABILITY DENSITY ANALYSIS OF FILM THICKNESS

In this section the method of computing moments and
probability density by digital means 1s described briefly,
Moments and probability density of film thickness are
shown in gravhical forn.

-1, MOMENT AND PROBABILITY FUNCTION ANALYSIS

The definition of the first four central moments and

probability functions of film thickness Q(t) are given in

the following equations:

FR= SlRwsh) -~ - - — — — ——(@-y
~ 3 4= |

Feo=dt - - gy
<f@ﬂ>:.s\ﬂ-FVﬁ3dﬁ - — - — — —-(X-3)

C, =< {_ﬁkf\—-<“ﬁ(tY>}a>

-+ 00

- S (R - <Ry " Temdf — - - = (g-ay

- 00
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83:- <{‘ﬁ(t)—<ﬁct)>} >
= 5 {ﬁ(ﬂ-—<ﬁ(t)>} f(ﬁ)df — — — = (IZ-5)

- 00

&z < {mt)~<fc )‘;} >
f { fa —<he> |7 -7[(7") af — — — - (F-6)

-— 0

where %ris the probability distribution function

a4
f is the probability density function
{h(t)>1s the mean of film thickness h(t)

~ o~
CZ’ C3, EL are second, third, fourth central moments.

A is a random variable
{ 7 1is an expected value
™~  represents statistical quantities
Eris the probability of the event
The digital computer algorithm for calculating the mean

and the second, third, and fourth central moments is as

follows:
n
<ﬁ(r)>=7)L2:,'ﬁ¢ e — — — (-
o E /2 o
C}=—,{,—§T,’L___—__ (X-8)
g /3
- — — T @
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I~ ’ :_fi 1 4
G=w&fc —= — — — — —— (Fo)
where he = % (To+ ({—1)2L) (= n

Toe (S Orb:TraFS{_ Time |
AT o Sorﬂ/:)/.'ng_ /'anrVO / .
F= B LBy C=1,---,n

An estimate of probability function can be obtained

from the following procedure:

(a) Select a probability interval

af = Bozlh - — — — = — = — ()
where Fs and 7, are such that f.< Fa)< T |

K is the number of probability intervals,
(b) Scan the data T%. (=1,---,n through the K
class of probabllity intervals to find
Ni= { No. of B, Such “Ther Ly <X S etk e (-12)

where di=Fa+ Lok L f=l, e, K
(c) Then the probability density and distribution

will be obtained by the following equations:

~ N, { oy _— o — _
_F}z ( nd:)A“r‘,’ L=1, K (¥ —13)
~ - ) )

Fo= i 2 N Fel R = s — = e (W)

The actual calculation variables were selected as follows:
sampling frequency = 500 samplesper sec
record length = 10 sec (5000 samples) per

computer run

no. of runs per calculation = 20
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probability interval
0.001 in. for h(t) ¢ 0.05 in.
0.005 in. for 0.05 in < h(x)< 0.1 in
0,025 in. for 0.1 in<h(t)< 0.2 in
0.05 in. for 0.2 in< h(t)< 0.4 in.

The computer programs to calculate the above quantities
are given in Appendix A, and the statiétical errors of es-
timation are given in Appendix B.

k-2, MOMENTS OF FILM THICKNESS

The mean film thickness measured at the Dy and By
cells in this work are compared with results given by
Telles (T=2 ) and Webb (W-2) in Fig. IV-3. The results
show good agreement.

The mean film thickness <h(t))y, the second, third
and fourth central moments 6}, 63, EL at D» cell are
plotted in Fig. IV-4, Fig. IV-5, Fig. IV-6 and Fig. IV-7.

The data shows the mean film thickness and the central
moments are monotonically increasing functions of liquid
rate and decreasing functions of gas rate except at low
gas rate. The unusual type of data at low gas rate are
also shown in Telles' and Webb's work. The data also
shows a value of E; which is significant compared withlaé
and %L. This implies a sérong non normal probability

distribution for film thickness. The numerical values of
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of <h¢t)>,8é.’35.fgh including the measurements made at
By, A3 and C; cells are éébuiated in Appendix C.
-3, PROBABILITY FUNCTION OF FILM THICKNESS

The probability density of film thickness h(t) are
presented in Fig. IV—S fhroﬁéﬁ éié:AiV-lz, and<£he ﬂﬁﬁgfical
valuesare tabulated in Appendix C. Direct measurement of
this quantity has never before been reported. The pro-
bability distribution functionsof h(t), which contain
less information on the wave structure are filed in the
data books. In these figures the following phenomema are
observed:

(a) A very large maximum is always present which has
a value below the expected value of film thickness,<h(t).

(b) In the neighborhoodof ‘this maximum the distribution
is very narrow.

(c) The probability density in the region R ><{Rmdis
spread over a wilde range and its slope is small.

(d) The maximum peak values increase with gas flow rate
and decrease with liquid flow rate. The séfeéd-bf-theréurve
showsa reverse effect.

These observations are of extreme importance in the
interpretation of the results, which follow in subsequent

section,
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5 SPECTRAL AND CORRELATION ANALYSTS OF FILM THICKNESS

Spectral and correlation analyses are widely used to
study time series. Geophysicists, in particular, have
extracted much useful information about ocean waves with
this powerful tool. There are only two previous studies of
ti.1s nature for vertical wavy flow; those by Telles (T-2 )
and Webb (W-2). Both investigators analyzed the voltage
signal which is a nonlinear function of the actual film
thickness. Thls shortcoming is corrected in this study.
5-1. SPECTRAL AND CORRELATION ANALYSIS

Assuming the film thickness hj(t) and hy(t) are
stationary processes, the definition of spectral density

and correlation functions are given as foilows:

~ A A

Ru (I) = <R tr3) Hy(BI> —— - — — = — — ([7-15)
~ N "

Rz (7)) = <A (t+7) fram)) — = — — — — — (JZ—(8)
N e -canf'y A

Su ('f\): __g;) & Ru(3s)dS — = — — —— (IE—F?)
Se ()= e IS, (yeay - - (W —18)

“where hy(t) is the film thickness time series at
position 1

hz(t) is the film thickness time series at

position 2

Rll(T) is autocorrelation function of ﬁl(t)
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312(7) is cross correlation function of
*ﬁl(t) end fi5(t)

N

S11(f) is power spectrum function of -4, (t)

~
312(f) is cross power spectrum function of

ﬁﬂt)mﬂﬁzw)
Since hl(t) and hz(t) contain a D.C. level, the power

spectrum density function will show a strong Delta function

type of peak at zero frequency, therefore it is desirable

to operate on the mean free quantities hi(t) and h;(t)

Cry (51 = (R eFi@)y — — — — — =W~
Cro(m = <E/ (xeT) By — — — — — — —(I7-20)
§:, ) = ife*""”“c’imdy — — = — — (Z-21)
éTa (£) = _Si:oﬁ-unf}a;(‘s)djr — — — — = ([F-22)

where hl,(t) = hy(t) - <h1(t)>
ha(t) = hy(t) - (hy(t)Y

6;1(T) is called auto-covariance function

é;é(?) is called cross-covariance function

The important properties whichwers used in the actual

computation are given as follows:

@) C(y) = S:O S Y S (¥-23)
® - r; ~
C6) Sy Frdf = Culo)=Ca 2 Cup(Y) =~ —~(IT-2q)
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(¢) if h(t) is real, then 011(3') is real and
even, therefore Sll(f) is also real and even
() 89,(f) is complex, hence 12(3) 1s not

necessary a symmetrical function L

The detailed derlvation of those properties are given in

Papoulis (P-1, P-2).

Since Slz(f) is complex, we can further define

~ ~e ) g
Satfr = NP+ R F — - — — ——(T-25)
N\ n ~ %
SA({')= (_/\.j(.F)-f—chf)) _ — "‘“—(117'26)
o ) = - QU
(70) = ~ton ____7\'/\..({.) - - = = — - — (Z-27)
~
where N(f) is called co-spectrum

R(f) is called quadrature spectrum
N
SA(f) is amplitude spectrum
_ .
O (f) is phase spectrum
It is very reasonable to assume the processes of film

thickness is ergodic. (time averages equal to ensemble

averages)-

This assumption allows us to evaluate the correlation

and spectral function by the following time average equations:

+T

Cu (J) = Lim 'L;I; 5\ B e Brdr — - — —- (I¥-28)
{~t 00 =7

~ +T ,

Cwa (3) = Lem —2’—7 f Re+D B, ()dL. — — — —— (I7-29)
[ —» 0o -7

o™ +T t )

Su (f) = RA'm -;’_'r‘/ ﬁ,(t)C’ anf /__ - — —— (I7-30)
T—OOO -T
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S/z (7{‘) Rim

-LGrt '277-;@ x .
T r?T 7"(1.)6’ :/ ﬁ(z)f o’i‘/‘— (-3

-where # i1s the complex conjugate

The proof of those four equations equivalent to
equations (IvV-19), (IV-20), (IV-21), and (IV-22) is given
in Pépoulis (P-1).

Since the powerful tool of Fast Fourier Transform is
available, the calculation of the above quantities can he
rapidly executed on the digital computer. C{Ii?) and
é;;(?) are calculated by equation (IV-23) using the Fourier
Transform of the spectrum. The digital calculation
parameters for this work were chosen as follows:

sampling freguency = 250 samples per sec

sample length = 2048 sampiés per rég

no. of repeated runs per condition = 20

no. of points averaged in the frequency domain = 4

The computer program for estimating power spectrum and
correlation is given in Appendix A. Statistical errors are
analyzed in Appendix B.

5-2, SPECTRA AND CROSS-SPECTRA OF FILM THICKNESS

All the spectral data presented in this study are

~ ~ (1)
normalized value which is S,,(f)/C for auto spectrum
~(1) ~(2) T 2’ (1)
and S Z(f)/{_ C, }2- for cross spectrum. C,

and 02(2) are the second central moments of hl(t) and hz(t),
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- which are given in Appendix C. The spectral densitles of
film thickness measured at B1 and at D2 and the amplitude
spectral densities between them are plotted in Fig. IV-13
through Fig. IV-20. The phase spectra between B1 and D2
are shown in Fig. IV-21 through Fig. IV-23. The tables of
these numerical values are in Appendix C. A few typical
examples of the spectral density of film thickness at A3
and at C, are plotted in Fig. VI-24 through Fig. IV-25.
The complete data sets are in the data books.

One can observe the following facts from those spectral
data.

(a) In most of the conditions the spectra shows a
maximum value at a frequency which is called modal frequency
fm.

(b) The modal frequency increases with the gas rate and
liquid rate except at the low liquid rates.

(c) For the liquid rate below 0.044 1b/sec there is
suggestion of a double peak structure especially in cross
amplitude spectrum. The low frequency peak increases
with the liquid rate while the high frequency peak indicates
the reverse effect.

(d) The increase of gas rate tends to increase the
spread of the spectral curves in the neighborhood of the

modal peak, and the increase of liguid rate gives the reverse
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effect.

(e) On the 1ow-frequency side, the cross amplitude
spectrum is almost identical with the auto spectral density
from each of the two cells. As the frequency increases
the cross amplitude spectrum will increase the departure
from the auto spectfé.

(d) The phase spectra shows a straight line in the
low frequenc™ range. In the higher range the slope of
the phase spectra gives a higher value than that of low
frequency range.

5-3, CORRELATION FUNCTICN OF FILM THICKNESS

The correlation contains the same information as the
spectral function in another form. But some of the in-
formation is easier to extract in this time domain than
from an analysis in the freguency domain. The auto-
covariance and cross-covariance functions of film thick-
ness at D2 and at Bl’ which are normalized by second central
moment as the spectra, are plotted in Fig. IV-27 through
Fig. IV=34, Since the auto-covariance function is symme-
trical about § = 0, and the main lobe of the cross-

covariance function is located at 73,> 0 and unsymmetrical

about T, as given in Fig. IV-26 (a), it is convenient to
~ .
vresent the suto-covariance function C(3) for 3= 0 and the

L g

cross-covariance function 012(7) by shifting time coordinate

as 012(7’1"5. ), then folding 012(‘5’7“}, ) for T4 7, o to



I #7,20 as shown

RA

in Pig. IV-25 (b). Those values are also

tabulated in Appendix C. Those functions of film thickness

at A3 and at Cuare filed in the data books.
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Observing frém those function, one can see the
following facts:

(a) Time lag from origin to secondary peak of the
auto-covarlance,which is related to the period of the
periodical process, first increases with liquid fate thaﬁ
C~ereases with the liquid rate. There 1is a transition
region around wL=O.044 which shows a very small secondary
peak.

(b) The amplitude of the main peak of cross-covariance
8;2('L ) increases with liquid flow rate. Its shape is
almost identical with that of suto-covariance except in
the neighborhood of zero time lag and small liquid rates.
This suggesté that the shape of'the individual large wave
is almost unchanged from By to D, station except in the
region of small liquid rates, and the shape of small wave

changes from B1 to D2 station.

(c) Cross-covériance-éié (T ) shows some unsymmetrical
properties around I =3, at which é;;(I} ) is maximum as
shown in previous Fig. IV- 26 (a). This might suggest
‘that a' secondary wave moving with different wave velocity
exlists,

(d) The time lag value 3, which is the travel time
between two stations for a large wave increases with

———

ligquid rate and decreases with gas rate.
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(e) The location of the minimum value of auto-covariance,
which is related to the width of the large wave, increases
and then decreases with the liquid rate.

The detailed discussion of the physical meaning of the
above covariance functiom wlll be given later.

6. SPECTRA_ OF WALL FRESSURE FLUCTUATION AND CROSS - SPECTRA

OF VWALL PRESSURE AND FILM THICKNESS.

The auto spectral and cross spectral density of wall
pressure fluctuations around the mean are calculated in the
samé way as for film thickness. These results, all normalized
by the total power or cross power, are plotted in Fig. IV-
35 .through Fig. IV-40 aioné with the film amplitude
spectrum. The numer;pal value and the correlation functions
are filed in data book. A vertical line appears on some
pairs of data points of the pressure and cross spectrum.
This indicates that a strong narrow spectral peak appears
at a frequency between these two data points. These
spectral spikes are attributed to the low frequency vi-
bration of the system. With the spikes removed the pressure
spectral density is similar to that of Telles'® measurement
and shows a multiple peak structure. A weak correspondence
between pressure and film thickness can be observed but
a strong correspondence of certain feature of the cross

spectrum and film thickness does exist. The most important
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fact is that there exists a two peak structures in the cross-
spectral density function and the main lobe of the cross-

spectra corresponds very well to the spectra of film thick-

Ness.



CHAPTER V

EXPERIMENTAL DATA: WAVE STRUCTURE

1. INTRODUCTION

This chapter discusses the methods used to process the
time series analysis of film thickness to obtain the statis-
tics of the wave motion and presents the basic data to
illustrate trends. Full Qata was filed in the data book.
The numerical valuesof the data used in this chapter appear

in Appendix D. An interpretation of these data is undertakenin
Chapter VI. All previous measurements which have been reported on
wave properties treat waves on falling films as sinusoidal,
- and such a wave can be completely specified by three para-
meters: wave amplitude A, and two of the three parameters
wave length, , wave period, T, and wave velocity, C. But it
is now clear fhaf sinugoidal waveé-never-occur on akfalling
film. The technique used in all previous measurements to
obtain sinusoldal wave parameters involved measurements from
elther photographs or instantaneous trace o;“film thickness.
The results involve large uncertainties., Some typical

wave traces obtained in this study are shown in Fig. V-1 and
| Fig V-2, One can observe the following phenomena:

‘(a) There are approximately three type of waves: large

waves, small wave trains which sit on the substrate,
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small waves which ride on the large waves.
(b) The wave front is steeper than the wave back.,
(c) There is a random nature associated with the
wave amplitude and the wave separation between
two waves.
In the following section the waves are considered as non-
symmetrical and measured in terms of two groups of parameters:
one set measured in the time scale to characterize the base
dimensiones of the wave and one set measured in length scale to
characterize amplitude. A length scale for the base can be
obtained as soon as the wave velocity, C, 1s known and this
will be discussed in the next chapter. S&ince the waves on
a falling film are both non sinusoidal and non-periodlc, the
statistical properties of the wave parameters must be ob-
tained to adequately describe the waves, These data and
their development from the time series analysis of film
thickness are discusses here.

2. METHOD OF ANALYSIS OF WAVE STRUCTURE

It is the objective of the data processing scheme to
extract the statistics of seven parameters describing the
random waves: wave amplitude, A, time for passage of base

of the wave, Tbs' time between successive waves, T time

sep’
- for passage of wave front, Tfpns time for passage of back of

""the wave, Tpie the film thickness at the minimum of the wave,
hmin' anq the film thickness at the maximum of the wave, hmax'

These terms are defined in the sketech in Fig. V-3. Noting
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that because the ninimum film thickness in front and in back

of a waves are not necessary the same, the definition of wave

7
“Kmn '{E\m.n

: ; !

oo Tn—He— T .

| ' !
e Ty |

| !
Fig. V-3 WAVE PARAMETERS

amplitude is arbitrarily defined as:

o/
A = Toay — (———f'“‘“mg Enn) (¥-1)

The relation among the time scale parameters can be described

by
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In the subsequent section, it is convenient to call
the above seven parameters as, A the wave amplitude, hmax
the wave maximum, hpsy the wave minimum, Tsep the wave
-separation, TbS the wave base, Tfn the wave front, and Tbk
the wave back.

