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SUMMARY

The flow of liquids in thin films has many important applications
in chemical engineering. The particular case of vertical flow under the
influence of gravity of a falling liguid film bounded by two different
surfaces -- the first a solid-liquid interface and tle second a liquid-
gas interface -- was the subject cof this investigation. Although many
investigators have contributed a wealth of experimental data covering
different liguids and flow configurations, there exist significant dis-
agreements among the various authors in many areas of film flow.

In this investiration the thickness of water films flowing down
a vertical plate was measured over a range of flow rates. The effect
of viscosity was determined by using a water solution of glycerine, and
the effect of lowering the surface tension of water was obtained by
adding Aerosol-QT. Measurements of this nature have been previously
reported; however, an analysis of the experimental methods employed and
the measuring systems utilized indicated that to the present no entirely
satisfactory procedure had been devised.

When a liquid is introduced onto the top edge of a vertical flat
plate, there exists for a certain distance below a zone over which the
liguid flow appears to be smooth and no ripples can be observed. At a
certain distance below the point of ligquid introduction, this distance
being a function of flow rate for a given liquid, there appears on the
surface a wave or ripple front. This wave front extends across the

entire flow area of the flat plate and is at a constant distance from
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the top edge for a given flow rate. Below this wave front, at lengths
greater than the distance before wave inception, the liquid surface is
in constant motion normal to the direction of the bulk liquid flow,

A single measurement of ligquid film thickness is inadequate to
characterize the conditions of liquid flow on a flat vertical plate.
There are two distinet regions of flow; at the top of the plate the
liquid surface is relatively stationary, and at the bottom of the plate
the liguid surface is in motion in and out from the surface of the plate
and the film thickness is constantly changing. Where the film surface
is relatively stationary and the film thickness does not change signifi-
cantly with respect to time, one thickness measurement might be adequate.
Where the film surface is rapidly changing with respect to time, how-
ever, a series of film thickness measurements must be made to determine
adequately the variation in film thickness. Finally, as has been shown
in this work, even at the top of the plate where the film thickness
does not vary significantly with respect to time, there is a variation
in film thickness with the position on the plate at which the film thick-
ness measurement is made.

A careful review of the literature indicated that most previous
investigators had taken film thickness measurements at only one position
on the flow area. Others had used methods which would give an average
film thickness over the entire flow area or used methods which tended
to glve a time-averaged film thickness. Because of the previously
mentioned characteristics of film flow and the inadequacy of the previous
methods of film thickness measuring systems, a new and different film

thickness measuring system was developed. An optical system was designed
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and built which permitted precise film measurements to be made at any
point in the flowing film almost instantaneously, i.e., within 1/1000
second.

The £ilm thickness of three liquids was measured: water, a water-
glycerine solution, and an Aerosol-OT-water solution. Film thicknesses
were determined at positions on an aluminum plate varying from the top
edge of the flat plate to a position about ten inches below the top
edge, a position well within the rippled flow region. At each position
for a given liquid the flow rate was varied and the thickness at the
center line of the flow determined as a function of flow rate. For each
liquid solution 20 thickness measurements were made at each position and
the 20 measurements were repeated at each flow rate. Over 1500 film
thickness determinations were made in the course of the investigation.

The major conclusions of this work include the following:

1. The film thickness of a given liquid at a given flow rate is
a function of the position on the plate at which the film thickness mea-
surement is made. In general, the liquid film assumes a minimum film
thickness some distance below the top edge of the plate. Rippling
breaks out on the film surface and this causes an apparent increase in
the average film thickness after the minimum film thickness is attained.

2. A wave amplitude was determined by subtracting the minimum,
measured, film thickness from the maximum, measured, film thickness,

The wave amplitudes followed the same general behavior as the film thick-
nesses, They were relatively small at the top of the plate and increased
as the distance from liquid introduction increased.

3. The distance before wave inception was determined by a method
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more precise than methods reported in the literature,

L, A 27 percent by weight glycerine-in-water solution which has
approximately the same density and surface tension as water but twice
the viscosity was found to have a greater film thickness than water
films flowing at the same Reynolds number, but the film thickness pro-
file followed the same general trend as water.

5. A 0.1 percent by weight solution of Aeroscl-OT in water, which
has approximately the same density and viscosity as water but half the
surface tension, had increased stability and film thicknesses. The
stability of the film was increased to the extent that wave motion was
not visible on the four foot long ligquid surface.

6. An analysi~ of the deviations of liquid film flow from the
theoretical Nusselt prediction indicates that the deviations are in the
direction which would be predicted if 1t were assumed that the liguid

solutions were slipping at the solid-liquid interface.



CHAPTER I
INTRODUCTION

The flow of liquids in thin layers is a common occurrence in the
everyday life of the layman as well as the chemical engineer. The flow
of water in thin layers may be observed on a window pane during a rain-
storm, on an inclined roof or in a gutter. It may te noted in this type
of flow that the liquid surface is not always smooth but sometimes is
disturbed by small wave motions,

In other technical areas not directly associated with chemical
processing, Fulfordl has mentioned a number of situations where the flow
of liguids in thin films is encountered including the following:

1. The design of channels, highway bank angles and water drain-
age systems,

2, The design of dam spillways, drain pipes and overflow lines.

3. Methods of combating soil erosion and the transport of radio-
active materials by rain-water runoff.

L. PFilm cooling of rocket motors, turbine blades and reactor
tubes.

5. Cooling of spacecraft by heat transfer from wavy films of
molten material.

Examples of moving liquid films bounded on one side by a station-
ary solid surface and on the other by a gas or vapor phase are common

in the chemical processing industry. One of the first uses of liquids



flowing in thin films in the chemical industry was in 1836 when hydrogen
chloride gas was absorbed by water flowing through a packed bed.

An understanding of the mechanics of film flow is important in
those cases of heat and mass transfer which involve two-phase flow.

Flow in vertical condensers, film reactors and packed towers are a few
examples of this flow configuration. In the general field of diffusional
processes, including absorption, extraction, humidification and distil-
lation, the flow of thin liquid films is often encountered. Filmwise
condensation in condensers and in heat exchangers along with the flow of
the liquid phase in packed or wetted-wall columns involves the formation
and flow of thin liquid films. In the case of absorption where the gas
film is controlling, the flow characteristics of the liquid do not
appreciably influence the efficiency of operation for a constant area

of contact. However, in the treatment of film condensation or in diffu-
sional processes where the resistance of both the liguid and the gas
films 1s significant or where the liguid film is contrclling, the flow
characteristics of the liquid film have a definite bearing on the
efficiency of the operation.

The more exactly the film thickness, interfacial velocity and
average velocity of the film can be evaluated, the more precisely the
mass transfer and heat transfer characteristics of the operation can be
analyzed., Also, with a better understanding of the film-flow character-
istics, the dynamic interfacial contact area can be more precisely
evaluated, i.e., the effect of ripples in the liquid film on the inter-
facial area can be taken into account to provide better design informa-

tion, even in those cases where the gas film is the controlling film



and the liquid film plays a relatively small role in the overall pro-

cess.,

Origin of the Problem at Georgila Tech

In 1962, Stern,2 in work done at the Georgia Institute of Tech-
nology, completed an investigation on the effect of reduced pressure on
the performance of a wetted-wall distillation column operating under
conditions of total reflux. A wetted-wall column was chosen rather than
a packed column in the expectation that the elimination of the column
packing as a variable, i.e., the elimination of the liquid-gas contact
area as a variable, would permit a more fundamental examination of the
effect of reduced pressure on the distillation process.

The vapor stream in a wetted-wall column is bounded by a liquid
film on the interior column wall. Hence, the condition of the liguid
surface can be expected to influence the vapor stream in much the same
way that wall roughness influences flow in pipes. 1In the region of
turbulent vapor flow, a decrease in operating pressure at constant
vapor Reynolds number caused an increase in column efficiency. This
result is in agreement with mass-transfer theory which assumes that the
resistance to mass transfer is the sum of the resistance of the turbu-
lent core and the resistance of the true laminar layer. However, in
the region of transitional vapor flow, a decrease in operating pressure
at constant vapor Reynolds number caused a decrease in column efficiency,
This was shown to be due to the influence of liquid-film rippling on
vapor turbulence, It was also shown that the vapor Reynolds number at

which turbulent flow began in the vapor was a function of the degree of



rippling of the liguid reflux film and varied with the operating pres-
sure,

A review of the literature was made to determine, 1if possible,
from existing publications the critical characteristics of falling
liquid films so that this information could be applied to the above
problem in a continuation of the investigation of the efficiency of a

wetted-wall column.

Discrepancies in the Literature

It was almost immedlately noticed that the points of disagree-
ment in the literature far exceeded the few instances of accord. 1In
the following section, a few of these instances of agreement and dis-
agreement which are particularly pertinent to this investigation are
discussed.