' The existence of a small and a separate large wave is
discussed above. Because the physics controlling each of
these typesare likely to be quite different, it is important
to calculate-the statistics of each type separately so that
models can be buillt for each class of wave. In order to |
reach this goal using the digital computer, it is necessary
to establish the creteria for ldentifying small and large
waves. The word, "large waves", implies that one see a
large fluctuation about the undisturbed level or mean values.
Hence it is natural to use a change across the mean film
thickness to identify the presence of a large wave. These
types of waves are identified with the following creteria
(see Fig. V-4)

r———»— AM‘&& Nawe "’"’"‘L

Swelk woat. on =~

i

-SLDJ\“& ware

Rein ..
% ¥

Fig. V-4 IDENTIFICATION OF WAVES
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(a) A large wave exists if an excursion in film
thickness is found such that hp,,> <h> and
Npins hlixin< <h>

(b) A small wave exists on the substrate if for that
excursion, hp . hys héin<i <hy

(c) A small wave exists on large wave if hmai> <hy
and (1) hpy > ho, < <hd

(11) hpy, < <, > <h>

hmin
]

or (1ii) h_ .. >y, hpyp > <o

min
where hmin is wave minimum at fron?
hgin is wave minumum at back
The calculation of the statistical properties of the
above seven parameters are illustrated by the following
steps:

(a) Given a time series of film thickness

h(t) = hi i=i,-=-, n with time intervala t

(b) Search for relative maximum and minimum

of film thickness by

hpip = hy o+ 1F hy_3> by < hyg

Ppas = By » Af h_ < b by

ot = hy . Af hy_ yh < hg

where 1<k < & '

and calculate the time interval between

successive hmin and hmax by
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(S%]
Trp = (k-1) &t

W = - A
Tbk (L=k)A t

(¢) Repeat the above process to form a sequence

132} W (O] () _
hmino Tf‘nn hmax, Tbk' j=ly====,m

(d) Separate the above sequence into three
subsequences by the above criteria given in

Fig. V-4 as:

o .\) ( (\)
hmigl T;ﬁ- hm;;, Tb%' 3= 1,--- my for small wave

hmfgz ng? hma&? Tgﬁ? J2=l.~-- m, for small wave

on large wave

() 4D 4 D)
hpsnt Tepr Bmaxs Tgi, 33=1,-—-,m3 for large wave

(e) Calculate AT Tos Tsep for 3,=1,---,m,
and i=1,2,3 by equation (V-1), (V-2) and (V-3).
for 1=3, if there are small waveson substfate
between two sucessive large waves then equation

(V-3) will be modified as

43 G4 HBarl) X ()
. = G+ L.
Tsep " Ten ¥ Ten ¥ 10, Tos

(f) Calculate mean, variance and histogram of the

GO GO
min Tbs '
for 1=1,2,3 by the method

(D GO
above seven paramters A , hmax s N

G GO Qo
sep ' Tfn and Ty

given in the previous Chapter IV

T

The computer program to do the above calculation is

given in Appendix A.
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3. STATISTICS OF THE LARGE WAVES

The statistics of the large waves measured at D2 cell
will be presented in graphical form. These statistics are
discussed in the following three categories:

3-1 AMPLITUDE DOMAIN

In the amplitude domain, the mean and standard deviation
of wave amplitude, wave maximum, and wave minimum of the large
waves are given in Fig. V-5, Fig. V-6 and Fig. V=7. - The trend
of these data indlcated that the value of these parameters
related to amplitude (A, hpaxs hpip) increase with liquid
flow rate and decrease with gas flow rate except the condi-
tion at ¥,= 0.045 1b/sec. The standard deviation of wave

amplitude ﬁ;

amp is roughly equal to the standard deviation of

~

wave maximum. @

max and the standard deviation of wave ninimum

~

q\.

nin 1s much smaller than either of these. Thls suggests
that the substrate height is quite constant. So.

variation in amplitude must be directly equivalent to vari-
ation in wave maximum hmax'

The histogram of the above three wave parameters have
been calculated. The histogram of wave minimum of the large
waves has a narrow band distribution which can be well des-
cribed by its mean and standard deviation. The histogram

of wave maximum of the large waves corresponds well to

that of wave amplitude. Hence only the histogram of wave
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amplitude of the large wave is shown in Fig. V-8 through

Fig. V=12, 1In these graphs, NL is the total number of the

large waves used in the histogram. The general features of
these curves for the large wave are as follows: At low

liquid rateSthe amplitude histogram shows a single peakf-

At intermedate rates there are two very well defined peaks and at
still higher rate three characteristic wave size are in-

dicated by three beaks at the histogram. Thus there appears

tp be three characteristics type of large waves at higher

floﬁ rates.

3-2 Time Domain

In the time domain, the mean and standard deviation of
wave base and wave separation of the large waves are given
in Fig. V=13 and Fig. V-14. The wave front and the wave
back are related to the wave base by equation (V-2 The
ratio of ‘inﬁf/<Tfﬂ> and the wave frequency which is
related to the time scale by equation (V-4), are shown in
Fig. V-15.

Where {k .1$ the wave frequency of the large waves.

The trend of the wave base and the wave separation of

the large waves show that the value$§ increase with ligquid

flow rate up to W = 0.08 1b/sec then decrease with liquid

flow rate. At all liquid rates increasing the gas rate causes these
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parameters to decrease. This svggests an important transi-
tion at Wy = 0.08 1lb/sec and the observation is substan-
tiated by other measurements. The effect of the liquid flow
rate on the ratio of 4Tbﬁ/ <ng is similar and also shows
a transition at WLC?O.OS 1b/sec, but the effect of the gas
t.ow rate is different. The value of LTy /<Tfﬂ> first
increases then decreases with gas flow rate. The most
inportant feature of the ratio ofdTyp /{T, > is that the
lérge wave rapidiy become non-symmetrical as Lhe liﬁui&
flow rate increase above very small values.

The histogram of the wave base for the large waves are
. plotted in Fig. V=16 through Fig V-18. These curves appear
to have a single peak unsymmetrical distribution. Considering
the fact that we observe several characteristic wave amplitudes,
the fact that all these waves have the only one characteristic
base time seems remarkable. The histogram of the wave se-
paration of the large waves are shown in Fig. V-19, Fig. V-20
and Fig. V-21. They appear to be of a multiple peak structure
with the modal value of the largest peak being independent
of liquid rate for each gas rate.
3-3. JOINT HISTOGRAM

In the previous two sections, the detailed structure
of the wave parameters of the large waves were explored.

Naturally, the next equation is, "what i1s the statistical
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relation between them for the large waves?" In the time
domain, a large wave separation is usually associated with
large wave base, wave front, and wave back, since they are
related by equation V-2 and V-3. 1In the amplitude domain,
the minimum, hm’ of a large wave possesses a very narrow
-aLstribution. Hence the wave maximum and the wave amplitude
are approximately related by equation V-1 with a constant
wave mininmum. Therefore the only unknown relationship

is the joint statistical properties between the wave para-
meter in the time and amplitude domains. The wave separation
and the wave maximum of large wave are used to study their

joint histogram. The definition of joint histogram is given

as:
B R, Toeg) =W B [T € Bonan T, T < Fa Tog} === (35>
where hpow = hpoy - fi%max
hm£§ =h .7 éLgmax
ngg = Tgep - EL%SQP
ngz = Tsep ¥ fi%fﬁp

JAN hpay 1s the probability interval for wave maximum

A TSe is the probability interval for wave separation

p
NL is the total number of the large waves
‘The full result is tabulated in Appendix D. The

numbers appearing in the table in Appendix D are the number of
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waves in that corresponding probability interval. In this
section, the typical joint histogram of the wave maximum
and the wave separation are presented in the form of the
probability of the wave separation at varlous wave maxi-
mum as in Fig. V-22. The data show that the modal of

fhe wave separation given a wave maximum, hpsy, 1S appro-
ximately proportional to that given wave maximum. The
above implies that the smaller wave maximum is associated
with the smaller wave separation and the large wave maxi-
mum is associated with the large wave separation. They

also show multiple modal values in these two dimensional

- domains.

b, STATISTICS OF SMALL WAVES ON SUBSTRATE

In this section, the statistics of the small waves on
the substrate are presented in a similar way as the large
waves,

-1, AMPLITUDE DOMAIN

The mean value and standard deviation of wave amplitude,
wave maximum, and wave minimum of the small waves are gilven
in Flg. V=23 through Fig. V-25. The general trend of these
data is similar to the large waves. But the order of ¢(A)
and (h, > of the small waves is smaller. Aside from differ-

ence in order of (A) and ¢h small and large waves differ

max’’
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in an important way as indicated by the values of ¥ , For
the small waves, the standard deviation of wave maximum,
aﬁax, is about equal to the standard deviation of wave

~

minimum, "

min® &nd the standard deviation of wave amplitudes O;MP

is much smaller than Oha and (rmin' This suggests that the

X
small waves are very uniform in size and that any variations
in hpin is reflected immediately in a variation of hpax.

The histogram of wave amplitude of the small waves are
given in Fig., V-26 and Fig. V-27. The general features of
these data show that a single narrow peak characterizes
the distribution for small waves on the substrate for all
liquid and gas rates.

b-2, TIME DOMAIN
The mean value and standard deviation of wave base for

the small wavesare plotted in Fig.V-28. The wave frequency

of the small waves is given as:
1

LTy

- — (Y ~6)
fg =

The data of the wave frequency fg and the ratio °f<Tbk)Q?bs)

is shown in Fig. V=-29. The trend of these data is similar to
that of the large wave except the peak value of the ratio
(Tbk>q$bs)occurs at Wp,=0.35 1b/sec. The histogram of wave base of

the small waves is also shown in Fig. V~-30 and Fig. V-31. They show
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a usual single narrow peak distribution for all liquid and

gas rates.

5 STATISTICS OF SMALL WAVES ON LARGE WAVES

Based on the above mentioned criteria in Section 2
small waves on large waves will include not only the
small waves riding on the large waves but also some of the
large waves travelling very close to each other. Only thef
data on the wave amplitude and the wave base will be used
in this section to 1llustrate the general features of this
type.of waves.
5;1. AMPLITUDE DOMAIN

The mean value and standard deviation of wave amplitude
of tﬁe small waves on large waves 1is given in Fig. V-32.
The trend of these data shows a similar effect of gas anqliquid
f1low fateS- as the large waves and the small waves. The
order of magnitude of these data is between that of the
large waves and the .small waves. The histogram of wave
amplitude of the small waves on large wave 1is shown in
Fig. V=33 through Fig. V-35. These curvesshows a single
or a double peak on the main lobe and with a smaller side
lobe.
5-2. TIME DOMAIN

The mean value and standard deviation of wave base of

the small waves on large wave is shown in Fig. V-37. The
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trend of these data 1s similar to that of the large waves
and the small waves, and theilr order of magnitude is be-~
tween the two of them. The histogram of wave base of the
small wave on large wave 1is a usual single narrow peak

distribution and will not be shown here.



CHAPTER VI

INTERPRETATION OF EXPERIMENTAL DATA
AND
SPECULATIONS CN THE PROCESS OF WAVE MOTION

1. INTRODUCTION

The statistical data presented in the last two chapters
give only part of the useful information available., The
structure of the processes can not be completely described
from the time series data without special processing. In
this chapter, further information is extracted from the data
by various techniques using assumptions and speculations
about the processes. Hopefully a more complete description
of the structure of the processes can thus be defined.

2. WAVE VELOCITY AND WAVE LENGTH

One of the most important wave parameter which is not
directly obtainable from the time series analysis is the
wave velocity. 1In this section, this parameter will be
obtained for both the large and small waves by various
methods. Webb (W-2 ) measured a probability density function
for the wave velocity. Telles (T-2 ) obtained a linear
phase spectrum which implies a constant wave velocity. There
is an obvious conflict in the results between these two

reports. This paradox is examined here.
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2-1. WAVE VELOCITY AND WAVE LENGTH OF LARGE WAVES
Telles assumed that film thickness time series measured

at two position are two stationary stochastic processes

such that
—ﬁ|/(1’—3: -ﬁ'(t— "E‘) af X=o — T — —T — = (E"‘l)

' /
.\Gi Yy = ‘ﬁ ct - %3 ot X :’Q ______

where § 1s separation distance between two positions,.

Then from equations (IV-20) and (IV-21), one can obtain

~. A, . A, “()
Cro (T)= LR+ H(t-3)

= C,(7+3&) —— - - - - — (W3
~ + 00
Sath = § &M1& 324y oy
- 2 L i
= e " S ¢fry — = — — — —-(un-4)

Comparing the above equation (VI-4) with equation (Iv-25),

it is clear that
P -.‘P v
A_ (fy = cos Qn.[\—c— S (7[') — = —— (-5

R (fy = S,n.m-f—é— 3’: (£ — — —-(¥W-8)

The phase spectrum from equation (IV-27) becomes
o~ A
O (fr=2arf = — = — — - — — — (@)
The equation implies that the slope of phase spectrum
1s equal to the ratio of separation distance and wave velo-
The wave velocity, C, ean alsQ be obtained from cross

city.
covariance as Webb showed. One important property of auto-

covariance is shown in equation (IV-24)

Cu(o) >/ CH (7)) —For altll :r
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From equation (IV-24) and equation (VI-3), one obtalns
~ 0 ~
Cio () 2 Ci(3d for ot 3 — = @-71)
The meaning of equation (VI-7) is that the maximum of
cross-covariance is at the time lag 3==—§w Therefofe the
wave velocity can be directly obtained from the 1ocation of
the maximum of the cross-covariance.
The wave velocity was obtained from both the phase
spectrum and the cross-covariance for a gas flow rate,
Wg=0.0 1b/sec. These are compared with Telles' and Webb's
data in Fig. VI-1l and show good agreement. Although both
methods are equivalent, the method of cross-covériance
depends on locating a single maximum point. Hence 1if
the time lag interval is large or the separation distahce
between two measuring stations 1is large the method 1s subject
to iarge error. The wave velocity for all gas flow rates and
ligquid flow rates is given in Fig. VI-2. TheseA@%ta show the
usual trend of increasing velocity with both gas and liquid
rates. The wave length of large wave which is defined by

(N= C(Wkep> was calculated and plotted in Fig. VI-3.

2-2. NONLINEARITY OF FHASE SFECTRA
In the present study, the data of phase spectra as
given in Chapter IV show a departure from the constant slope

above a frequency of about 10 cps. This did not appear
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in Telles' data. PRut if his data is carefully reexamined,
one would find that he only presented the data possessing
a constant slope and neglected the data above that region.
In this section, we will discuss the possible reason for

" this phenonena. One reasonable assumption is that the
process h(t) contains two components, %A(t) and gB(t).
ﬁA(t) is moving at constant velocity C, i.e. %A(t) =
%A(t) (:g— + t) while ﬁB(t) is a unknown process. We
further assume ﬁA can be approximated by a fourier sine
series. —TﬁenwékAtwo measuring locationé,.i énd_z, fhe obserééd
signals would be

hy(t) = hy(t - =X ) + hy(t) at x = 0 -==(V1-8)

hy(t) = h,(t = =) + h(t) at x =8 ---(VI-9)
a2
hy(t- —2-) = g,‘aj Stn =g (b= &) —eee-- (VI-10)

while Tj = 3Ty
N :
Now assume hA(t) and ﬁB(t) are uncorrelated, and h,(t) and
A
ha(t) have zero mean.

Then the cross spectrum is

~e L Ej_’l -Q . . n Q'z
S‘} (w) = i—\ N T Qoo oo S oy —wd v \;;\Z__\ '_;.:&‘TS‘“ }“’\%L}“’\“‘O)

~
+Sgg W) - — = — = — — — — — (q4-\|)
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Where W is angular freguency

$ is Delta function

W, = 2L
\ ~
23V .
Wi = - = LW
i Tl ol

N
Suppose the real and imaginary part of SBBOM).are also

represented by the delta function as

r~~ n n
Sae) = %\ bl S Gwi—wy + { 3?: el S oy —w) - -~ (Tmi2)
then

~ [Y

Su (wy= }_{Z___\ &%T‘Wa‘w‘% +\)b‘§ S (o, —w)
2

o Q)
+ vz, —Jln'Sm\Fu\»£>-rC%

Z T L 31 s oY oo - (@-e)
Hence the phase spectrum 1s

~ = 2b & cosyw E :
B W)= —tom ! ;;: { 2-‘ ¥ e b’} S Cywi—w) s (T-w4)

(o3 . .
2 AT SR T O S G )
Equation (VI-14) indicateS that the phase spectrum will

be affected by the energy contained in the unknown processes

b? and c? .
Suppose
(a) w =0 ~o vn,w, n,<n
3% >y b Ag 5
omd
porewmE o
then



~

(b) W = (N t1) Wy e N Wy, n,<n
o _ 2
L b BT W o

then g‘a will not be on the same slope .
W =

(c)

Nt V) Wy~ Nu,

2

L - 2 O 2
"—'—“"2 T << b , 5 W << C¢
then
A - b'l
Gta K}_u)\) = Yom %?;;) )_:V\lT“J STtV T T (31“\@)

This implies that the phase is controlled by the unknown
process. The above yesult is illustrated in Fig. VI-4,

This is precisely the appearance of all the phase angle

data.
4 N
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2-3. SECONDARY LARGE WAVE VELOCITY

From the above analysis, it is clear that the non-
linearity of the phase spectrum is due to the processes
containing a component which is not moving at the primary
wave velocity C. The next step is to find the component
which is moving at a velocity C', different from C and determine
its value. XNumerous techniques to obtain the wave velocity
for different components have been pointed out by Seriff
(S=9). One of the most powerful methods is the two di-
mensional spectrum which is used by geophysicists and
oceanographers, In the present study, only four unequal
spacing probe were embployed. This is too few measurements
to apply two dimensional Fourier Transform techniques.
The method used in this section involves the subtraction
of two signals measured- at the two stations.,

N

Consider that the process hy in equations (VI-8) and

(VI-9) is moving at velocity C', then

I n A .
‘R\ () = Ta e x 'ﬁB ) of X =0 — — . (YT -1)
A A A ‘
’ﬁa. () = —ﬁhﬁt"x\)‘\'ﬁe (T~%) v x=8% — — — (W -1 )
‘'where F,o= 2= amd §, = &

c
The above two relations are shown Schematically in

Figo VI"‘5|



5
'ﬁALI_ ' -“B(t) /\_‘
\ /N
. m

T ()

TA‘_‘S|

fal
RS

FIG. VI-5. SUBTRACTION/ OF TWO SIGNALS
N
Shift h,o(t) by time3,,then subtract. two signals, we
Pal
obtain a new signal h3(t) as:

hy(t) = B () = hylt +7,)

A
h (t) = n (t + 3, =, ) m———— (VI-19)
The covariance of h3(t) becomes

]

(h (t +7) n (t)>
- (?I;B(\S*\S\—‘Sz) --(VI“ZO)

Equation (VI-20) shows that C33 (3 ) has one positive
peak at J = 0 and two negative peaks one at 3 =73,~3,and one

at3=7.~%, . Since T, is a known quantity, from the location of
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negative peaks of C33(j') one can obtain

c' = —j;é%ET—— ---------- (VIi-21)
where 7 =3, -3, = location of negative peak

The above discussion neglects the change in amplitude
between Qi(t) and gz(t). Actual data show this is not neglig
ible. In order to compensatéfor this amplification factor, Ar,
one considers N N A . ‘

R, (1) = —)% T -T)) + ‘—k"‘%_ﬁg(t—\bﬁ —— - (W -22)

The amplification factor can be obtained from the covari-

ance function 6Ii(3'). 6;2(3 ) and é;;(3”*j\j

by the following three egquations:

C11(7) = CZA(T ) + c;;(j ) ----- (VI-23)

CoplT) = =7 ( Cpal(y ) + Cpp(3) )==(VI-2)
f .