Film Thickness

Many of the early film-thickness measurements, which were obtained
for the most part by micrometer or simple drainage methods, were not of
a high degree of accuracy. However, in the low-flow regions, the values

3

fell near the theoretical thickness predicted by Nusselt. More recent
film thickness measurements cbtained by improved experimental techniques
indicate that in the laminar-flow region the experimentally measured mean
film-thickness is lower than the theoretically predicted film thickness
of Nusselt for both vertical and inclined flow,

Portalski’sh experimental results for several fluids flowing as

films on a flat vertical plate indicate that at the lowest flow rates

the film thicknesses fall well below the Nusselt thickness and deviated



farther from the theoretical thickness as the flow rate decreased. How-
ever, these results are not conclusive as other recent measurements by
Feind5 and by Fulford6 agree with or tend towards the theoretical Nusselt
thickness.

Transition from Laminar to Turbulent Flow in Films

In a recent review, Fulfordl summarized reports in the literature
of a transition Reynolds number at which turbulent film flow begins,
The time span of these reports covers the period from 1910 to 1962 and
the magnitude of the transition Reynolds number reported by various
investigators ranged from a low of 400 to a maximum of 3600. Several
authors contend that the transition from laminar to turbulent flow is a
gradual one which migh* explain the wide scatter in the reported experi-
mental values, However, the bulk of the experimental evidence seems to
support a transition Reynolds number in the range of 1000 to 1600.

Rippling in Film Flow

There are numerous theoretical calculations of the conditions
under which rippling occurs in film flow. Most of the treatments predict
a critical Reynolds number above which the film flow is unstable and
rippled flow occurs. Experimental critical Reynolds numbers determined
by careful visual observation;from photographs or by electronic feelers
tend to agree with these theories. Unfortunately, the experimental
observations mentioned above do not confirm an interesting aspect of the
theories on film stability proposed by Benjamin7 and by Yih,8 These
authors state that film flow on a vertical surface is always unstable
and ripples will be present at all flow rates. The use of more sensi-

tive methods of wave detection in recent studies of the phenomena have



led to smaller values of the critical Reynolds number. This seems, per-
haps, to be an indirect confirmation of the theory that rippling occurs
to some extent at all flow rates.

The Smooth Entrance Length

In nearly all experimental cobservations of rippled flow, i1t has
been noted that there exists an initially smooth region immediately
below the liguid inlet before waves begin to appear ¢n the liquid sur-
face. In general, the length of the smooth entrance reglon increases
as the ligquid flow rate increases, but not in a direct proportion.
While many authors have made this statement, two notable exceptions
exist. Grimley9 has observed that the films in the entrance region
ease to be wavy abov: 2 certain liquid flow rate and Battlo has observed
that below a liquid Reynolds number of avout 75, the length of the smooth
entrance region increases as the flow rate is decreased. Hence, dis-
agreement exists and further experimental work will be necessary even in
what might appear at first to be a relatively simple and straight for-
ward relationship, the length of the smooth entrance region as a func-

tion of film flow rate.

ffect of Surface Active Agents on Wavy-Film Flow

The bulk of the experimental data in the literature would indi-
cate that surface-active additives greatly reduce or eliminate surface
ripples on a vertically falling liquid water film. Several investiga-
tors in rather detailed studies of this phencmena found that as the
concentration of the surface-active additive was increased the waves
were rapidly damped out until an optimum concentration was reached.

The optimum concentration was the concentration beyond which further



addition of the surface-active agent had little noticeable effect on
the reduction of surface disturbances. As the concentration was in-
creased beyond this coptimum concentration, some authors report little
or no effect on the film flow while others report that with continued
additions of the surface-active agent the surface will again become
rippled. Hence, even without the contradiction of Brotzll and Jacksonlg
who report little effect of the addition of surface-aztive agents on
film flow there is some question as to what happens 1s the concentration
of surface-active agent is continually increased.

Due to the wide discrepancies in almost every phase of vertically
falling, liquid-film flow, it was decided to study further the mechanics
of film flow. The objertive of this investigation was limited to mea-

surement of the film thickness of a vertically falling liquid film on a

flat plate.