Cip(3+73) = _%1:— ( Cpy (3) + Cpp(T+3,-3,))

= _1 i e

= (Cpp(3) + Cpp(3) )-=-(VI-25)
A
From equation (VI-20), thefspectral density of hB(t) can
also be obtained
\ \

A T
Ses ) T 5 TS o T T e

Since the subtraction process is not perfect, the

~ N
033('3) contains not only the information on hB(t), but also
Fal
the - residues of hA(t) and the component which is not moving
at either C or C'. This effect can be found from the quantity
RS
Fn 0.

Fn= Ci3o) — 2 Cyy (3,=-32) — — — — — (Q-27)
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In order to extract the power spectral density

containing only %B’ one modifies equation (VI-26) into

Sy = Smed AN (g ooy

®8 2 L= o wiTa=Ty) >

Aniw) = —X & . L — — — (©L-29)
+c ~

where.fc is folding frequency of 83300)
7 Fquation (VI-29) implies that the noise component Fy

is uniformly distributed in é;é(bb) (white noise assumption).
The calculated valuesof C' obtained from the above procedures

are compared with the priﬁary wave velocity in Table VI-1.

wL(lb/sec) c c' £ f;?’ Sq4(fn)| Spgl f:‘)
0.016 1.50 1.41 0.671 4,578 0,043 0.019
0.0k 4,09 | 3.41 1.648 4,089 0.0546 |0.0076
0.126 5,01 4.21 3.601 6.042 0.1013 |0.0062
0.24 5.58 4.76 4.089 6.531 0.0619 |0.01012
0.35 6.91 | 5.69 | 3.601 | 7.507 0.0649 |0.00721
0.585 8.30 | 6.75 5.066 6.531 0.0642 |0.00352

TABLE VI-1. FROPERTIES OF SECONDARY WAVES
W, = 0.0 1b/sec
a bl . ®) ~
In Table VI-1, f,» f. are the modal frequency of Sll(f)
N~ .
and SBB(f) respectively. The corresponding slope of phase
spectra for C' is also plotted in Fig. VI-G with the actual

data. From the frequency band of the corresponding slope

of phase spectra for C', it is obvious that the wave velocity
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'which has thus been obtained 1s for a secondary large wave.

2-l4, WAVE VELOCITY AND WAVE LENGTH OF SMALL WAVES

One very important result of the previous section is
that the local slope of the phase spectrum evaluated at
certain frequency is related to the wave velocity of the
wave having that frequency. This can also be derived analy-
tically. Assuming ﬁB(t) in equation(VI-8)and (VI-9) to be

represented bv a Fourier sine series with a wave velocity C°'.

A
Fet -y = b S - Xy~ — (m-30
8 C }ﬁ T)_. ) )

‘where B 1L R <ndm
then the equation (VI-14) becomes

LA S
. {z —*T S\h),\o.)‘-%:-t-Zl —13"“'3"\ b_u)\ 2 }é(‘)@\—‘o)

la N
O (W) = Tom n 2 )‘ﬁ; --(U-3i
e I - A A R
Eimilarly the result will te
On (wy = é.‘*’\'%‘ Lov =4, o-- - - - - — — (W-32)
O n W) = juw, %, for gmnvr, —-o,m = — — — (W-33)

Based on the above result, one would ask whether a
constant slope of phase spectrum can be found in the fre-
quency range for small waves. If so, the wave velocity of
small wave, Cy,can be extracted. The data of phase spectrum
in the range of small wave frequencies shows another slope.
But the data are inconsistent and fluctuate widely in this

region. This 1is probably due to the fact that the primary
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velocity of the small and large waves are very different
and the digitizing interval used for the small phase angle
of the large waves is not suitable for the large phase angle
assoclated with the small waves. A technique is available
to eliminate the effect of the primary waves on the éign;is

for the small waves at the two positions.

A .
‘ﬁ.(-t§=z-0 S“Tt Z__.‘J&Sm l\“‘v- at x =0

¥ r R ¥
N
"ﬁl("ﬂ: Z.O SV‘—‘('\:—=g +Zx\) S\h'l—-(t— at X =8
> ) <)
¥ =8
Now shift *ﬁ e by \=_é_1_

‘ﬁstt\ = "ﬁ (t+3) = 2‘_. Q; Sm— (t__.pm—\.z.b S 3—;(1:-—;5)__-& ~34)
The phase spectrum will be‘ =&

m
Z_\ t‘T‘ S Y\&_\'\)\ (‘:g" s ) Z’%‘J’“S‘h&\\)-(_g'—‘s,)g é().wl—w)

813 ¢ = Ton TR - - --(@-35

{%}\.fﬂc‘os y (—C =3+ Z os&w,(—c—s-x,)§éga\o -w)
Since ﬁ%-—‘3,=:o equation (VI-35) becomes
Sty =( O Fer ymi, %o
(o] \-P Ctz' >>b2' -E-\o\— ;:’R)-'-/Y\

. P - - — — (W-3p)
T (";C-;- -3 l{— Q§<< ba_ -?or ‘_=G)
é,UO\ K%S_S‘) —Fc\—- },:“-\’\T\) e,

A typical phase spectrum obtained by the above method is
shown in Fig. VI-7. The wave velocity, CS, i1s thus extracted
from the above curve and the wave lengthAcalculated from ColTpg) -

Results for the small waves are tabulated in Table VI-2.
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TARLE VI-2. WAVE VELOCITY AND WAVE LENGTH
OF SMALL WAVES

We = 0.0 1b/sec We = 0.1436 1b/sec
JL(lb/sec) Cs(ft/sec):x(ft) Cs(ft/seo) N (ft)
0.016 0.74 0.0209 0.903 0.0107
0,028 1.19 0.0438 1.17 0.0175
0,044 1.39 0.0585 1.25 0.0408
0.08 1.405 0.0630 1.41 0.0455
0.126 1.410 0.0585 1l.412 0.0470
0.18 1.46 0.0545 2.15 0.0680
0.24 1.63 0.0575 2.18 0.0667
0.35 2.02 0.0608 2.29 0.0610
0.47 2.10 0.0585 2.38 0.0567
0.585 2.39 0.0580 3.00 0.0655
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3. SPECTRA AND CORRELATION OF FILM THICKNESS

In this section, the important properties of spectral
density and correlation function of film thickness and its
prhysical meaning will be explored. Telles considered a
periodic sine wave process with random phase QSIN (27
fmt 4'8) to study the power spectrum of film thickness.
Since the spectral density of the above process is a Delta
function, he concluded that the modal frequency 1is the
most commonly found frequency of the waves. From this the
average wave separation distance and time was calculated.

In this work the wave separation and thé wave amplitude
of large waves are shown to have a wide distribution. Thus,
Telles' argument is not valid. One would expect a more
general analysis could be done.

Consider h(t) a stochastic process as follow:
‘%(t\:QSm (lﬁjétﬂ“'é) - — - — - — — —(W-37)
where g,‘g are two independent random variables. ? has a
even probability density function, while 25 i§~a ﬁniform
distribution function.
The auto-correlation function and the spectral density

function of this process will be

-+

%nsz%z g Frcosanfaf —- — - ~ --(ym-33)

oo

/S\’(%:
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Hence if. the amplitude of the waves ig the same, the
modal frequency fm is related to the modal value of the
probability density function of wave frequency ( or wave
separation). The wave amplitude posesses. & widely spread
density function so it is necessary to consider this effect

A
too. Consider h(t) as another stochastics process. ..

r AN A

=\

&

where aj is an independent random variable assoclated a
frequency fJ’

The result of thls process is

ey = Z <8 Cosanfyy — — — — - (w4

§;‘GF)== %§x<:&3> {5({3—43)~r<§({:f4g)}<— — (A -42)
- This result shows clearly that the maximum peak of
S(f) will be located at f, such that(a,i > 2 (8\5‘) for
j =1, =--=, n and the secondary peak of R (}) is at
positionfy, such that fpJp = 1.

There are two special cases in the above equations
(VI-38), (VI-39), (VI-41) and (VI-42).
~ A
(a) if Ffr>=Sf-L5) and <BLy o> <ags
S ov }3’—‘2
then
Y
R(3) = 0" cosan{g

IS\/(JP:OIS £$-fa) d»>0
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This is the case corresponding to Telles' consideration
(v) if —f(fu;>=\ o <3\}>=<6*}x Sron
Yo R=0,-,m

then & (3y =a* S

Sh=a
This result is a so called "white noise" process.

The actual data for film thickness show that the result is
somewhat between the above two special cases. Comparing
with other wave data such as wind waves, the spectral density
of film thickness shows a much wider spread with frequency,
while the periodicity of the correlation is much weaker.
In order to have more specific understanding of these sta-
tistical functionsand their relation to the wave paramter,

one would study the following quantities:fm, Sy Senn,

C 3w, Cu (3, ang Seq @s shown in Fig. VI-8.

I =% d .i.v\.g:
i \
~ I
S(“:) : \ (a) S‘,ec"('\-um
| .
|
I
I

\
-+
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FIG. VI-8. PARAMETERS OF SPECTRUM AND COVARIANCE

3-1. MODAL FREQUENCY, MEAN PERIOD, AND MEAN BASE LENGTH

The ﬁodal frequency, fm, defined above at condition
We = 0.0 1b/sec is compared . with the data of Telles and
Webb in Fig. VI-9, The trend shows falr agreement. The
modal frequency of spectrum and cross spectrum gre usually
the same. A double peak structure in cross spéctrum and
sometime also in auto spectrum appears in the range of small

liquid flow rates. In the above figure, if the data suggest a
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double peak structure, the secondary peak will be represented
by f&. As mentioned above, 1if the processes contain a
veriodic component strong enough to show a peak, then the
correlation function 623 ) will show a secondary peak at

the mean period Jw such that - Jw =\ . Therefore the
data of tim and fm should correspond. In Fig. VI-10, the

data of-%—and fm vs. W, are plotted for the gas flow rate

™

Wg = 0.0 1b/sec and Wy = 0.1436 1b/sec., The relationship of

ST =1 1s confirmed.

Since the modal frequency f,, or the mean period Tw
is related to not only the wave frequency but also the wave
. amplitude, it is necessary to find out what wave amplitude
oy wave maximum is associated with this modal frequency.
The mean value of wave frequency, f& y for the large wave

(defined in the previous chapter by hma£><H>) is much larger

than the modal frequency, f except at small flow rates.

m!

It is also impossible to find a wave separation, T to

sep’

correspond to fm in the joint histogram of TSep vS. hmax'

This is probably due to the fact that some of the large
wave maximum, hp,., are not large enough to produce a

positive component in the correlation atf§= Tsep' Hence

we need to discriminate some of the large waves having a

]
smaller hmax' Redefine a new large wave separation Tsep

based on hmax> 2 {h%» as the foilowing Fig. VI-11.
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FIG. VI-11l. NEW LARGE WAVE SEPARATION Téep

A typical Joint probability of hy, > 2 <Hand Ty
is given in Fig. VI-12. The distributions show a single
modal value with wide spread in the two dimensional domains.
This indicate that the correlation function will have a
weak periodical component at the modal value roughly equal
to<(Tée§>. The mean value of this new wave frequency

/ 1
f =
7y

and f& VS, fm is plotted in Fig. VI-{3.
Tsep) ,
The results of fy show a fair agreement with fm except the
small liquid ratesat which transition occurs. The value

/
of f; 1is a little higher than that of fm in general. This
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is reasonable because the coupling of two large waves 1is
treated as a large single wave in the actual calculating
process of correlation function.
Another important quantity which can be extracted from
the correlation function is the mean base time, 3 min®
This mean base is well correlated with large wave base {Tpo>
as shwon in Fig. VI-14. The reason is clear from the meaning
of a correla’ion function. Some of the data have a large
deviation. This is due to the difficulty in locating the
minimum value of 6?? ), when 623‘) had value near Eifjmm).
The intensity of periodical component can be represented
by 6?i£n)- The value of ER I~ ) is usually in the range of
0.01 ~0.08 which is very weak periodicity.
3-2., CROSS CORBFELATICN AND COEERENCY FUNCTION.
The cross covariance function of film thicknesslgzé(? )
which is presented as 612(3-3\) in Chapter 1V, is approximately
the same as é;i(‘j) and éIé(j ) except for the maximum value
é;;(j\ )¢ This implies that the important features of the
wave processes, ﬁ(t,x), between measuring stations, 1 and 2,
are approximately unchanged. These features include, fbr -
example, the number of large waves, the relative wave maximuﬁ, the
relative position of large waves etc. The cross covariance funct-
ion shows an unsymmetrical shape about ité maximum value,’E;Z(jl)

as glven in Chapter IV. This unsymmetrical properties can be
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explained from the idea developed earlier that two distinct
waves move with two different velocities given in equation&
vi-8), (vi-9), (VI-10). and (VI-30). Then the cross

N ~
covariance of hy(t) and hz(t)‘ will be

2
~ _ 2 o, B SN ) -
Ci (3Y = }Z;‘ T CoSw X Yy }2:‘,52 Q°5\'—‘3.(°S—%~;)~-(E_.ﬁ_3>
~ LIS : Iy
Caly)y = ZL 37 COSwiI-¢T) — — — — - (TA-44)
¥
~ m ‘).2 , o
Cotd) = Z . =F CoSwi(I-0) — — — — (W -43)

a4 ~r .Q
The above CA(T ) and CB(‘S ) are symmetrical about T=-&

and T = —C& respectively. But the summation of these two is

obvious not symmetrical about T = -—%— . In studying the wave

velocity, one knows that C' is smaller than C and bj2 is

also smaller than ajz. Then the typical shape for Clz(j’ )

will be given as shown in Fig. VI-15.

Ja

— Cu (3)
— = Ca
[ S CBK-S)

i ' ~
Fig. VI-15. UNSYMMETRICAL C,, (J)
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7~
The reasons for the normalized mayimum values of Clz(‘s )

at S, being less than 1, might be the loss of identity of
some of the small waves, small change in shape of some of
the large'wgves! and different amplifications of different
waves as they pass between the two measuring stations. |
-Suppose %1(4:_3\) and‘%z(t) are normal processes if
é;é('S.) = 0.0, then given a value of hg(tl)’ the value of
hy(t,-3, ) will be normally distributed as in Fig. VI-16.
The value C;é(K. ) = 0.5 and C:;(‘E ) = 0.9 are also given

in the same figure. Hence given a larger value of hz(t)

at t = tl’ the probability of having a larger value of
~v
_ h1(t1 -‘3‘) is higher, if 012('5\) is larger., Therefore the
r~
quantity Clz("f\) represents a measurement of the relative

magnitude of hl(t -3,) and hz(t).

N A -ﬁ; LT-—-S:\)

- hott)

Ca)d Cun (5,) = 0.0
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The experimental data of 6;2(‘L ) for conditions of
various flow rates are given in Fig. VI-1l7. The data show an
increasing value with liquid rates in general. The value
of é;z(T,) is around 0.5 - 0.7 for the high liquid rates.
This suggests that the large waves move down stream with-
out loss of 1identity and energy.

Another important paramter which can be obtained from
the cross~spectral density function 512(4') is called the
coherency spectrum EIZ({ ) gefined as follow:

Ko (£ = ,lg‘*u‘?)j
Suth- St

The physical meaning of this quantity as suggested by

- - T 7 - 7 (L -46)

Jenkins (J- 2 ) and Box and Jenkins (B=-w ), is like a
correlation coefficient at each frequency f. Some of the
coherency spectral density function are presented in Fig.
Vi-18. It is clearly indicated that the modal frequency of
the spectrum does not correspond to the modal frequency

of the coherency spectrum for the low liquid rates. This
suggests that only the very low frequency wave components

move down stream without losing their identity and energy for

the low liquid rates.
3-3. THE EQUILTIERIUM RANGE CF SPECTRUM
An argument. similar to Kolmogorov's analysis in

turbulence was proposed by Phillips (P-4 , P-5 ) for the
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shape of a spectrum of ocean waves. However, the physical
mechanism that maintains the equilibrium range in the
wave spectrum is completely different from the mechanism
found in turtulence. A well developed sea is covered by
waves of all possible lengths shorter than some largest
e length, each one of which is in the state of breaking.
Breaking occurs because local accelerations at the sharp
crest of the wave exceed the acceleration of gravity and
this pfocess that controls the wave shape and thus the
spectrum at high frequency. Consequently, the baslc hypo-
thesis of Phillips' work is that there exists an equilibrim
range of large wave frequencies in the spectrum, determined
entirely by the physical parameters ( gravity ) that govern
the continuity of wave surfac;. Dimensional analysis
shows that the equilibrium spectrum has the form
S fy=ole 3L - — - - - - o (mea
whereole is a constant
There have been numerous efforts trying to verify
the above equation by Burling (B-% ), Kinsman (K-3 ),
Hess, Hidy and Plate (H- 4), Hidy and Plate (H-5 , H-g )
and Plate (P-9, P~9 ). Burling's data show a -5.5 power
law. Kinsman's data give a -4.5 power law. While Hess,
Hid& and Plate's measurements show a very good -5.0 power

dependence gt high frequencies. On the whole the validity
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of the equation (VI-L7) appears to be well confirmed.

However, some wave spectral data have beenobtained showing the
—~5.0 rule at high frequencles without the appearance of

white caps which represent the occurrance of breaking

waves. Thus, the breaking process is probably not the only
ﬁechanism contributing to a limiting spectral shape.
Equilibrium in the high frequency range may also be associated
with the appearance of capillary waves. Hicks (H-13) has
suggested that the spectrum for "pure" capillary waves,

which should depend only on the ¥Xinematic surface tension

and frequency, can be described as:

S¢fr=old ¥ ‘F_% —— - — = — — — (T -4
Where &é is a constant
Y= 9
by

0~ is surface tension
f’ is density
However, no wind wave data have given direct veri-
fication for the above - 7;— power law. But the highest
frequency of ocean wave spectrum is only about 13 c¢ps, and
the frequency range of capillary wave is usually around
10 ¢cps - 100 cps.
In the present studies, the validity of the above two
equafions for the waves on the falling film will be examined.

The data of spectrum slope Se was obtained from the log-log

q
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plots of cpectra given in Chapter IV, Results are tabulated

in Table VI-3.

TAELE VI-3. SLOPE OF FILM THICKNESS
SFECTRA IN THE HIGH FREQUENCY RANGE.

WG(lb/sec) 0.0 0,045 0.0976 0.1436  0.1742

W (1v/sec) —_—— - Se% ————————
0.016 |-2.94 -3.89 -4,28 ~3.89 —me--
0.028 [|-2.99 ~3.60 -3.90 -4.00 -3.67
0.044 |-2.77 -3.42 -3.30 -3.67 -3.74
0.08 -2.846 -3.36 -3.86 -3.73 -3.63
0.126 |-2.855 -3.48 -3.62 ~3.63 -3.67
0.18 ~2.8L6 -3.69 :-3.62 -3.89 -3.62
0.24 -2.840 -3.60 -3.80 -3.89 -3.77
0.35 -2.8L46 -3.69 -3.72 -3.65 -3.64
0.47 -2.846 -3.69 -3.52 -3:79 -3.64
0.585 {-2.846 -3.69 -3.42 -3.72 -3.64

The above data for Se show approximately a -3.0

a
power law for no gas flow and a -4.0 power law for gas
flow for all liquid flow rates. This result is between
the rules described by the above two equétions (VI-47) and

(VI-48)., The reasons for 8., of falling films not following

Q
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Phillips' law or Hicks' law can be summarized as;:

(a) The range of frequencies from which Seq Was obtained
are about 15 cps = 80 cps 1in the present study.
This is the range in which surface tension forces
become important.

(b) The gravitational force acts along the direction of
wave propagation. Therefore all sizes of waves are
under the influence of gravity. Hence the gravi-
tational force is also important for the capillary
waves on the falling film,

One would therefore expect that the result would be some

what between -5.0 power law and - —%~tpower law. This is
actually what is observed. Since both gravity and surface

tension are important for the equilibrium subrange of spectrum,

one would obtain the following equations by dimensional
‘aﬁglysis ~
vy % -3
S (£ =dle %z %'z-g _\?w ne gac Llew — - — (W-4])

~ " <
S ("F) =°{C %—-4 h-\/ﬂ-_c-* —-FDF o %M-—Q\B\c——s(ﬂ_go)

N /
where ol¢ and J, are constants.

L, PFRIPHERY EFFECT.

The waves on the falling film are considered as a two
dimensional motion in most of the theoretical analyses. The

velocity of this two dimensional assumption wiil bé fested
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in this section by the use of the correlation function.
Ny
Consider two stationary processes hl(jI,ZLjL ) and
A
hé(a:)za,t. ) at same location X , but different peripheral

positions Z, and Z%. . The auto-covarliance and cross-covariance

/\/ N,
of h1 and h., are

2
~~ N A,
C, 3y = <R GLE e+ R GGE,DY - - - — (-3

—~~ N A
Caa (=< R O Z, v+ RIOL 2, D) — — - - (@-52)
~ ~, A
Ca (= <T (x,Z,,t+3) 0 (x,Z.,1)) — — — - (L -53)

A A ‘
Suppose hl and h2 are two-dimensional, l.e. independent of

Z direction, then

/\, /‘, A
R ELYY = B, (¢, Z.,1) = €)Y — — — - (54D

The relation of auto-covariance and cross-covariance

becomes

~ P

C, =QA2-1 (D =Ch(}) — — — — — (Tu-55)

Hence the two-dimensionality of the waves structure
can be tested by equation (VI-55)

Four conductivity probes were inserted 90 degree apart
around the periphery at each of two locatlons, B and D.B ang

D are separated by 1.161 ft. The sketch in Fig. VI-19°

identifies particular probe. at these two locations.
34 B;’u

:\)‘ ' 33 \3,4 B2

:D; \3\

Fig. VI-19. CONFIGURATION OF THE CONDUCTIVITY PROBE
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Dy and By cells are on the same vertical line. The data
of é;i(T), é;;(j), and ézé(j) are given in Figs. VI-20 and
VI-21. The results can be summarized as :

(a) Cross-covariance é;;(j) is approximatel& same as
auto~-covariance é;;(j) and é;;(j) except in the neighborhood
o T = 0., This implies that the relative wave structure
are two-dimensional, i. e. The waves are approximately a
ring wave.

(b) The difference between cross-covariance and auto-
covariance 1is probably due to the fact that the small waves
are loosing their identlty and the shape of the large waves
. are not identical around the periphery. Hence the large
waves are approximately two dimensionaliand the small waves
are probably three dimensional.

(c) A small time shift exists at the peak of ngky),

a4

and Cy,(0) of Dy, D, pair is smaller than that of D,, D,
pair. The above fact shows that a very weak three-
dimenslionality also exists for the large waves.

On the whole, the two dimensional assumption for the

large waves is a good approximation. The wave around the

periphery can be clearly demonstrated in Fig. VI-22.
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FIG. VI-22. WAVE AROUND THE PERIPHERY

5 LENGTH EFFECT

In this section, the effect of length on properties
of film thickness and wave structure will be examined.'
5-1. FILM PROPERTIES
The mean film thickness ¢h% measured at various positions
along the test section are given in Fig. VI-23. Although
the variation of the mean thickness along the length is small,

the data show a definite trend which indicatesa decrease in
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the mean film thickness with increasing distance from the
inlet except low liguid rates. The second central moments

of film thickness C, are also plotted in Fig. VI-24., There

2
is an increase in the values of the second moment with
length up to 12' and then a decrease in that with length
1.o0m 12' for no gas flow. This suggests that the waves
amplify and then decay. At low liquid rates the data with
gas flow show the same trends as without gas flow. At high
liquid rates it shows a decrease in the value of morent
with length. This indicates that the waves decay along the
length. The probablility density functions for film thick-~
~ness at various positions which are given in Chapter IV, show
a difficult structure at cell Cppe

The modal frequency given in Chapter IV decreases with
increasing distance from the inlet. The normalized spectral
densities of film thickness given in Chapter IV, are appro-
ximately the same for D2, B1 and A3 cells. But the spectral
density of the‘film thickness measured at 04 contains less
energy in the low frequency range than that measured at
D2’ B1 and A3 cells., This implies that the large waves
coalesce as they move dcwn the length of the tube.
5-2., WAVE PROPERTIES

'The effect of length on the wave velocity, amplitude,

frequency and the ratio of the length of the wave back to
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the wave front is presented in this section.

(i) The wave velocity

The wave velocity calculated from equation (VI-7) at
various positions along the tube are plotted in Fig. VI-25,.
The solid vertical lines rerrecent the position of the probde.
The data indicate that the wave velocity increases with the
distance from inlet. If the velocity is not a constant
value, then equations (VI-3), (VI-4) and (VI-7) need to be
modified. Let the wave velocit& at position x and position

bebe C(l) and C(z) respectively
then equations (VI-1) and (VI-2) become

W)
D

Nﬁ\l(f_ﬁ = ﬁl (© — )éu\\) X X:)C.U - = - - — —{-5&)
Q)
Ry = (v - —%a,) ot x =x® - — - - @-5
hence equations (VI-3) and (VI-4) become
~ ~ o) )LU) _
Ci, (= C\ T+ =5~ o) — — — — - (W-5%)
) ) )
P rind G- g
SRS ) T - — — @5
The phase spectrum will be
~ @) ®
SuthHr= amf(Z, - =5) — — - - - @-6od

Let the conductivity cells, 04, A3’ Bl and D2 be

located at positions X ¢ , x‘“) x ¥ and X“, and
5 .
1) (2 )

the wave velocity at those positions are C

k)

and C( respectively.
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Similarly, the phase spectrum equations will be

3D )

G frmanf (B ey - — — — — - oy
G4 C(fr=121f ({‘—33— —’ét(:} - - — — —-(u-62)
The above equations (VI-60), (VI-61) and (VI-62) contain
four unknowns. If the pcsition‘x}l) is set to be zero, then
the wave velocity can be solved except C(l). The wvalues of

C(Z), C(B) and C(u) are also plotted as the short solid hori-

zontal lines in the above Fig. VI-25. On the whole, the
assumption of the constant velocity is not a bad approximation
except in the neighborhocd of the wave inception.

(1i) The wave amplitude

The length effect on the wave amplitude for the large
and small waves are given in Fig. VI-26. and Fig. VI-27.
The wave amplitude for the small waves is independent of
length except at high liquid rates. This might suggest that
the small waves are at an equilibrium state. At high liquid
rates the data for wave amplitude of the small wave show
considefable scatter. The wave amplitude of the large waves
for the case of no gas flow, first grows with the length
and then decays. For the case of gas flow, the mean wave
amplitude of the large wave decreases with length except at
low 1iquid.rates. This indicates that the large waves .

grows over the distance from the inlet less than 6 ft for



A (Sayow ) <t

e oy 1 [ . -« . .lv ...... + 9 -
CRIRE 02 IS B DRI DI N 1 I
S I I S ERREEE s B
b qlw - ., - P . - - - R T O .
- RSN _ AR -1 . .hv - . P Aur. - 4. RN 9 Q
] 1 - 2
hinul il ekt ol H ST o HER EREEES | SR S
— .le,t TR T — A EIREETH USRI . ,
St @) A Sy & -1 -< dome e ©
- brnTn..w s”.l».lﬁ.dl, e e e PP PR - D —— —.— - -4 —- - -ed
U -Jf,wiw.: ey e TR Jo-to (RS SN DS !
-+ SR - NN ST I - e e By ] b e -
fom T L T T b i e e
IO B BN N R — R - e ] ——- 1)
SRS I SUFR B 0 N < SR D E %‘, o
R B 0 U U RIS S R et e [ W e B -
‘ [ : il ! . . . [ i T N -
e vt b e e B - B g R R (R e Bl R
N o ~fr—— . _
: L o ST B T el CIECSE TIPS EE R Y N U [P S
~ _0\0F\O 1V Y ISR [PRN HS SUON U R A R o] 4 S
N N NGO e 4 e e D S S R Al
/aﬂ RSO L T s Ll
= D T SRS U A SR R I
T —~C OO0 OG yJ " T A T
1 4= .!QrA ————— e . wr T
* =l IR PR SR AR R T S
%WOA@O@D?;:- SUNIREE N R S PR AR R N
1T, i Bt ol S AR I ST P e S IR
vww SRR PO D U —- R . - . C ey o e e e e - -
? 4 ! H . ! 1 M
$ g 3 ) g
- ° G c (-]
41| v . — s : M - l...,n_u. AR B N A I .. u
DR SR o -] SRR~ ISR N} I lAm .. B> INR R
S B ARG N SETON | Pt I ENebul | Bntt I IR N
e |- ot e @ Q. e .qg. .. N 2 RO o
e b S A A L N - b N - 312
J - SOV N P e SRR, S § BT Rl e R
R . .TQ - 2 - .n;. cae @ - < - 3 I‘_.AV41, P
e P S, - PR PR - .. Al I N ST IR .&
oot N I I —— G - ORI (R P SR T
g by [P R SO [ S PEpE ST AU SO DU SUNE U ) DA SO
g - PR ST A_vn,A . - . i - . e e R ‘.yuiu. — . .leA_
e foeee e pod b - - . Sk e s Ve (- - SO Ny s 1o ;.‘IM
.> M . _r L_ ' - 7\_- - v_ T o t - “ 4 I|41.| Ad
_ T B N I AU DR R R A ] et s
i : | : : : ; .
[ N P o . - - [ .« . . .| P R,
PR hL N 0 it @ : . ,O - O SN -y ,.M S4-
e e il - _ o P T i
. | ' : T . - [ -1 o4 -1-
— ool oy ‘e o, _ P [ S I i
o v : ' 1 '
0O o - . +
o o - ST D R A R
B 0\CF\O woo SRS B : _ il 38
N ONHFT NNV, L A R B T N ¥
L2 LooHNMNN |, S - N _ LR B
~ o e e+ ¢ o &+ J . ; ! 1 Tt e
, O (O O OO O O . v._.ll - o . . - . ». Vo e
> o ). R
o nWLOAQO@D Foo pmmf i s B R RIS R M._T
I P 11 oa-t gy P TERTSNV H P B i HE S
Wﬂu by ._. | E. v e g . o . R IR =
e o : i . i PR b
8 T T W 3 )
? o y
0 P g S 0 °

L (FL)
VI-26. AMPLITUDE OF THE SMALL WAVES

Fig.



12.0

|
!
|

—
.
1
'
O
1

0.1436 1b/sec/™

G=

W

W
A0

>

B R e T I I

S D

e e — -

[ .

-,
-t

TS SRR
I
'
[ S
: d
1
[ B

..... T

B T o

B B

:
SR
B R
T

TR

b

IS SR QIR

e b l.

! o

T

20

e gy

ey xwr
- VTI ————g e e —

go

(1b/sec) .
0.016
A 0.044

Wr,
G

W=0.0 1b/sec

L mcas e

B e e
[ S — -
= i
' 1 :
i AL ! i
P S S S
i o
e
[PPSR SISV S N U
[ i t i
U SIS S NN
T T
' 1 .
- L (R S
P M
[RUE S U S
- ; , !
R L
—r FYEDN OV N
I .

& 0.126

O 0.24

® 0.35
O 0.585

40

0.0

- (SO U1 > YD

0.02 ..

~— 507"

2.0

AMPLITUDE OF THE LARGE WAVES

L (fL)
VI"'27-

Fig.



gas flow.

Assuming

the amplification factor:

calculated as follows:

The values of A, are given in Table VIi-k.

Ag =

AA/A
A

( or growth rate ) A

—_—

208

can be

TABLE VI-4. AMPLIFICATION FACTOR Ap

3. linear relation between the four positions,

(TL—-632D

We = 0.0 1b/sec Wg= 0.1436 1b/sec
rt) 8.3 11.45° 13.1° 8.3 11.45%  13.1°
Wy (1b/sec)i— — — — — — Ap( 1/ inch) x 103 - — — ——

0.016  [b.7 -1y, 28 +11.65 +L.7%  -3.36  +6.25
0.04L4  H5,63  +1.04 - 8.8 +2.13  +1.14  -27.0
0.126 [#11.1  -0.25 -2.65 -3.91  +42.22  -26.9
0.24  |+12.65 -L.48 -7.85 -0.06  -3.28  -18.4
0.35 |+2.47  -3.81 ~0.52 -2.53  -5.02  <17.6
0.585 |+3.7 ~7.2 -, 62 4,76 =6.0 -13.1

(1iii) The wave frequency, wave base and wave separation

The wave frequency for both the large waves and small

waves:obtained at wvarious positions are given in Fig. VI-28

and Fig.

VI-290

The small wave frequency for the case of
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no gas flow suggests a small decreasing value with the
length. While for the case of gas flow, they are quite
constant except at the lowest liquid rates.

The large waves at the condition of no gas flow show a
rapidly decreasing frequency with distance from inlet. This
suggests wave coalescence. On the other hand, the wave
ffequenoy for large waveé with gas flow does not show such a
trend. This might suggest that the shear due to the gas flow
trends to break the‘large waves and to generate enough new
waves on the interface to compensate for those lost by
coalescence. The wave base for the small waves and the wave
separation for the large waves show the reverse effect of the
wave frequency. These are plotted in Fig. VI-30 and Fig. VI-31l.

(iv) The ratio of the wave back to the wave front

The ratio of the wave back to the wave front <~Tbk2/<Tfn>
for both small waves and large waves are given in Figs, VI-

32 and VI-33. For the case of no gas flow, there 15 no -
definite trend appearing in the data. For the case of gas
flow, the data for the small waves show a decreasing value
with the length except at the low liquid rates, while the data
of the large waves suggest a constant value at each liquid
rate.

6. WAVE STRUCTURE

The experimental data for the wave parameters as presented in

Chapter V and the discussions in the previous section allows
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one to summarize the wave structure. Furthermore the
relation between the wave structure and the probability
density of film thickness will also be explored.
6-1. SUBSTRATE STRUCTURE

In all previous studies the substrate thickness, hs',
was defined such that r\gi,;am\iﬁ( f»’ék:o and/\:f{%\\(m éﬁw:,'\ﬁo
The relation of this hg' to the probability density
function ;kb) and the probability distribution are shown

as follows:

FIG. VI-34. DEFINITION OF SURSTRATE IN THE
FREVICUS STUDIES .

The value of hs' calculated this way is strongly depending
on the probability intervals chosen in the measufement
technique., The physical meaning of this assumption

1s that there is a smooth continuous sublayer of liquid
film between two consecutive wave crests. But the data

in this study show that there are small waves sitting
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on the substrate, end the number of small waves are not

small as seen from the data in Table VI-5. Hence the above

definitions are not suitable.

TABLE VI-5. NUFPER OF WAVES

W.=0.0 1b/sec(in 171 sec) W;=0.14361b/sec(in 180 sec)
WL small swmall wave on large small small wave on large
(1b/sec)wave large wave wave wave large wave wave
0.04% 1254 486 1423 | 2940 178, 1402
0.126 {1502 782 1071 2363 397 1634
0.35 2228 931 1503 pL3L  6L7 1903

The substrate in the present study will be defined as the
portion of film thickness, hg, which is occupied by small

waves under the mean film thickness ( hy. Since the amplitude
of small waves fluctuates within a narrow range, the contri-
bution due to hs(t) on the probability density function of

h(t) will show a modal peak around the mean value of{(hg.

This relation cén be easily demonstrated by Fig. VI-=35.