Details of Film Thickness Measurements 1n the Literature

Many different measurement techniques have been employed in the
past to determine the thickness of thin films falling on either a verti-
cal plate or on an inclined surface. It has been shown that when a
liquid is introduced onto a flat vertical plate, a certain area of the
plate below the liquid inlet remains free of any apparent flow distur-
bance while below this entrance region a definite change occurs in the
ligquid flow pattern. Here the liguid surface is no longer relatively
stationary but is in constant motion normal to the plane of the flow
surface. This normal motion is superimposed on the flow parallel to

the flat plate. 1In the entrance region where the surface of the film



is relatively stationary, the film thickness is taken as the distance
from the flat plate to the surface of the film. However, in the region
well below the entrance region where the film surface is in rapid motion
normal to the flat plate, it is not as easy to assign a film thickness.,
In this region, measurement could be made of the maximum film thickness
or the maximum distance from the film surface to the flat plate. In a
like manner, a minimum film thickness could be determined when the film
surface is at its point of closest proximity to the [lat plate.

To date all reported measurements have determined either an
average film thickness based on the entire flow area or an average film
thickness at one point on the flow plane. Either type of measurement is
inadequate to describc what 1s happening in the liquid film. There is
obviously a signifiicant change in flow characteristics from the liguid
inlet point to the region of fully developed rippled flow., If the film
thickness measurement is made in the entrance region, one thickness
measurement will be sufficient at a given point; but, in the rippled
region of flow, where the thickness is time dependent, more than a
single measurement 1s necessary.

Most film thickness measurements have apparently been made at a
single point in the rippled region of flow. As it will be shown from
this work, film thickness is a function of position on the plate as well
as flow rate, temperature and the physical properties of the liguid and
of the surface of the plate. Hence, it is inadequate to measure the
film thickness at only one given point on the flow plate. The general
characteristics of the best methods of film thickness measurement which

have been employed to date are reviewed in the following sections.



Measurement Methods Involving Surface Contact

The earliest measurements of film thickness in a vertically
falling liquid film were made with a method similar to that used by

Kirkbride>

who measured the film thickness of a liquid flowing over
the outer surface of a vertical tube. The measurement device consisted
of a micrometer mounted at a predetermined distance from the outer sur-
face of the tube. With a liquid flowing down the outer surface of the
tube, the micrometer was screwed in until the micrometer arm made con-
tact with the liquid surface. This reading was recorded and then with
the liquid flow stopped the micrometer arm further screwed in until it
made contact with the outer surface of the tube. By differencing these
two readings, the ligirid film thickness could be determined. Note,
however, the actual film thickness which was being measured by this
technique. It was a maximum film thickness, i.e., the thickness of the
highest wave crgst which passed between the micrometer arm and the cylin-
der surface, which was measured and by no means an average film thickness,

Hanratty and Engenlh used the same method for the measurement of
ligquid film thicknesses in horizontal, parallel flow of air and water
streams and claimed an accuracy of 1/6k to 1/32 inch. In the case of
horizontal flow, the liquid films are an order of magnitude greater in
thickness than the films in vertical flow so that an error of 1/6k inch
could be tolerated, whereas in vertical flow the film itself is often
less than 1/6L inch thick.

This method of film thickness determination is at best useful
only when a true laminar flow exists and no waves are present. Even

under these restricting conditlons, the precision of the method 1s not
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very good. The lnadequacies of this measurement technique were realized

by Kirkbride, as well as others, who suggested several alternatives
which were later employed by subsequent investigators.

An early modification of the micrometer screw measurement tech-
nigue was the replacement of the relatively thick micrometer arm with a
fine needle-like feeler probe., By using a fine needle which could be
adjusted in towards the flowing liquid film rather than the thick
micrometer arm, considerable improvement in the measurement of film
thickness was realized. The improvement results from the finer control
with which the needle can be manipulated and from the smaller distur-
bance of the flow patterns. The needle contact method as used in later
investigations includcd the further refinement of electrical detection
of the contact of the needle with the liguid surface. With this added
refinement the needle contact frequency and the length of time the
needle was in contact with the liquid surface could be recorded. As
the needle was moved closer towards the liquid surface, the length of
fime the liguid was in contact with the needle increased. When the
needle rested in the undisturbed sublayer, the recorder indicated
continuous contact of needle and liguid. By making a series of mea-
surements with the needle at varying distances from the flow surface,
a maximum, a minimum and a film thickness distribution profile at a

15

given point on the flow surface would be expected. Brauer used this

measurement technique for falling liquid films and McManusl6 for two-

17

phase annular flow in tubes. More recently Hewitt, King and Lovegrove
did considerable work in the refinement of the above technique.