It is-clear that the probability density function grks) can be
obtained by conditional sampling only the data of hg. In order
to avoid the above tedious conditional sampling calculation,

~
one can roughly estimate the probability density f(hs) from
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the prorabrility density of film thickness ?kh). Since the
wave amplitude of the small waves is quite swall, its wave
slope in the time domain should be quite linear over most
of the range. Then the probability density function of hS
should be approximately symmetrical around (hgy which is
fbdghly equal to the modal value of f?%). Rased on the
above assumption, the probabrility density function of
substrate grks) can be approximately extracted from ;fh)
by the following procedures.

v
(a) The prohability density function f(h) can be

represented as the curve a bc de fghijkin

Fig. VI-36.

r~

SRR

Fig. VI-36. ESTIMATION OF THE PROBABILITY
DENSITY FUNCTION OF SUBSTRATE
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r~

(b) Since f(hg) is symmetrical about <hg>in the
neightorhood of <hy and the <hg>1is approximately
equal the modal value e of grh), then one would
obtain the point f: gﬁ hc for the substrate by
setting them equal to 4, ¢, b.

(c) Taking the difference hetween pairs of (f, f'),
(g, ') and (h, h'), one would obtain the curve ",
g", " for large waves.

(d) Interpolating the curve ", g", h" to pointa, one
would obtain the curve b, ¢", 4" and e" for the

large waves, and subtracting the above value from
b, ¢, d, e, one obtains the curve b', ¢', 4d' and

' for the substrate.

e
(e) Hence we decompose the probability density f{h)
into two curves. One curve a, b', ¢', 4', e', ',
g', h' represent the substrate and another curve a,
b", c", 4a", e", ", g", ", 1, j, krepresents the dehsity
for large waves. Call the above two curves 65; and
6%% respectively.

From the above separation processes, one would obtain:

. ~
Fs= (Vs d — — — — — — —(W-¢e)
Tw= &y - — — — — — —(m-65)
-~ N

GH= CVs fgg — — — — — — u-e6)
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~ ~
—(): C\f‘.-::) = CVV!/FW — T e e e e e Ciﬂ»-—-(or()
where - Fg= the time fraction occupied by substrate
FW= the time fraction occcupied by large waves
£~

f(hy,,)= the probability density function of the
film thickness during passage of large
waves and the small waves on the large
viaves.,
Put the time fraction Fg can also obtained from
measurement of the wave base of the small waves and the

wave separation of the large waves as follows:

Too= E T T He (R — - — = (e
o= :2‘":‘: T:?.e\x\"—‘: Nu- CTepr = — — — (L~69)
Tso= —3 — — — . — @Yo
T V- Fs - o — @y
where Tg= total time occupied by substrate
Tbsi= the wave base of small waves
NS= total number of small waves
Tsepi= the wave separation of large waves
Ny = total number of large waves

This provides a check for the probability density function

{\/
of substrate f(hs) obtained from equation (VI-66). The data
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of Fy ohtained from both equations (Vi-6L4) and (VI-70) are
given in Fig. VIi-37. They agree reasonably well except at
very low liquid rates. At very low liquid rates the esti-
mation of the normalized ?Zhs) should not have a large error
because the density has a very narrow distritution. The
mean values of thé substrate<hs), are plotted with the expected
values of<hmak>and<hm1n>for the small waves in Figz. VI-38.
The data of <(h> are bounded by Lhpgx> andthpiny » but they are
close to the valuesof ‘hpip” than that oflh_>.
The small waves on the substrate have a very narrow
distritutions for the probability density of the wave
parameters such as amplitude, base, wave front and wave
back. Its wave velocity,Cq,is much lower than that of the
laree waves. This might suggést that there exist only a
single mode of waves on the substrate. The probability
density function of the wave maximum and the wave minimum
for the small wsves have much wider spread than that of
wave amplitude. This indicates that although only a single
mode of small wave is on the substrate, its relative
position from the wall is offected by the large waves wnich
exist in its neighborhood.
6-2. LARGE WAVE STRUCTURE

The relative relation between the large wave parameters

{hpax 7y <¢h .y and the mean film thickness < hyare given in

min
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Fige VI=39. The mean film thickness <h>» is well bounded
by the mean maximum and the mean minimum of the large waves,
and the ratio of {<¢h .5 - crrytol 4w - gyl are
approximately three to four except at very low liquid rates.
The wave amplitude of the larce waves (A%, two times standard
a.viation of the film thickness 2 Op, and 29w which is
obtained from g?h“) are plotted in Fig. VI-40. The trend
of 2 Thand 9 o correspond well to that of <A>. Although
the values Zﬁi;are smaller than the actual wave amplitude
{AY, it is not a bad first approximation for the wave
amplitude. Twice the standard deviation has been used in
previous studies when the actual data of wave amplitude was
not measured.

The histogram function of the large waves presented
in Chapter V shows certain trends of the data which will
now be examined.

Since the histogram of wave maximum corresponds well
to that of wave amplitude, the discussion below will base on
the histogram of wave amplitude.

(a) Single mode region

A single modal peak on the wave amplitude histogram
shows around A=0,0" - 0.01" for low liquid rates Wy = 0,0161
nbo.bhh 1h/sec. The position of the modal peak decreases

with the gas flow. A transition to the condition of a second



o8

..A]L“I.ﬂ -—1-

B e

e T pev— &

we CBsec)

0 o .
~E &
A = = :
F O W W °
O N M
38
L
~ AN A .
Lo TR~ e
S g HoAc ]
- H B wu- : : i
(@ N ol o N o T~._% T | Do i
__G/\/\/\. P . b m
= 099 a ! LS ;
o
S 1 T 0 3
0 [+ g ()

- (oyoupy (Umyd C (xeuyd  <Y>

R R . - | “ 50l

Fig. VI-39. LARGE WAVE STRUCTURE



‘Neja\:: o -(?'e’mc | NG\ND_V\.% [
LAY & <A> , g |
zfﬁ.‘ 74N 1’6%\ | o / :
2{3:94 = > G w - N

o> o

LW 17 =ris O J

/
P

o

T

, = Vn,

_— — e —
— AT DU U .
l
- - —
—— —— e e =
————t -
- e
et
.

Fig. VI-40. AVPLITUDE STRUCTURE

e e — —




228

rodal peak above 0.01“ berins to occur at Wr, = 0.044 1b/sec

(b) Douhle mode regicn

As the liquid rate increases, a clearly observable
double modal peak appears on .the histogram. The first modal
peak is located in the same range as the single mode peak
discussed above., The second modal peak shows in the region
A= 0,02" ~0.04", The range of liquid rate are 0.08 1b/sec
~0.18 1b/sec for W, = 0.0 and 0.08 1b/sec ~ 0.24 1b/sec.
for WG = 0.1436. . Another transition appears to exist near
the-highest liqﬁid rate.!' At this condition, a relatively small
peak starts to appear for A=0.04",

(c) Triple mode region

As the liquid rate further increases, another strong
modal peak appears at the position about A = 0.05" ~ 0.06",
while the other two peaks remain approximately at the same
positions. The range of liquid flow rate is 0.24 1b/sec ~
0.35 1b/sec for ¥W; = 0.0 1b/sec and 0.35 1b/sec ~ 0.47 1b/sec.
for W, = 0.1436 1b/sec.

(d) Another double modal region

As the liquid rate increases above 0.35 1b/sec for no gas
flow and above 0.47 1b/sec for gas flow the modal peak,
located about A = 0.,02" ~0.04" disappears, and the structure
becomes a double modal peak again.

In the time domain, the wave Trase histogram exhibits
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a unigue type of distribution. A clearly defined single
structure exists. Hence the properties of the hase can he
well described by the mean value and the variance which asre
given in Chapter V. On the other hand, the histogram of the
wave separation shows quite a different character which will
be discussed as follows:

(a) For the case of no gas flow, a modal value appears
around the value Tsep = 0,075 sec, and a narrow band dis-
tribution exists in the neighborhoocd of this peak value.
The?e also appears two side lobes around this modal peak.
The side lobe located below the modal peak suggests a very
weak peak exists around Tsep = 0,035 secs The side lobe
above the modal peak first increases in width and magnitude
with ligquid rate until a peakx value of Tsep = 0,15 sec.
Then the spread of this slde lohe decreases with liquid
rate and the peak disappears.

(b) For the case of gas flow Wg = 0.1436 1b/sec, a
single modal peak exists at very low liquid rates. The
sugerestion of a multiple peak structure emerges for the
liguid rates 0.044 1b/sec ~ 0.08 1b/sec. As the liquid
rate increases, the spread of the curve decreases and a

clearly double modal peak structure is formed for the

liquid rates ahove 0.126 1b/sec. -

A
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A very common stochastic processes is the ¥oisson
Frocesses ( Rendom point in time ) which occurz in many
physical situations. The number of random roints ¥ betwcen

time tq and t, are given as Poisson distribution.

2
- IR
B le v ety =€ gt_&_é‘_? e (W-R2)

And the separation time Tsep between the random points are

described by the following equation:

7~

-2 Tse
ey = 5™ 77 U Ctep -

‘where - % 1s the number of Random point per sec.

~ = — (X -3

U is the unit step function.

The detailed description of the Foisson Processes and the
proof of the equation (VI-72) and (VI-73) 4is given in:
Papoulis (P-1 ). The conmparison between eguation (VI-73)
and the large wave separation distribution are given in
Fig., VI-41 and Fig. VI-42. The difference in these figures
are expected, because the wave processes possess a finite
wave base which is not negligible compared to the wave
separation.

In the last chapter, a weak proportionality between
the wave mav¥imum and the wave separation was found from
the joint histogram of them, and in this chapter, T;ep
which the wave separation between twoconsecut;velarge

waves with hpgy? 2<{h? is much larger than the value of

Tsep was also found. In the wave velocity analysis, the
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fact that the wave velocity depends on the wave frequency
is also established. On the whole the foilowing conclusions
are obtained for large waves.

(a) There exists three characteristic wave sizes for
the large waves on falling films. In the most range of
liquid flow rates, there are only approximately two
characteristic wave sizes for the large waves.

(b) The wave with larger amplitude is associated with
theilarger wave separation. This implies that if a very
large wave passes by, the chance to have another very large
wave in a short time is very small.

(c) The above suggests that the large waves actually
carry most of the mass. Therefore whenever a very large
wave occurs, there is not enough mass left to generate
another very large wave.

(d) Since the wave frequency is inversely proportional
‘to the wave separation; the larger waves generally move
with larger velocity. From the location of a (h)> on the
wave maximum histogram, it seems that the large waves ﬁith
-the larger characteristics wave size move with the primary
velocity C and control the statistical of film thickness

such as fm'IIW
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The above qualitative picture confirms the Krantz and
Goren's recent report (k-5) in which a bimodal waves with distinct
wave velocities was found by artifical generation of waves.

7 INTERFACTIAL SHEAR STRESS DUE TO WAVES

The first study of the interactions between gas and
1li.,uid on the falling film was done by Wicks (W-<4) in this
laboratory. He found that there must exist a form drag on
the wave in order to predict the air flow rate based on
the smooth film model. He obtainednén 1nd1réct eééimaééﬂof
the drag coefficent. The direct measurement of this form
drag presents a very difficult problem even for ocean waves
and ‘laboratory wind waves. In this section, the form drag
is extrégééd from the simultaneous meésuremeht of pressure
fluctuation and film thickess on falling film,

7-1. WAVE STRESS ANALYSIS

The X direction component of the force per unit area

exerted on an instantaneous wave is

\"I(‘t)z A - (x,6,TD DR OO 4w (-4
AL 2L \ VAR Ix
™
where . Ay 1s projected wave area on x - coordinate

21, 1s wave length
P( X,%,t ) is surface pressure on wave.
From the equation, one can evaluate the time average form

drag around the waves.
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Tx C8)
S = LAY
\ 7T AR
= S —-- . = > oy < ene) e v
- Y _S_\_ 21 —S\_ (RASTATA A o HTdX AT - = (-5

Interchange the integration and equation becomes
S = L §L S = §T A% o,e)
W 2L ) {.T._’m ay 2 P LR e .s-r_} A% - — = (D76
Assuming the waves are moving without changing shape
at constant velocity C, then the independent variable x

and t will reduce only to t, and the equation becomes
L)

-y = (=L NS S0
Swom G (3,5 § P e e — — — — @0
If the simultaneous time series p(h,t) and 4EE gre

= Y ol

avallable, the above equation provides the information on
the form drag around the waves. Since the available time

series is h(t) instead of =% , the differentiation of
[\ it

time series will usuzslly introduce a large error. Let

— A

{203:-:;5), then the equation (VI-77) is actuaﬂ1a cross-

correlation between h{t) and p{h,t) at time lag zero.

.

S Rt Ryt (0 — — — — — (W1
‘but
Rpgloy= — —emin = = S8 — - (@

The proof of equation (VI-79) 1s given in FPapoulis

(P-1). Substitute equations (VI-79), (IV-23) and (IV-25) into
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equation (Vi-73) to obtain
Sew 7T S {7 Qup(HSf — — = — (W-%0)
'where g17£_<§r) is quadrature spectrum of p(h,t) and
h(t)
Since the liquid film is so thin, it is very plausible
to assume that the wall pressure p(0, t) is identical to
the pressure on the wave surface. But in order to make sure of
the above arsumption the foliowing calculation 1is made.
Consider y-direction momentum equation (II-3) and assume
waves are moving at constant velocity C, then integrate

the equation from y = 0 to y = h

= =
P, R = PQ\L,O) T ? g§ &—%:—\)\ft_d;}_ ‘ggc\f%\io\}_

- Sﬁ(-——‘— Q\F
NS e 9?‘

) vy - — = = (=%
A preliminary test by given a wave shape h(t) and
various velocity profile shows that the viscous terns
RO are one ordér

M g "3\‘_2*- 33)6
magnitude smaller than the inertia term along the wave

lensth. Hence the equation can be simplified
ﬁ A P Ui, ®)
PSR S R ey r S G (g vedy - RO L (g
Make a Taylor series expansion of L eand\J+ about y = h
Ut (8, 3) = Ur le, T + Ury (L, ) v (3 =RY ¥ -~ - -- (1-§3)

U (x, 9D = U (T, Y-~ u\a_u-_Jf;). (}_ﬁ)* R €'\ SN
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and retain only the first term

"G
Pty = pesey v (FE 0 via s - g A0ER)

2 — —-(8-%5)
From the kKinematic condition and assuming W <, %)

is small the equation becomes

oG hY = Wt _ - .LAL’C;VJ\ SR j’ U LET
= B te) =g {5 e { - ”‘L}£ Y- - - @ -ge)
Now let assume u(t,h) is a very weak function of t

and h such that u(t,h)czconst.

Hence

i i ~ a4t ueetyL? wut «‘ll >y
B R e
=1
where (
i +T
- ,zm\__.g 418
- ptt'—t\)-—,-"j‘ o T
PA T-—)-Do JT . ? ol

. *1
\D = v L S LT 4

Teoe 21 T grpy AT o\ 1L
Y
Pc= Xm L (LB 48 o
T B0 3 . o\ts St

A direct calculation of terms PA, PB and Po from
time series p(t,0) and h(t) shows that PA terms is much

greater than terms PB and PC' Typical values of PA’ PB
and PC are given in Table VI-6.
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TATLE VI-£. CCHTAPISCON CF VARICUS TWRIM IN
FCHN TRAG AT W, = 0.1436

JL(lb/sec) Py TN Fa -
0,126 | -0.246x10"Y  -0.25x107% +0,734x107
0.24 ~0.347x1071  —0.68x1072 +0,163x10™2
0.35 -0.603x10"Y  -0.11x107% +0.22%1072
4~ » 2
Furthermore the value ( 1 - Qi%f&)) is much less than
1. Therefore one can say
. | -
,_,Q.'\ —
T-—;‘oo 2-\- g PC*-/ "') ’__" dt-— ._SZ\\\\ -—;L— SP(‘C,D‘) S\ Q‘Xt __(m %8)
...T T 00 T
Hence the quardrature spectrum 2i@+; can be approximated

from the wall pressure p(t,0) and film thickness h(t).

7-2. WAVE STRESS DATA AND DRAG COEFFICIZNT

The drag coefficient of the wave is defined as:
C:.D - jTu) A\J

—_— = = = = = (01—
AP *-x&ly —%D
where " Ay is prOJected area of wave on the y-plane
WD O

Ap is projected area of wave on the x-plane
™ <A
UR is the relative velocity of gas phase to

vave at interface'UG - C.
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'fg, is the density of the gas
In the above equation, the values of <Xy and <A>
are obtained from the characteristic wave length and the
-characteristic wave amplitude of the large waves. Since
the gas phaseggyngldfznumber is very high, it is reasonable
to use the average gas velocity for UG. The equation

(VI-90) becomes -

Sev

Cyp =" - - — — — (¥-S[o
> A €q (Ja-CY )
O 2 }c

‘The valuesof wall stress Iy from pressure drop, form
drag Tvb from equation (VI-80) and drag coefficient
Cp from equation (VI-90) are given in Table VI-T.

The data show that the form drag is only 2.0-4.0% of the
wall stress. It is obvious that the form drag will not affect
the mean velocity profile in the gas phase too much. The present
data of the drag coefficient is about the same order magni-
tude. A4s that of Wicks' work. But lack of data for
<Ayand <>y in Wicks' work lead him to assume LAY /9= 1,
the measurement in this study shows the value of <A L=
0.002 - 0.004. Hence the drag coefficient obtained by
this study will be two order magnitude smaller than that of
Wicks' study provided the same value of <A>/4{y was used.

There are two possible reasons for the above

inconslstence between Wicks' estimations and the experimental
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TAPLE VI-7. WALL STRIESS, FORF DRAG AND DRAG

COEFFICIENT )
Ve Wy, u=2 g8 Sw e/ 3w
(In/sec) (Iv/sec) (1br/ft2) (2ve/££2) | (%) |cp
0.2k 0.0752 0.0018 2.4 0.176
0.0976 0.35 0.0985 0.0025k4 2.58]0.26
0.585 0.142 0.00217 1.53(0.20
0.126 0.111 0.00259 2.33 |0.156
0.2 0.152 0.00436 2.87 10.232
0.1436 0.35 0.176 0.0068 3.86 ]0.332
0.585 0.249 0.00798 3.21 |0.356
0.126 0.182 0.00372 2.05 [0.197
0.24 0.249 0.00548 2.20 [0.232
0.1742 0.35 0.273 0.00714 2.61 l0.252
0.585 0.380 0.00934 2.46 10.310
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data in this study.