Regardless of how carefully the above type of measurement is
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conducted and how the technical aspects of it are refined, several
serious disadvantages exist even if they are of a less restrictive
nature than the earlier micrometer arm method. The natural flow
characteristics are disturbed by touching the surface of the liquid
film with a probe, or even worse, by introducing a probe, however fine,
directly into the flowing liguid. Thus, measurement of a disturbed
flow pattern is made and this disturbed flow pattern does not neces-
sarily represent the true flow conditions, A second serious disad-
vantage of this type of method is due to the surface tension of the
flowing liquid, The needle probe, once having made contact with the
liquid surface, will tend to remain in contact with the liguid; this
will give an erroneous indication of the true film thickness. This
distorted film thickness will then lead to a false film thickness

profile for the liguid film.

Measurement Methods Involving an Electrical Signal

Dukler and Bergelinl8 developed a capacitance method to measure
the average film thickness of a liquid film. This method used the flow-
ing liquid surface as one plate of a capacitor and the face of a micro-
meter probe as the second plate. The capacitance of the capacitor
formed by these two plates is directly proportional to the area of the
plates and the dielectric constant of the material between the plates
(the air gap between the film surface and the face of the micrometer
arm) and inversely proportional to the distance separating the plates
(the distance between the liquid film surface and the face of the

micrometer arm).
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To utilize this method, a calibration curve of air gap against
capacitance was made under conditions of no-ligquid flow. This was done
by varying the distance of the micrometer arm face from the plate and
carefully measuring both the capacitance and the distance. To make a
film-thickness measurement, the capacitance of the two plates with a
liquid flowing between them was first determined., Then the distance
between the two plates was carefully measured. With the first capaci-
tance measurement and the calibration curve, the air gap with the liquid
film flowing could be determined. This ailr gap could then be subtracted
from the distance between the plates, yilelding the liguid film thickness.

An inherent assumption in this method is that the surface of the
water acts as a conducting plate., A second is that the water surface is
flat. The first assumption 1s probably quite good; however, the second
is invalid. Since at practically all flow rates the film surface will
be wavy, this method will detect the root-mean-square air gap. 1In the
case of large waves with high frequency, this air gap can differ con-
siderably from the integrated average. By using a small probe and
recording the continuously varying capacitance as a train of waves
passes under the probe, the wave height as a function of tilme can be
determined. As the probe used by Dukler and Bergelin was 1/8 inch long
in the direction of liquid flow, it is questionable whether the film
thickness profile thus obtained is a very realistic one. Additionally,
the capacitance detector and recorder will have a built-in internal
time constant. This time constant will time-average all capacitance
measurements to a certain extent resulting in a time-averaged film

thickness determination.
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The measurement of film thickness by determining its electrical
resistance was the method employed by several investigators. Grimleyl9
employed this method for vertical tubes, and van RossomZO as well as
Hanratty and Her'shrn<5u'12:L for horizontal flow over a flat bed. In the
horizontal cases, the thickness of the film was determined by the
resistance of the liquid film between two electrodes glued to the bottom
of the flow plate, The calibration of the device was obtained by direct
measurement with a micrometer of a stagnant film. A calibration curve
was constructed for use in the dynamic cases by making a series of these
measurements with stagnant films of varying thickness. Van Rossom sta-
ted that it made no difference whether the calibration film was stagnant
or whether a small amcunt of overflow was provided. Apparently the over-
flow in question was not sufficilent to cause surface waves to form.
Hanratty and Hershman used essentially the same method as van Rossom but
added that their measurements were open to errors of the order of magni-
tude of the surface disturbances. With this method, only an average
film thickness was reported as nc instantaneous measurements were made,
Also, in these cases, the size of the resistance electrodes was much
larger than the size of the film thickness being measured.

A third measurement technique which is dependent on the electrical
properties of the liquid film to determine the liquid film thickness is
the measurement of the liquid conductance. This method was discussed
quite thoroughly by Hewitt, King and Lovegrove.llﬂIz In their experimen-

tal equipment, conductivity probes 1/8 inch in diameter and 1/2 inch

from center to center were mounted flush with the wall of a vertical
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cylinder. A calibration curve was made from a simulated horizontal
arrangement in which two cylinders were separated a short distance from
one another and the gap between them filled with the test liquid and
its conductivity determined. BSevere difficulties were encountered in
measuring a mean conductance between these two probes for actual
vertical flow due to the rapidly fluctuating conductivities caused by
the rippled surface. This problem was solved by an electrical averag-
ing circuit and required the addition of an electrolyte to the test
ligquid in order to minimize the internal capacitance of the liquid
film.

The instantaneous conductance as measured by the conductivity
probes was recorded awl this gave some indication of the variable fluid
surface fluctuations. When this trace was averaged it came out very
close to the average as reported by the electrical averaging circuilt.
While this method does give some indication of the fluid surface con-
ditions, it is the average conductance over at least a 1/2-inch length
of liguid surface which was measured. As one complete wave is about
this length, the measurement was made over a length interval which is of
the order of magnitude of a wavelength. Additionally, the electrical
circuitry will time-average the conductivity detected by the conduc-

tivity probes,

Photographic Methods of Measurement

i

Brauer and more recently Belkin, MacLeod, Monrad and Rothfu522
have used photographic methods to study the behavior of liquid films

flowing vertically under the influence of gravity. Belkin and asso-
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clates used two related photographic techniques; cne, the direct illu-
mination of the flow surface, and the other a shadowgraph method which
produced a silhouette of the wetted flow surface. In both cases they
studied the flow of water down the outer surface of a rod one inch in
diameter, The film thickness of the flowing ligquid was determined by
comparing enlarged photographs of the rod under conditions of flow with
a similar photograph of the dry rod. Essentially the same method was
applied with much greater care by Brauer. A true orthogonal photograph
of the flowing film is not obtained but rather an isometric view of the
rod and film. This may partially explain the large spread in film
thicknesses reported by photographic techniques.

The cross sect’un of a liquid film in annular flow in a horizon-
tal pipe was qualitatively investigated by high speed--1000 frames per

23 The

second--motion picture photography by Jacowitz and Brodkey.
method they employed was guite unique but has almost-prohibitive res-
trictions to its use. If a ligquid, which has the same refractive index
as the glass tube containing the liquid, is used for the film thick-
ness determination, light rays will not be reflected at the ligquid-
solid interface. The light will traverse the tube and the liquid film
in a straight line and the only visible reflection will be at the
air-liquid interface. Turpentine proved to be satisfactory for this
particular setup. The interface will become visible if a lens with a
suitable focal length is focused on the interface, By use of this
method the authorsconfirmed qualitatively that, in horizontal annular

two-phase flow, two types of waves exist at the liquid-air interface:

low amplitude symmetrical waves and high-amplitude roll waves.
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However, no measurements of film thickness were reported.

Light Absorption Measurement Methods

The mean ligquid-film thickness was measured by Greenberg2J+ by
using a photometric method to give the absorption of a portion of a
beam of light passing perpendicularly through the liguid film. The
procedure measured film thickness in the vertical flcw of a liquid in
an annular ring on the inner periphery of a tube. The liquid was
separately studied in both co-current and countercurrent flow with
air. A small beam of light was passed directly through a glass tube,
The liquid film in annular flow around the inner periphery of the tube
was interrupted by a small rubber separator, which had a hole in its
center,permitting the beam of light to pass uninterrupted through the
tube and fall on the liguid film surface at a point diametrically
opposite the separator. A portion of this incident beam of light was
then absorbed by the ligquid film, the fraction absorbed being a func-
tion of the instantaneous mean film thickness.

Collin525 modified this technique by omitting the rubber separa-
tor. This removed an objecticn to Greenberg's work in that there was
ne physical interference with the film flow but it added further com-
plications to the measurement. The incident beam of light now passed
through two layers of the liguid film so this would preclude any analysis
of the film thickness profile or surface disturbances due to rippling,
This also complicated the internal calibration of the light cells since
again two varying surfaces rather than one had been 1lnterposed between

the light source and the light detector. Charvonia26 also used a
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modification of this method. This modification included the reintroduc-
tion of the separator in the flow pattern on one of the two diametrically
opposed film surfaces through which the incident light beam passed.