(a) The validity of the velocity profile in Wick's
work

- : Wicks 1ntegrated Dukler's turbulent velocity profile
"from the wall to the liquid 1nterface to obtain the in-
terface velocity U; and the interface shear TJio o
Assuming various qu at interface, he integrated the
velocity profile for the gas phase to match the known
gas flow rate by using Ui as gas velocity at interface.
Then the form drag will be

Jee= 3~ 3 - — — — — — @-3

Since the velocity profile on the falling film has_
never been measured, the argument is that if the liquid

mean velocity profile away from the wall is much flatter

than Dukler's turbulent velocity profile., Then

this will give a smaller value U; and 5., at interface,
A smaller Uy will required a larger Kq*to match the gas
flow rate. Hence the form drag will become much smaller
than that from the Dukler turbulent velocity profile.
The evident to suggest a flatter mean velocity profile
will be discussed in the next chapter.

(b) The content of information from the wall pressure

fluctuation

A similar technique used in this study was recently usged
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By Dobson (D-1) to measure the drag of wind waves.
The other measurements of wave drag of the ocean wave
and the laboratory wind wave were obtained from the
velocity profile of-the wind above the wave such as
Plate, Chang, and Hidy (P-8), Chang, Plate and Hidy
(c-2), Wu (W-8) and stewart (S-6). The value of the
drag coefficient from their reports is close to the
value obtained from this study, but none of their
data showed the high drag coefficient as Wicks' work.
There is much spectulation about wind-wave inter-
actions. One of the most interesting works was done
by Wu (wW-6, W-7, W-9). He proposed that there exists
a reglion such that the alr separation from waves 1s
developed due to the form drag provided by small ca-
prillary waves rather than large gravity waves. In
this region, the small capillary waves move much
slower then the large waves. Hence the slope of the
small waves 1s much steeper than that of the large waves.
Therefore many of small air separations will occur on
the lee of small waves. This is also the case of
falling film in which the value of (Ay/AM>for small
waves is around 0.03 - 0.07 and for large waves is
around 0.003 - 0.004, Furthermore the number of small

waves is 1.5 - 2 times the number of large waves from
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the wave traces. PBut the small waves are strongly
three dimensional, and the large waves iare strongly two
dimensional. Therefore the ratio of the number of the
small waves to that of the large waves per unit area
will be arournd 5 - 8, Unfortunately the pressure
sensor used in this study was unable tolpick up all the
pressure fluctuation due to the small waves. This éan
e easily seen from the energy contain of the Ei?%'<f)
in the frequency range of the small waves, The comdlete
picture of gas-liquid interaction can only be obtained
if the simultaneous measurement of the gas velocity

field is available.



CHAPTER VII

THEORETICAL CONSIDERATIONS

b

1. INTRODUCTICN

- In the preceeding three chapters, data describing the
the characteristic on the falling film with and without gas
flow show that the process is indeed a stochastic one.
But earlier theoretical work described in Chapter III
assumeé a deterministic analysis except for Telles' model.

| "v A;; atteﬁﬁf to bredict completé characgéristiéé of h
the falling film is doomed to fallure from this evidence.
The stochastics approach recommended in this chapter is only
one possible way to practically predict ibehavior of such
a complicated system. Ehé é;él of these éiiioéchés is to

glve a more fundamental understanding and to provide an

extension of the stochastic approach to this complex

wavy flow.

2. RANDOM WAVE_MODEL

In general the linear and non-linear theories of the
wavy liquid film discussed in Chapter III, considered the

wave motion as:

TME = Astnanfit — - — — - - —— @)
under the above consideration, the spectral density function

and the auto-correlation function will be;
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Aig<{-¥n - =~ = - = - (W-2)

§'(¥)
=2

i

A cosat{T — — — — — - (Wm-3)

The delta function for the spectrum and the cosine function
for the correlation as shown above are not observed from the
éhperimental data.

In 1959, Tick (T-4) proposed a random model for gravity
waves on the ocean. The main concept of this model is that
a stochastic input is given to the velocity field and this
is used to find the spectral density function of the free
surface. A summary of Tick's method is given in Appendix
E. A similar principle will be used here for falling films
to obtain a non-delta function spectrum for the wave
surface h(t).

2-1. FORMULATION OF THE FROBLEM

For two dimensional flow of an incompressible fluid,

the Nusselt equationis assﬁmed_to describe the primary flow.

Refer to Fig. VII-1.

2
f‘}q—w%—.%-‘_zo - - - — — — —- (Wm-4)
The boundary conditions are
U, = 0O o v =Ke — — — — — - (§-5)
ig_L_o
d}_‘ OT 3= - — - - — — (1L -6)
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. This undisturbed primary flow will give the parabolic

velocity profile and the mean velocity as:

= L
T = gE (') - - — — — — @-TO
2
e = AF — — — — — — — @
-where €., 1s the mean film thickness

Uo 18 the mean velocity

'S

Furthermore if one defines the Reynolds humber and

Froude number as follow:

Re = B0 — @)
Fom B - — o — = - @)

The primary flow will give

12 Fr = Re - — — — — — — — @-w)

Now consider the disturbed flow field as described by

the following set of egquations and boundary conditions.
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du, 3V _
ST e
QLU- -+ W, Sy + 20y = _..Li@x_ )) Uy 32\4\
2T, I T < ax\“—%-‘- (;\1‘* a\&“) -—- (JU-2)
) 2
20 4G, 20 e A LS (N S
oty %y S f =P & ¢ T Iy

The no-slip boundary condition at solid wall gives

U= 0 } aTt \a_z‘ﬁo —_ - — — — - (E_\g)

U_l——-o
The stress and «inematic boundary conditions at free

surface gre

QU'\_\__A_H.L—O

X, 3‘3—\—
— 2V 30
Purv2a 5o T 50 oF =T - —— -- (M-14)

\f' 3 _Q_E__ - U\-ng—
! a2X

The following three manipulations will be done on the

above equations and boundary conditions.

(a) Introduce dimensionless groups

Cuy, W, 00 AT,

(u,v, I
(x, g, )= CXny)ﬁ\/ﬁb

_ - - == ()
2= p/sUl

T = v.I. /R,

(b) Define the perturbation quantities for the primary

flow field



248

43 :UL‘Q.\ + \

U= U —_ - - = e — (-8
P
(¢) Introduce the stream function
ulz 5 .
- b
U";‘;"\‘{N)C

By substituting equations (VII-4), (VII-5), (VII-6),
(vir-11), (vIir-is), (vii-ié) and (VII-17) into equations

(vii-12), (VII-13) and (VII-14), one ottains

?
Woa v U+ W) Yae = CUL7 W5 Wi ™ = Pu i (Wit Youy) k 3
— — — \ ._l‘
= Yo = W W) Yo T W Yag= — Pl - A (T Foy)
Boundary conditions
- =0
hkS EQT gml o m o — — = (W)
Wx=o0
Ug™ ¥99-""Wxx = O
R
TP T Re Vi gz M=o oT 3= —— - = — (@ -20)

th - kU + \.‘)_}_) r{x '\' \_\T =0

where\uezzfié%$23 is a surface tension parameter called
Weber number.

The above equations present two difficulties; one 1is
that the motion is unsteady, the other one is that
the free surface boundary conditién is evaluated at the

unknown surface Q . In order to avoid the above difficulties,
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the following steps are taken!

(a) Assuming the motion is the form of a progressing

wave.
: X

\\\)" LY_}\-}_J‘Y_) = \\)" ('\:*E) )
(e, 3,0 = e’ (t—%) S B G (-2

\'1 (X,t ) = Tl L“v_—-%-)

A time scale is used instead of the usual length
scale so that the final form of the spectrum of r( is deduced
in frequency space rather than in wave number space;
' (b) Make the Taylor expansion about y = 0 on the following
variables:

2

W) = YW, o)+ W (00 4+ Wi, \T,0) 32‘—_&

P, - - (R-22)

Hi

2
\D/(t,o)'\— Py o)y + P'w}ﬁjb)—;* -
;32
Uty = U ) v, (e \ér-\-'U“,Uﬂ'é_“—v —_ - - =

Substitute equation (VII-21) into equations (VII-18),
(VII-19) and (VII-20), and also substitute equation (VII-22)
into equation (VII-20). Furthermore the assumption that the
surface velocify dominates the motion, first suggested by
Anshus (A-2, A-3) 1s also applied to the basic equation
(VII-18). This enables one to use WU(0) and KIy(O) instead
of U(y) andflfy(y). Hence the above set of equations and

boundary conditions become
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Lol (S e
TR - v )

-/ R TS B S |
Pyt e T { i Were ¥ Vo) + L {;*:_L_\‘g Vo ~ -~ (W-23)

[ m

-—-\—.—- \
NS { ¥ Yooy — Ya-Wer

And the boundary conditions are

\ -
J B \\y =O
C T ot ~é=\ —_— (m_ad\_)
Yy=0
— \
R e
e % L \ |
P Re @ Tt Ree M= Py - \Qe 3 =] T

- 321 i
HIEO ST R - e D

The above equations and boundary conditions are written
in such form that the linear terms are on the left hand
side and the nonlinear terms are on the right hand side.
2-2. SOLUTION OF THE LINEAR EQUATION

Separate the solution in the manner similar to Tick

(N

3
YWole, ) = \\rU T,y + ¥ e,y
BV R gy (T )

ne) = NP e+ © > ()
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' . - Q
where the guantities q:k\)

P and N are solutions of
the linear part of the above equations (VII-23), (VII=-24) .
and (VII-25). The quantities V‘ ) o and ,1u3 are the
small correction on the linear part of solutions due to

the nonlinear terms,

Consider only the linear part of the equations (VII-23),
(VII-24) and (VII-25). The equations become

Re A L &) W W y o

-———4_ < [ C" \\ yrr - \V_n:} -+ ._S‘ (i =- \\rv_ O —-—-— (I -2

1 W o) Q) 0 W -6
~}\'CQP‘3 C*\\rttt ' \\rt‘}}— f.(%%”\) VY er=0-~-- (& 2%)

The boundary conditions are:

\_\)"_t = 0O - - -_ = — - (m~lﬂ)
ot = }
Q) k }
V= - = - - - — (#-3
(U] o)
—AIUA RS - ve= o - — = = = (W-31)
- ') o ) = - = - -
P e Y Y e W0 o 3= 0 (W-325
| J
R

’ i 1
Eliminating the variables Pll) and W) 41 the above

equations (VII-27) through (VII-33), one obtains
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oy A ()
Y ogany T & \\r‘c"-"\“\'- Tt Yo ¥ 2 @_-\E -
A ) )
(Yl v SR +3 ~¢ YW =0 -~ —- @39
The boundary conditions are:
1‘.‘_’:0 —_ — — — = —— W@ -35)
(3w =\
\\)——U) - ‘}-
_— — - —  —  (®-3p)
and
3 W _ )]
- Ve + 1 ( \P‘_t"!—‘\'- Qz -::_t‘t.) =0 -~ - (-3
3Ly (ae® Doy, Re (31 :
- --{-3%)

Qe )
" ZTovwe Yt =0

Now let \\r be a stochastic process, thus the
generalized Fourier Transform of \\r(l) exists and the form

\\r(l) can be expressed as:
S e T woT A

where w= —1—%‘}:30 is a dimensionless angular frequency.
By substituting equation (VII-39) into equation (VII-34),

the basic equation becomes a fourth order ordinary differential

equation in y at' given w as:
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* VA
(\.__D\ -+ K\D\l - \'fz) CKG\ (“‘J ‘}_3 = = = = e = - (g‘—‘(o)
where
o =
[ a\}-

ko= G moe -2y

N _\p—j - g (e "3 Re w0
KJ.-— C« k’é‘( (T~C_-'>TL-3 ‘C‘_C—_

The form of the solution dGy (w,y) can be written as:

A D 2 A\
Ao, ) = €N TR o+ e A W) + e A, wd
+ ey}

Ahgled = = = = = = = (WD)
where
— /%
- H"‘_ 2
QoY = ( Ko+ o £¥, Y
2
NSRS
Ay (w) = (" ! a- 2 )

%

Q; "".-(—\'4\“!' ‘\é_?\z_-—-‘{wz )z

Q4\w3‘:-(\““\-(JQFT:§h Tf
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By substitutingequations (VII-39) and (VII-41) into
the boundary conditions (VII-35), (VII-36), and
(VII-37), oﬁe can solve the quantities dAj(w), dAz(w) and
dA3(w) in terms dAp(w) as:

A — A i
46 w,4) =T (Re, T, w, ) dGwy — - — —— (W—42)

A
where d§ > = dA%LQ)

—_— ) Q

e, oo, Y =T e S L e o, e oM

L L8, 00, 02,04, w) = — BB (24,9) /D @y, @D
Fla (o, 0, A3, O, 0) = {"‘T‘B (G3,W)Y -F, - @ (Og LO)}

/ FB (os,wd

- a i
Fla (Q, 0a,0:, 04,00 = {-n\ e® w, e E%E LY

~ i _— ) _T_’a_J-_ 2 3
FA (0,00 =t [ Glovmad ko 4 oy

TR (o‘bl;‘03= (Q\"‘O}) E’a} y=2,3,4
_ _ _ e,
FQ (04w = TA @) € - Fh ey, wy e yma, 34

T (8y,w)> = e (a,w) T8 (qéluo) - Te (a0 TCy )

1=
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Hence the linear part of stream function will be

) ~ w0y A
\\r (e, = A v (Re,C,un,nD AQ\ @ = — — (U-43)
-0
Substituting the above equation (VII-43) into the last
boundary condition (VII-38), one obtains the closure for

the wave velocity C.

3 1 W 2 ey =0
(£ L+ -0 {W;H}}Q%Q,@)o)+clxw> W, (Re, Q2,00

R 3 L — ) \ ()
. -%_e (—a—.—é— "—\) Lk\“) \"\}_\LQE)Q)UO)D) - .‘—,_\_Q?e—_é_“_' F LQQ)CJU'\)OB

The linear solution for the surface Y] can be obtained

from equation (VII-3l) as:

N T W 1 A
e = § e MW@, 00 AQd — — — — — (W45

— Qo

where

W \ — S\
H (Qe)c;w) = =Y )\\—‘}‘}-(QQJC)UDJO)-\‘ \2:)‘ \—‘ (chc)w)o)}

N
2~3. SPECTRAL DENSITY FUNCTION OF YL(I)(t)
. A .
In the above section, the random process 4AG(W) is
the differential of one dimensional random process of

uncorrelated increments which have.the properties.
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A S ~
< dg LoD C!((_B\ LLO:.)» = P SU—Qj AW \§ \,Q::u.)\:\,)z
— — - (W-486D

o \'-SVQ\-“-\:LOL

By the definition, the auto-correlation of hfl)(t
will be
O

R = <’1m<“t*‘53‘1mtt>> — - - = = =M -47

N
and, it is also related to the spectrum of Y((l)(t) by

-0
~ 4 \ * LWy vy

R =35 < S IdWw - — — — — (T-43)

— 0

Substituting equations (VII-45) and (VII-46) into
equation (VII-47), one obtains the auto-correlation as
—‘—m

~ W) PRV I ¢ o) o) ~
R\ Cs)y= 3% S < H (Qe)c,‘*)3 la! Re,C,w) Swddluy — — — (F1-~4])

— 0o

By comparing equation (VII-49) with equation (VII-48),

Vsl
the spectrum of rl(l)(t) is seen to be

W _ ) n T ~
S ) = @) W (Re, C, w0 M7 (e, C,0) § (0 — — — (W-50d

There is no restriction of the above process S(w).

In the present case, the white noise process which is

the most common random process ocpuring in many physical

VY
phenomena, 1is used. The spectrum S(wW) of the white noise
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process 1s
r~
Stwry=t - — — — — — — = X-5)
The value of C in the above equation can be introduced

in two different ways. One is to use the experimental value
C. The experimental dimensionless C is very close to the
value of the most rapidly amplified wave from the stability
theory if the primary flow is assumed to satisfy the Nusselt
equation. In this case, equation (VII-44) is discarded.
Another way is to soive C from the equation (VII-44). The

~
ng)(wO of ‘n}l)(t) is almost identical from the

spectrum
above two differect inputs of C. This confirms. the prediction
from the stability theory that the most rapidly amplified waves
control the surface.
~ A

The spectrum (1) (w) of Qﬁl)(t) calculated at two
different flow rates is shown in Fig. VII-2. The shape of
the spectrum is qualitatively similar to that of the
experimental one. But the modal frequency is much higher
than the experimental value and the slope of the equilbrium
range - 2 is a little lower than the experimental wvalue.
The trend of the modal frequency which increases with
flow rate is the same as that of the experimental data,

2-L4. FORMULATION OF NONLINEAR PART OF THE EQUATION

~{1) 7O AN
Since the linear part of the solutions » 'l ,and P

ééétisfies thé équations (VII-Z?) through (VII-33), the

nonlinear part of equation can be obtained by substituting
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equation (VII-26) into the equations (VII-23) through (VII-

25) as follows:

= R {%; \V“;),._ -+ ‘\’”,{;\)VVX-\- {—3—%—(} \\s‘;z =

+ Re

U - )

-- (@-52)
—p® . £ L { \ @ A i {_aﬁ_\_ k —R)
3- ta C Cl\\tn\. \’(‘t'yyx—‘ c l2c “\t\_-
A { SO W o~
SRR S A A
The boundary conditions are
)
Ve =0 o
A - (W -5
2}
A
. Q) u—) W) ) N
e S £ L N
_\,3(1) @) e _ W .(.\\ $ L 0
WY; “Q o = Py - e C \fnwvl T y=e .-
- - - (W-5%

The solution can be assumed in the similar manner as
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~ @y Ccadrwyr A
— — ) A
\\j. (B, 9y = g g < — QQQJQJ\,\)‘\,QIJ »}_\ c&@\(»03 & @\L\S)——(ﬁfj-—:‘j{{

The above unknown F(Z)(Re, C,vé,“Dz % ) can be solved
numerically. But in order to evaluate the higher moments
CaB(o, ) aB( w )dB( w5 )dB( we 1> and a1 )aG(w, )
de?\ﬁs)> wh'ch are related to the nonlinear part of spectrum,
one would assume that the process 1s such that-it is
possible to decompose the higher;mmentsto the lower
moments such as for a Gaussians in Tick's work. Then it is
very>obvious that the nonlinear part of spectrum will
generate a small secondary peak on the higher frequency
side of the linear part of spectrum as shown in Tick's
result. Since the modal frequency of the linear part of
spectrum is already much higher than the experimental one.