An extensive change of the above equipment by Battlo allowed the
determination of the surface properties of a vertically falling liquid
film on the inner surface of a pipe but was unable to determine the
actual film thickness. The apparatus as designed by Batt passed a beam
of light through one layer of an annular film and intercepted and mea-
sured the light rays in the center annular space with a photocell. The
electric output of the photocell was relayed to recording eqguipment
outside the test space., Two separate photocells were used. The first
was located at the top of the liquid flow section where the liquid
surface was smooth and the second was located below this one where the
liquid surface was rippled. Apparently, the upper cell was used as a
reference against which the lower cell was compared for the authors
state: "As previously explained two light beams were employed, and the
point of initiation of waves at a particular Reynolds number was conse-
quently taken at that point at which waves were present on the lower
trace but not visible on the upper one." This paper presents interest-
ing values for the distance before wave inception and wave frequency;
however, the equipment was not calibrated so that wave or film thick-
nesses could be determined. It should be pointed out that of these
photometric methods only that of Batt was designed for single-phase
flow. The others, being primarily interested in two-phase flow, could
not permit photocells in the annular region. A procedure similar to

27,28

the above was reported by Lilleleht and Hanratty for the case of
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horizontal flow over a flat plate.

Deficiencies, in addition to problems concerning the internal
calibration of light absorption techniques, arose due to the fact that
often the light beam passed through two layers of the liquid film and
that in some cases there was physical impairment of the liguid flow.
Also, all of the light absorption methods have one further defect,

A highly absorptive dye has to be introduced into the water to increase
its absorption since water does not absorb a significant fraction of
the incident light beam as it passes through the thin flowing film.

It is quite possible that the dye had a hydrodynamic effect similar to

that of surface-active agents.

Thickness Determinations by Radicactive Methods

A novel method to determine the film thickness of vertically
falling liquid films was developed by Jacksonle using radicactive tra-
cers. A radiocactive material (Yttrium-91) was dissolved in water which
was allowed to flow as a thin film down the inner wall of a vertical
tube, A Geiger-Mueller tube was positioned at the center of the vertical
tube through which the water was flowing to detect the radiocactivity in
the liquid. The film thickness thus controlled the amount of radio-
activity seen by the detector. The film thickness represented by a
given activity level was not directly determined but was derived from
the ratio of the activity at a high liquid flow rate to the activity at
a low liquid flow rate. The film thickness at the low liguid flow rate
was theoretically calculated according to the Nusselt relation, At the

lower flow rates, the activity of the liguid flow was plotted against
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the thecretically calculated thickness and this graph was extrapolated
for the higher values of flow.

The shortcoming of this method was that it automatically shifted
the experimentally determined film thickness at low flow rates to that
predicted by Nusselt and, by extrapolating this curve to high flow rates,
all film thicknesses were shifted likewise. 1In addition, it has been
shown by several investigators that Nusselt's values are incorrect even
at the extremely low flow rates; hence, the film thicknesses determined
over the entire range must be in error. Also, this method of measure-
ment will only give an average film thickness and no analysis of film

thickness profile can be made,

Direct Weighing of Liquid Holdup
29

Kamei, Iijima, Kawamura, Oishi and Ttoi = have developed a sen-
gitive new method for determining the average film thicknesses in wetted-
wall tubes. The device employed was a balancing tower which directly
weighed the liquid holdup on the wetted surface. The method worked
quite well for single-phase studies but the method lost much of 1its
sensitivity when the authors tried to determine film thickness in
counter-current gas-liquid flow. Liquid film thicknesses were found to
be smaller than those predicted by the theoretical Nusselt analysis.
While this method worked gquite well for determining average film
thicknesses over the entire flow area, it was incapable of indicating a
film-thickness profile. Neither could it give an indication of the

changes in film thickness taking place as the liquid proceeded down the

wetted flow surface since the film thicknesses were averaged over the
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entire plate. Hence, its application to fluid flow studies of liquid

films is somewhat limited.

Drainage, or Holdup, Measurements

The drainage, or holdup, method of determining liquid film thick-
30

nesses was used 30 years age by Fallah, Hunter and Nash, a few years
later by Friedman and MillerBl and in the early 1960's by Portalski.h
The method is relatively straightforward and can be used to measure
film thicknesses on the inner or outer wall of a tube or on a flat
plate. In this method, the liquid flow was started and held at a con-
stant flow rate. When the flow rate and other experimental conditions,
such as temperature have reached steady state, the water supply to the
flow plate was diverted and simultaneously a collection of the liquid
held on the wetted area began. From the collection of the total liguid
layer held on the wetted area and a measurement of this wetted area,
the average film thickness was calculated.

Portalski used a refined drainage technique and a carefully
designed large-area wetted-wall flow plate to bring to a high level of
precision this method of film thickness measurement. As reported, the
necessary requirements for a high degree of accuracy are, first, an
automatic device for stopping the feed and simultaneously eliminating
the weir head and, second, the collection of the drainage from a large
wetted area.