It is apparent that the nonlinear part of spectrum deduced

from the above method does not cause better agreement with
dafa. Therefore the numerical solution of nonlinear spectrum
was not attemped in this study. But the formulation of the
nonlinear part of the spectrum is given in Appendix E., and the
detailed derivation on the linear part of spectrum is given in
Appendix E. The computer program used to.evaluate the linear

solution is given in Appendix A.
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3 EXTENSION OF TELLES' MODEL

The fundamental theory of the shot noise process has
been well developed by Rice (R-2) in early 1944, Assuming
the stochastic time series of the sholt noise processes
represented by a Gram-Charlier series, Horton (H-10, H-11,
H~12) was able to extract the shape of individual single
events from the experimental auto correlation function by
using the Rize's theory. As mentioned in Chapter II,

Telles (T-2, T-3) used Horton's method to obtain the co-
efficients of the Gram-Charlier series for a single large
waves. Then the equations of motion foran isolated large
waves were solved to give the velocity profile and the wave
velocity by a quasi-linerization procedure. But the predic-
tion of the wave velocity by Teiles is }ar from the experi-
mental value. This is probably due to the following reasons:

(a) Telles used the second and third central moments to
solve the coefficients of the Gram~Charlier series for the
isolated wave instead of using the auto-correlation which
was not available from his measurements. But the second
central moment contains all of the fluctuations due to
small waves, large waves and noise. Thus it contains less
information about the wave shape. Furthermore the reliabi-
lity of the measurement of the third central moment is

small.
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(p) Telles applied quasi-linearization to the
equation of motion, but not to the nonlinear kinematic
conditions. The principle which enable him to solve the
nonlinear boundary condition, is not clearly pointed out
in Telles' work. The Gram~Charlier series is a set of

orthogonal functions as follows:

—\) ¥ H
Z}u\: % \*\}00 exP{-—}i\ —_— — — — (@-58)

21)

.where Hj(}:) is a Hermite polynominal.
The properties of the Hermite polynominal given as:

-4 \M

! R OGEX) = 2 - } HX_LX\«XT’—) Hy Gz ) — — — (-5

‘Q:O

and the properties between Zj and Hy

-g Z}£X)\ﬂﬁtx)dil= Cﬂ)k'}\ éiﬁ — — — —-(@-5%)
where <. ( £ y=6
yRo= {

make it possible to decompose the differential equations
into a set of ;lgebraicequations which 1s solvable. This
is very similar to the principle which is uséd to solve the
nonlinear equation in tubulence by the Wiener-Hermite ex~
pansion. Although there exists a distinctdifference
between the two techniques. It is obvious that the same

procedure can be applied not only on the nonlinear xinematic
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boundary condition but also to the equations of motion.

(¢c) Furthermore, the quasi-linearization is an iteration
process. Only the first iteration, for which the quasi-
linearization gives a linear equation in ZJ, was ;olved by
Telles. If one proceeds into the higher jterations the
equation will again contain the nonlinear term Z3jZ . Hence
the advantage 1n using the guasi-inearization is lost in
the second i*eration.

Based on the above considerations, the modification of
the Horton's method to use the more reliable experimental
"data on the auto covariance function from this work, and the
extension of Telles' idea to higher order approximation without
quasi-linearization are presented in the following section.
The Horton's method and the Telles' model is given in detail
in Appendix F.

3-1. COEFFICIENTS OF THE GRAM-CHARLIER SERIES FOR AN iSOLATED

WAVE

Assuming the wave processes is a shot nolse process as

A +0o A
Y= ML+ 20 MmleE-Tg) — - - - —— — (W-52)
- ¢
‘—'Q'—-—Do

and each individual identical wave m(t) above the
substrate m(, can be represented by the Gram-Charllier series

as
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- T = (E*Go)

hal

y=e
where m 3 is the coefficient of the Gram-Charlier series.

wm (v) =

I ==
T
T is the unspecified duration time of the wave. The mean
and suto covariance function of h(t) will be
IS
CRED =M+ $Tm, - -~ — — - — = @-LD
~ N A A2
C(H = <R Ee D RO <L
= Z e mimg 27 (/) - - - @-e)

bR
where f is the averageée number of wave which arrive per sec.

; -3 A
wi= (£ 2 VArD ™y

The auto-covariance function can also be expressed by

the Gram-Charlier series as
[s =3 7

v=o
Given an experimental C(Y ), one could evaluate the
coefficient d2p by
=4 OO
‘ g {Gm’n - '€th§ Fap (V) 43~ = (W-64)
ﬁ(lv)! oo '
In the above equation, {C(3%3"Q(&°} is used instead of

d;v =
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CCfT) because only part of ERfT? data is used to calcu-
late the above integral. A periodicity exists due to

the large waves which have hmax>'24}1>,0ne would ask what
is auto covariance function 1f the wave process is a shot
noise one? Since it depends on the wave shape, the auto
covarlance estimated from the average wave shape measured,
will probably have the shape as shown in Fig. VII-3 (a).
It will haye a small negative peak at the average wave
base (Tbs7’ and it will approach zero at the average wave

separation (ﬂ? But the actual auto covariance

sep” *
function always looks as shown in Fig. VII-3 (b). It

always shows & large negative peak and a small secondary
positive lobe. Since the secondary positive lobe represents
a non-shot nolse process, it is desirable to subtract the
periodic component g;(} ). The subtraction procedure is
shown in Figs. VII-3 (c) and (d). Hence the coefficient is

actually calculated by

+00

— 1 COITY= A o / /
dw= = S’ {can=-Gan) Hy (17 d1'---- (ar-65

- 00
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FIG. VII-3. SUBSTRACTION OF PERIODIC COMPONENT
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A similar principle as Telles and Horton employed is

used here to determine the unspecified time constant T.

The criterion is that the constant T is obtained when the
right hand side of equation (VII-63) gives the best fit of
the experimental value 6?3’) for 3> 0. A typical curve of
'auto covariance function calculated from the above equations
(VII-65) and (VII-63) is shown in Fig. VII-4., The fit is
fairly good except at 370 where the noise and small waves
also contribute a iarge amount of energy. Comparing
equations (VII-63) and (VII-62), one 1is able to obtain the

coefficient mp, my, m, --- from the dp, dp, dy --- as

d>::§f GrE=2p> 0 vl e
v ‘&‘Ezob— P D mEMR T T T T (WL ~-66)

For practical reason, consider only two terms in auto

covariance, then

do= M3’

, }———~————~—-—(m—e‘7>

do=-wm,
In the above equation (VII-67), one assume that m, and my are
much smaller than my and m, . The wvalues of mp,, Mg, and my for a
single isolated wave at various flow rates calculated from

equations (VII-67) and (VII-61) are tabulated in Table VII-1.
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TABLE VII-1

COEFFICIENT OF THE GRAM-CHARLIER SERIES FOR AN
ISOLATED WAVE AT Wg = 0.0 1lb/sec

Wi (1b/sec) T(see) mp(in) mo(in) m (in)
N, 016 0.019 0.0042 0.0028 0.0063
0.04kL 0.026 0.0058 0.0133 0.0181
0.08 0.04L 0.0081 0.0112 0.0218
0.18 0.027 0.0130 0.0192 0.0624
0.47 0.028 0.0238 - 0.0278 0.0771

Increasing thé nunber of terms in my for an isolated wave
will introduce additional difficulty, because a given
sét of d4 from the experimental 6?? ) will not always give a
set of m; as the solution of equatlon (VII-66).
3-2. SOLUTION FOR AN ISOLATED WAVE

A single wave event in the above shot noise Dprocess

will be
H®Y= M wme)
= “M:féi‘“tzd13 - = = — - - ([nL-63%)
(=0
One try to answer the following question " if this
single wave event obeys the equation of motion, what will be

the wave velocity and the velocity profile of this wave?"
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" The basic equations and boundary conditions which used in
this study are the same as that in Telles' work; the y-
direction motion and the pressure terms are neglected, the
normal stress condition and the term 2V _ in shear stress

ax
condition at surface are also neglected. By using the stream

1.netion and the dimensionless group given in equation (VII-

69),
CxX, 2, D)= (X, 4, B)Y /o
(s Mo, N, ==y = Cog,me,my )=o) A
Y o=y /p - - - W-6])
Yo, t,0) = WX —et, )
MU, ) = M ae=-QL, 4y

Ao =C7F

the set of equations (VII-12), (VII-13) and (VII-14) in which

the coordinate yq is in the reverse direction, become

Tanyr B+ =W W, v Wiyiy=0 — —— @-Ty
The boundary conditions are
Y =0
} ot = — — — — — (W-77)
Yy=o0
W ag=0
ST 3= - - -~ (W-"2)

\\;—XL— (S ‘_\V‘)B Y\I
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where -
S = Y
- I g
G or
and “
ey = Ner Z M) — = — — — @713
(=o

is a known given wave surface of isolated wave. Let assume
the stream function Yy’can also be expressed in terms of

Gram~Charlie.  series as:

' n
SO, Y = Zi A Y ED - — - — (W
Yoo = fuep 2 Ly W14

Substituting equations (VII-73) and (VII-74) into the
equations (ViI-7?0), (VII-71) and (VII-?1), and also using

the basic properties of the Gram-Charlier series

Zan GO = 57 ZL00 — — — — — — (WSO

the set of equations become

R e SR K CR MEL R

/ n ’ A AL "
JCL ZL ZJO fezo+ Z fiZa LZ: Ll z=o - —— @n-ne)y

Lo

u

u M

The'boundary conditions are
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L=o . / § oT 4To  — — — — — — - T
_‘:L v :Z;;‘O'Fi Ze=0

" _V_‘\_ ’
—%L-réé¥¢2L=C) oT q=nN — — — — — — (W~

n - "
. _ .o, n o ) )
L:Z‘—; L ZEm = (s —4}._ - LZ:oJ;L D (Z:Dﬂkzm oY L}"‘I_-(ﬂ 19)
Since as X — X0 , the function Z; —* 0

the above set of equations reduces
f g =o

floo e yme I
L =o o ="

Therefore one obtains

P LoD
T =6GE"-T¥Y) - - — — @-%y
The function z3( ) is a function of X, Hence the

boundary condition at y = 0 will lead to

fi-o
fi=o

Then the form of the function fi can be assumed as

) Yt e
Ty = ool ¥ - - - — - (m-se)
y=e
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Multiply the Hermite function Hj on equation (VII-76) and

integrated over X, , this will produce n+l eguations

=0

o n LA n Al 4
£ = g {ilo—\:‘»?—’; Z, L2 - Z A 2o < foz, § Had X
“:ﬁ S ‘g‘lﬁ-\ - 'F:-Fﬁ—t T4 e = ~—~(m—%3>

A T+ 00 " 4 n ’
(v " g { DA FRP PN -Fi. Ly —
L=o L=

feze Z flz b agax

4 g

=l, - -,V

By substituting equation (VII-82) into equation (VII-
83) and collectling terms in y, the solution for the unknown

coefficient o!%, will be
b[\,%_:()l\',-}_{S)G‘\’)YLL) O(oo) - ‘_)02»5}
ORI s Lzo,---,n - - — (W -§4)

, A
where G and M_ are known value known value

The similar processes (multiplying H, and integrating
over X )are applied on equation (VII-?78),

+0o
Cofang= ({2 Hzidng ax
o e

R=o, -oo,m - - = = — — —-(W-95)
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this will generate another n+l equations and
dio = oo {S ,G\I,Yl\_)"\o., - LMy (=, - - - (86D
the kinematic condition (VII-79) is also treated in the same
way, the equation will be
SNg= -vyR _S:b{ éﬁ»zw M ({:L'*éjczﬁ :Z;A;l\‘zm} “He, dXx

B R e e (|m-%7)
This will eliminate another n unknowns and give
S::. S{&IJ‘ILJQOJY\\\

No="u {Q\') N s Mo Q‘S
In the practical calculation, equations (VII-7?3) and (VII-

} i U A

74) are truncated as:
D = ey e Zo ¥ U E,

Yoo, = Lo Loy 20+ Ly 2,
(1) if the f3(y) are truncated up to y2 terms as

} e € A0 B

Pimday'  cme, 1t - om = = === (-0
the solution will be
, 2 2
S=6 Mo 4 Sl Dy

(11) if the £1(y) are truncated up to yL" terms as
—EC'—‘D[\;O "}l't‘olu \}3‘\‘ 0’\,)- \}4 (—=D) ] _— = - - - Lm-—ﬁa)

the result will be given as

SBe=moleo {2~ G ST

’ 2 2
~ QB =~k T Solec{ N e, A A
@’\ \ \ { YIL.'\' NG + (G x %ﬁf §
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1.2 detalled derivation of the above equations are given in
Appendix F.

The solution obtained from equations (VII-91) and (VII-
93) are compared with Telles' prediction and experimental
data in Fig. VII-5. Since Telles only used one term in the
Gram-Charlier series and velocity profile up to y2 term, tke
“present prediction from equation ﬁVII-9l) which used two
termg in the Gram-Charlier series, seems to improve the result a
little but not enough to be close to the experimental data.
The result from equation (VII-93) which used two terms in the
Gram-Charliers series and velocity up to yu terms, bring
the prediction value much close to the experimental value,
but the curve seem to oscilate around the experimental
value.,

L, SUBSTRATE FLOW AND CLOSURE OF THE LIQUID FLOW RATE

In the previous chapters, the probability density
(g ~~
function of film thickness f 4(h), substrate f§,(h), and
~
A

large'waves fhw(h) are presented. Suppose the velocity

profiles at each h value are known, then the flow rate or
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the Reynolds number of this flow can be calculated from the
above probability density functions. Siﬁce the total flow
rate and the Reynolds number are known for any one condition,
this permits one to check the validity of velocity profiles
which have been assumed to exist in films but never been
measured.
4-1. VELOCITY PROFILES FOR THE FILM THICKNESS h(t)

Only two velocity profiles have been used on falling
liquid films. These are the Nusselt's laminar velocity
profile and the Dukler's turbulent velocity profile as

shown in the following two equations:

- e A R
= L Su
TL— e (”"‘""-\-E\‘f\- d}_
8| =n\z u"a_ (\ - Q-Y\:‘\_ ) \}‘slo -~ - - (gﬂ._QS)
_ du 3 2
B = &——d}y/g%%f 3 vao

where ny and n, are numerical constants

;}1: \f\iS\_‘QN
~—AA
\,\*:‘. Tw }_-
To

Tw= T(,-\-"ﬁﬁ’L

= (Sq- %?_B-Efﬁf\_



278

Now let's assume the velocity profile of the whole wavy

surface h can be described by the above two equations and
scaled by the instantaneous film thickness h(t), the

definition of the Reynolds number is given 1n the following

equatlion:

AW
Wnoag

S AN L m-%e)

The average Reynolds number can be calculated from
-+ 0O

4.0 €. A (l
LRery = 25 g { g wed ) dy can - - o= (moa

The average Reynold number obtained from the above

‘ze\_ =

equations (VII-94), (VII-95) and (VII-97) for various liquid
réteswith and without gas flow are compared with the experi-
mental value in Table VII-2 and Table VII-3. In those tables,
<Re£§jreferred the averageReynoldsnumber calculated from
equations (VII-94) and (VII-97), and.‘(Reé:}eferred the

average Reynolds number calculated from equations (VII-95)

and (VII-97). 1In Table VII-3, the Reynolds number ReL' is

defined as / € (WL - ENT)
o= W
Where ENT = eh-“r&}hn\ev\_‘- (‘QTQ .

From these tables, the average Reynolds number calculated from
the laminar parabolic velocity profile failed to match the
experimental value. On the other hand, the average Reynolds

number calculated from the Dukler's turbulent velocity gives



TABLE VII-2

COMPARISON OF AVERAGE REYNOLDS NUMBER AT

W.=0.0 1b/sec

W, [0.016  0.028  0.044 0.08  0.126
Re; |211.0 367 572 1016 1605
(Repy |47 146.6  1426.6  1050.8  2249.5
(Rep |44.5  139.4  383.5  9bh.5  1844.3
W, |0.18 0.24 0.35  0.47 0.585
Rer |2299.0 3151 k572 6109 7560
(Rey 13865.6  5100.3  11402.0 23389  24417.0
(Red 12185.5  3098.0  4410.0 6146.3  6970.5
TABLE VII-3
COMPARISON OF AVERAGE REYNOLDS NUMBER AT
We=0.1436 1b/sec
W, |0.016  0.084  0.126  0.24  0.35  0.585
Rey | 230.0  589.0  1568.0 2898 4134 6759
(Re§) 99.8 ok, 2 936.3 1908 2789.6 4219.4
Rer | 230.0  §89.0 1520.0 2730 3760 1000
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falr agreement with the experimental Reynoclds number on the
large ligquid rates with gas flow, but fail to show good
agreement with gas flow. On the whole, both laminar and
Dukler's velocity profiles are not suitable for all ranges

of flow rate. The disagreement 1s due to the fact that the
velocity distribution used in the above parallel flow ignores
‘.eccelleration term.

4-2, SUBSTRATE FLOV

Two velocity profiles based on the smooth film model ére
not able tobe applied to tﬁe'whole‘wavy surface. Since %he wave
amplitude on the substrate is very small, the substrate be-
tween two large waves can be considered to be in a parallel
. flow. Hence the above two velocity profiles should be

valid on the substrate. The average Reynold number on the

substrate can be obtained
-+ 0o € ~
Rey gz RO g { SG U e d“x—k fp (BB — - — (W-T9)
—

and the fraction of mass flow rate on the substrate can be
calculated from
Tes= Revs " Fs /e, — = = — — — — — — (W-Q])
where Fg is the time fraction of the substrate from equation
(vi-70)
The values of Repg and Fp  with and without gas flow are
given in Table VII-4 and Table VII-5. The values of Rer for

no gas flow calculated from the Nusselt's laminar velocity

profile and Dukler's turbulent velocity profiles are very
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close. Only thevalues of Rerg obtained from parabolic
velocity profile for no gas flow are given in the Table.
Although the time fraction of the substrate is 30 % to 50 %
as given in the previous chapter, the mass fraction of input
liquid flowing in the substrate is only 2 £ to 8 % for no
gas flow and 5 % to 20 & for gas flow.
L-3, CLOSURE OF THE LIQUID FLOW RATE

In the entrance region, the wave amplitude is smaller as
compared with the mean film thickness. Only very small dis-
furbances dﬁe to the wave motion exist on the velocity field
in the liquid. Hence the wave and the mass of liquid are
moving with distinct velocities. As both travelling downward,
they eventually arrive at a nearly equilibrium state such
that the wave amplitude is very iarge, the wave contains
most of the liquid mass, and both the wave and the liquid
mass under the wave are moving at almost same speed.
Therefore the whole lump of liquid woves at the wave ve-
locity. This is very similar to slug flow phenomena in a
horizontal pipe. If the above speculation is true, one

could evaluate the average mass of liquid carried by the

wave &as:
uv&\:c
+ 00 h
<‘—‘L = A { d A —_—— - s
525 ST Fuman) fegman § - oo

< \N‘—W\f = “‘N ' \_\,b
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CLOSURE OF LIQUID FLOW RATE AT Wg = 0.0 1lb/sec

CLOSURE OF LIQUID FLOW RATE AT Wg

Wy, (1bv/sec)| 0.016 0.028 0,044 0.08 0.126
Rey 211.0 367 572 1016 1605
Rep.q 12.7 52.9 55.1 67.3 86.8
oo 0.017 0.048 0.039 0.028  0.019
Re Ly 292.5 726.1 1502.4  2172.0  2969.4
RerS 215.5 501.0 909.7 1296.2  1930.8
W 0.18 0.2 0.35 0.47 0.585 |
Rer, 2299 3151 U572 6109 7560
Repg 108.0 168.9 472.0 1017.6  1292.0
Fpe 0.016 0.016 0.041 0.072  0.079
Repy 3586.4  4378.5  7463.7 10384 12580
(Rep>"’ 23888 3114.2  4665.2  6316.3  7373.3
TABLE VII-5

= 0.1436 1b/sec

Vg, (1b/sec)
Re L '
ReLs

Fms

ReLw

<ReI>(C)

0.016

76.7

0.056
177.1
153.4

0.044 0.126 0.24 0.35 0.585
“H~;89.O 1520.0 2730 “3700 6000.0
325.8 biz.2 849.2 1409.0 1580.0
0.275 0.107 0.134 0.157 0.106
1284.6 2489.1 4027.0 5493.6 8832.5
761.7 1462.0 2565.0 3766.4 5683.0
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Then the closure of the flow rate and the ReynoldS$S

number < WYy &= <\ﬂu:‘> _v's s <\NL\‘:§ “F‘N
© B \ - = — (W-e\)
< Rr:\> = < Qe\_gﬁ Tt < Ve Fw
_ AW
where {Rew» = 7

The values of'(ReLﬁ)){Reﬁgjand<Ret§ are given in Tables
VII-4 and VII-S._ The result shows reasonable agreement with
the experimental Reynolds number. Some of data in which a
higher value ¢/u.>2 exists at flow rate Wj = 0.044 1b/sec
will give a higher Reynolds number. This indicates that the
wave and the liquld mass under the wave are still not quite
moving at same speed at those flow ratesand measuring
positions. Therefore the assumption uwy)=C givesa large
error on the closure of liquid flow rate at this conditionf
On the whqle, this suggests that the actual velocity mightbe
flatter than the turbulent velocity profile.

5. COMPARISON OF EXISTING THECRIES AND DATA

The average substrate Reynolds number obtained in the
previous section from the probahility density function
now makes it possible to compare small wave data with the
available theory. In the past, comparison between theore-
tical prediction and experimental data was very difficult
due to the following two reasons.

(a) All theories except Telles', involve quantities
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which are normalized by the average velocity<u> . The
average velocity in the film 1is defined as follows
and thus depends on the velocity profile, a distribution

which can not be measured.

<
g uv})d‘}_
. }————~-Lm~\oa>

1 T
Lu) = ’_? g\ ulteydt

=4

(p) The theories derived from stability consideration
and from integral methods, except that of Ruckenstein's,
assume the average velocity <ud =uc s while U.is the
mean velocity as given by the Nusselt's equation. If this
1s the case, then the following relationship between the

mean film thickness and the Reynolds number follows:
Y3 e

3

Ny =(F)V Re,” == = — — — — — (®@-103)
o
where CONp = LR BV is called Nusselt number

Unfortunately, the above assumption does not hold especially
while large waves are present as shown in Fig. VII-6. In
this figure, experimental data are compared with the

prediction of the Nusselt equation and 2lso with Dukler's
¥

turbulent velocity destribution in which @= —EESQ%L_
F . 9n -
and T= C\f %“ﬁg-- are dimensionless pressure drop para-
[N "q‘c

meters. Hence %he dimensionless quantities involing <u)
calculated from the Nusselt or Dukler's theory is inadeguate

for comparison with theory.
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5-1., SELECTION OF FARAMETERS FOR COMPARISON
In order to compare with the theory, one define a new
average veloclty {4y such that the following equation holds
Ve = Ay (R —toq)

)Y
then the parameter can be comparied with theory are

Ve = —Su—;\@ Weber number

Ny = f{r% dimensionless wave length

ol = ~<%*>, dimensionless wave velocity
A

:AE.%= %{% dimensionless ar\nplitude

&= ©.10% R We Goren's dimensionless group
#kc\\ﬂ dimensional wave frequency
The above parameters apply both small and large waves.

In the case of the small waves, the substrate Reynolds number
Rep,g is used in equation (VII-104). A subscript S wiil
designate small waves since the small wave data is quite
close to the Nusselts equation (parabolic velocity profile).

Then the deviation of <usy from <usr can be estimated by
2

~ r~

Lu> _ <eHFTh. o _
", = = {4 05 —_— e — e — -\ 0%
Lusy Pz oo (W-105)
.8ince oo << R y the approximation for the small

waves 1s reasonable. In the case of the large waves, the
velocity profile is unknown. The valildity of the equation
(VII-104) can not be justified. éut _the input liquid

" Reynolds number, ReL, based on the total input flow rate

1s used for correlating the large waves.
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5-2. COMPARISON OF THEORIES WITH DATA

Comparison of theories with data for no gas flow is
shown in Fig. VII-7 through Fig. VII-10. The theory of
extension of Telles' model is inadequate to compare with
data and other theories.

(2) In Fig. VII-7, the frequency data are plotted
against the Reynolds number. Four typical theories and
the present theory on the random wave model all fail to
give reasonable modal frequency for the large waves. The
reason might be due to the fact that the governing
equations for primary flow is assumed to be the Nusselt
equation. Many other theories, which have been presented
but not plotted on the graph, present values falling
between the Kapitza's theory and Rushton's theory. All
the theoretical predictions agree much closer with the
small wave data than the large wave especially Ruckensten's
theory. The velocity profile of the Ruckensten's theory
is assumed a 6th degree polynomial of y with unknown
coefficients. He used Kapitza's experimental data on
amplitude to determine one coefficient. Hence we expect a
good agreement of his theory with Kapitza's theory.

(b) In Fig. VII-8 and Fig. VII-9 the dimensionless wave
velocity o ‘and the dimensionless wave length N, vs. Weber
number are plotted. The large wave data do not agree with

existing theories at all. The small wave data for wave length
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is in the range of Kapitza's data but also in poor agreement
with theory. The wave velocity data of the small wave is
much higher than the valued = 3 from all the theory for the
small Weber number. But as mentioned in Chapter II, Lin
(L-L4, L-5, L=6) recently predicted the wavé velocity ol > 3
based on the nonlinear stability theory. 7

(¢) In Fig. VII-10, the half dimensionless wave ampli-

tude A,, is plotted vs. theReynolds number, The data for the

q
small wave shows a constant value 0.14 which is smaller than
all 'the theories. While the data for the large waves show
much higher values than most of the theory except Anshus'
theory. In Fig. VII-11l, the data of Aeq is plotted vs.
the correlation parameter c* proposed by Goren. The
correlation is obviously not suitable for either the small and
large waves. ) A
5-3. SHALLOW WATER THEORY AND THE FALLING FILM

From the above comparison, 1t seems that all the theories
except that of Telles' are not valid for describing the large
waves on the falling film. In this section, the relative
importance of the various terms in the equation of motion will
be examined by the shallow water theory. The result should
glve a clear picture of the equation which should be used

for the primary flow. The basic assumption of shallow water

theory is that the depth of water is small compared with some
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other significant length, such as wave length. In this
theory it is not necessary to assume that the displacement
and slope of the water surface are small.

Start with the basic equation (VII-12) and the boundary
condition equations (VII-13) and (VII-14), and introduce the
following dimensionless variables.

u= w/uy

= Ul/{““ <u>

x>
n= R/<RY
— - — —-(M-toe)
P=v /% <uy
X =X, <2y
3= 9B
ARy
-where . <8>1is the mean film thickness
{*Y 1s the mean wave length
{uy is the mean velocity
-The equations become
Ux+ Uy =0
€ { ve WU+ Yoy px) = R 2 { S ueer Uy — - (W)
@y by (e

e e WU+ U = - \3}+§;L e { & U+ iy )

The boundary conditions are
u =0

EU:: [}

% av }:\ '--— - e = = @‘\0%>
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i&_{u}*-€6i§=o
—pr e BUR Y g T lax =o at 3=~ — — - (@t
E\Qﬁum—\rg:o @y &) (e
where E=§§$ 1s shallow water parameter
From equation (VII-107) (b), it is clearly indicated
that the primary flow can be deseribed by the Nusselt's

equation, only if the following condition holds
- — e - _
T <« ReL @ -wo)

In Table VII- 45, the value of—ilis compared with the
value of €  for both large and small waves at Wg = 0.0 1lb/sec.
In most of the condition, the above equation (VII-110) does
not hold except for the small waves at low Reynolds number.
Hence it is obvious' that the theory 1s unable to predict
what one observes on the falling film and it is only good
for the very smallReynolds number flow or the entrance
region where Oy —mo Since the ratio of {%i. to &€ of the
small waves is large than that of the large waves, and the
variation of hS 1s much smaller than h,the data for the
smaliﬁave; is naturally much closer to the theoretical
prediction gompared to the data of the large wave. From the
above expansion, one can also validate the approximation of
Py = O from the equation (VII-107) (<), If 1%§L£:& , then

the basic equation will be

-\
b\t_*-uul-\-\f\)l):x- Px= %*u\}' —_— e — — (|- )



TABLE VII-6
SHALLOW WATER PARAVMETER
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QEL

211
| 267

572

1016
1605
2299
3151
h572
6109

7560

0.019
0.0109
0.0070
0.00394
0.00249
0.00174
0.00127
0.00088
0.000655

0.00053

€

0.00262
0.00294
0.00144
0.00115
0.00136
0.001%3
0.00226
0.00238
0.00246

0.00267

52.
55.
67 .
86.

108.

168.

L72.

1017.

1292.

Re. s

12.

7

9

<. 0

RS

O.

0.

Reus

315

0757
. 0728
. 0595
0462
. 0371
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This is the same equation used by Telles and Ruckenstein.
In the case of Telles' model, pz.= 0 is assumed. The limi-
tation of their model is due to. the assumption of the
stochastic processes for the Telles' case and the lineari-

zation procedures for the Ruckensten's case.



CHAPTFR VIII

CONCLUSIONS AND RECOMMENDATIONS

1. WAVE STRUCTURE CHARACTERIZATION

In thls study an attempt was made to describe the
surface waves occuring on a falling film by statistical
means. The Reynolds number for the liquid phase varied:
from 200 to 7,500 and for the co-current gas phase from 0 to
113,000, The statistical method is one which considers the
instantaneous film thickness, h(t), measured at several
stations to be represented by a time series which 1is
stationary. This time series was processed by different
techniques to extract a variety of information to characterize
the wave structure as shown in the schematic diagram of
Fig. VIII-1.

As shown in Fig. VIII-1l, the processes applied to the

time series to extract the information are described as follows:

(a) Process A is a standard time series analysis for
film thickness.

(b) Process B uses the mean film thickness <h> as a
criterion to classify the waves into three groups;
large waves, small waves moving on the substrate,
and small waves travelling on the large waves.

The statistics of a series of parameters characterizing
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the waves are then calculated from the film thick-
ness data.

(c) Process C calculates the phase spectrum using a
special technique of time shifting to extract the
celerlity of the small waves.

(d) Process D calculate the auto covariance function
using a technique of time shifting and subtraction
of two simultaneous time serles. This makes the
the calculation of a secondary wave possible.

.(e) Process E integrates the quadrature spectrum between
film thickness and wall pressure fluctuation and
provides information about the drag coefficient
around the waves.

These analysés resulted in the following conclusions:

(a) Three distinct types of.waves were clearly iden-
tified; large waves, small waves moving on the
substrate and small waves travelling on the large
waves. The large waves and the small waves on the
substrate move at distinct}y different velocities
and the wave propertlies are each characterized by

their own probability densities. The small waves

on large waves include two types of wave motion:
the large waves couple closely together, and the

small waves riding on top of the large waves.
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(c)

(d)
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~Therefore the statistics of this type of wave appear

to be a mixture of the statistics of both large

waves and the small waves.

At low liquid rates, the large waves display an
amﬁlitude distribution with a single mode located at
0.01" = 0.02". But as the liquid rate is-increased, a
bimodal wave amplitude structure aprears with one
mode located as before at 0.010" - 0.020" and a second
group of waves with amplitude at 0.04" - 0.05" or
0.05" - 0.06". But it is of interest that over this
entire range of liguid rate the wave base exhibits a
single modal distribution., A weak relation between
the wave amplitude and the wave separation distance
was also established. Under conditions where a
bimodal distribution of amplitude exlists, the large
amplitude waves appear to be weakly periodic while
the waves of smaller amplitude are more random nature.
This suggests that the waves of smaller amplitude
might be a shot noise type process.

In the case of small waves, a single mode of narrow
distribution exists for all wave parameters at all
flow conditions.

The iarge waves show a strong two dimensionality

and slowly changing properties along the length.

This 1s caused by the change in the wave amplitude,
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the wave sepraration and the wave velocity. Growth
rate constants were also determined for the large
waves. The small waves show a strong three
dimensionality and an equilibrium state for all the
wave parameters along the length of the test section.

(e) The rélationship between the large wave parameters;
T'seps Tpgs B:Amp and the statistical parameters of
film thickness: f , T n» Cpy T 3, Were established.

(f) The existence of a single constant slope in the high
frequency range of the power spectrum was clearly
established at all gas and liquid rates. This
suggests that an equilibrium subrange of the spectrum
exists in the wave process. The detailled physical
meaning is not clear at this moment.

(g) Cross correlation between pressure and the amplitude
of wave permits the shear to be calculated., It is
clear that the contribution of large waves to the
measured pre§3ure drop and added shear in two phase
flow is less than 10%. One then concludes that the
small wave structure is the cause for the observed
high rate of momentum transfer when waves are present.

To expand this study, the following areas of investigation

are recommended:
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(2) Using a large number measuring stations with short
spacing along the length,obtain simultaneous film
thickness time series in a multiple channel system.
This measurement prermits one to perform a two di-
mensional Fourier anaiysis and to extract the
precise wave velocity for each different wave )
component.

(b) Determine the small wave spectrum by conditional
sampling on the substrate.

{e¢) Calculate the drag force from the experimental
measurement of the gas velocity fleld over the wave.

2.  WAVE_STRUCTURE ANALYSIS

Two detailed random wave models have been developed for
the primary wavy flow on falling films. The first model uses
a white~-noise input on the velocity field. 1Its purpose is to
generate a non delta function . type of the spectrum which is
observed experimentally. THhe second model is based on the
extension of Telles' shot noise process, and its purpose 1is
to predict the waQe velocity the wave shapes and the velocity
profile. The probability density of film thickness was
separated into two parts; one for large waves and one for
substrate. This enable one to calculate substrate flow rate
and large wave flow rate. These analyses resulted in the

following conclusions:
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(b)

(c)

(a)

(e)
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The white noise model is successful in preducing a
non-delta function type of spectrum, although the
solution is only good for very small Reynolds number
or in the entrance region. The technique should be
useful in the future studies.

The present extension on Telles' model gives much more
successful result than the Telles' original model.

It was possible for the first time to determine the
fraction of liquid flowing in the substrate and that
in waves. Although at any point the substrate exists
for above 50% of the time; less than 10% of the liquid
flow there. The velocity and Reynolds number of
substrate flow was evaluated along with the characters
of waves on the substrate.

The Reynolds number of flows on the large waves was
determined by wave veloclty and it suggests that
extremely high liquid rates exist there. For example
at a liquid input Reynolds number of 2300, the expected
value of the Reynolds number of the large waves can be
8s high as 3600. Individual wave Reynolds number can
be substantially higher.

The substrate moves at low Reynolds number. So it is
possible for the first time to test many theories for

wave motion of low Reynolds number. All existing
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theories are inadequate.

No existing theories describe the large wave
properties with any degree of accuracy.

Extension of the Telles method has some good possi-

bilitles for the large waves.,

The recommended areas for expanding the present analytical

study are as follows:

(a)

(b)

(c)

(d)

(e)

Extend the random wave model to the turbulent velocity
profile which 1s more suitable for the higher Reynolds
number flows.

Modify the Rice shot-nolse process for the case of

random wave amplitude such that

A~ TOo A

By = 7 Qg o=t

—om

and also to the case where the duration of wave pulses
are not much smaller than the wave separation.
Investigate the avallable velocity profiles for the
large waves to glive reasonable closure on the liquid
flow rate.
Extend the flow rate closure analysis to the gas

phase.

Extend Telles' model for the case of gas flow.
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