This method, when used under the proper conditions, appears to
give a high degree of accuracy and reproducibility of results. 1Indeed,

the work by Portalski gives the most voluminous experimental data
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available in the literature. However, the thicknesses as reported by
this type of experimental determination, like those of the direct weigh-
ing method previously discussed, are, by the nature of the experimental
design of the measuring equipment, an average film thickness based on
the entire area over which the liquid was flowing. Hence, these thick-
nesses give neither an indication of changes taking place in the film
thickness at a given point nor do they indlcate the change in film thick-
ness which takes place as the liquid travels down tle plate in the direc-

tion of flow.

Analysis of Film-Thickness Measurement Techniques

None of the previously used methods of determining the film thick-
ness of vertically falling thin liquid films are entirely satisfactory.
Each method suffers from one or more of the following deficiencies:

1. The film thickness measurement is an average value over the
entire flow area, or a large portion of it, and does not distinguish
between the thickness in the entrance region and the thickness in the
disturbed flow area.

2. The film thickness is determined by interrupting the normal
flow patterns and therefore measures a disturbed flow rather than the
natural flow as desired.

3. The thickness measurement is made at only one point in the
flow area, and, hence, the length that the entering liquid has traveled
cannot be studied.

k., Electrical averaging apparatus applied to the output of the

thickness-measuring device gives a time-averaged rather than an
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instantaneous film thickness determination.

5. Bome contaminant, such as a dye or an electrolyte, must be
added to the ligquid under study to facilitate the measurement of an
electrical or an optical property of the liguid.

Consequently, it was thought that a better method of determining
film thickness would have to be devised before any precise measurement

of film thickness at a given point could be undertaken.

Objectives of This Investigation

The obJjective of this investigation was to measure the thickness
of falling ligquid films over a wide range of experimental conditions in
a manner which would permit the determination of film-thickness variation
as a function of time and the position on the plate at which the measure-
ment was made and also to determine the effect of the viscosity and the
surface tension of the liquid on the film thickness. Time and distance
dependence have not been satisfactorily investigated in the past. In
fact, no reference to the effect of position on film thickness was found

in the literature in the course of a rather exhaustive survey.
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CHAPTER IT

EXPERIMENTAL APPARATUS AND PROCEDURE

Description of the Measurement Technique

The apparatus developed for this project makes possible the
accurate measurement of the instantaneocus film thickness at a given
point on a flat vertical plate covered with a flowing liquid film.

The measurement is time independent in that there is no thickness
averaging and the entire measurement is made in 1/1000 second. The
measurement is at an exact point on the plate with respect to axial
distance in the flow direction, referred to as the x-axis, and is
relatively insensitive to thickness variations on the flowing film
surface in a lateral, horizontal or z-axis, direction. Also, no dis-
turbance, chemical or physical, of the liquid-gas interface is required
to complete the measurement.

The flat plate used in this experimental investigation was an
aluminum plate two feet wide and four feet long. Liquid was intro-
duced evenly across the middle 12 inches of the plate at the top edge,
The thickness measurements were made at the centerline of the liquid
film, at a point six inches from either edge of the liquid film, at
varying distances from the top edge of the plate. The film thickness
measurements which were made were point thickness measurements, and not
an average thickness across the plate, due to the optical system which

was used. This statement will be amplified in a later section. Due to



the wide liquid flow (12 inches) and the relative insensitivity of the
measuring system to changes in thickness across the plate in a hori-
zontal direction, the plate was assumed to be semi-infinite with no edge
effects.

This film thickness measurement technique is based on the fact
that water will absorb light rays while air, relatively speaking, will
not. To make a measurement a beam of light is passed almost parallel
to the surface of the flat plate. With no water flowing over the plate
the surface of the plate, i.e., the base or portion of the plate over
which the water flows, will intercept a certain amount of the incident
light and allow the remainder %to pass over the plate., If a liquid is
then allowed to flow Jver the plate, less light will pass by the surface
of the plate since the liguid-gas interface will now intercept the light
beam in the same manner that the solid-gas interface did with no liquid
flow, However, since the liquid-gas interface is farther from the sur-
face of the flat flow plate by a distance equal to the film thickness
less light will be transmitted across the plate. The key to the whole
process is to determine accurately the location of the gas-solid inter-
face when no liquid is flowing and then to determine accurately the gas-
liquid interface, which is a variable quantity, when the flowing liquid
is introduced onto the flat plate,

The method used to determine the interface location was an unusual
optical system developed for this experimental program. Two stationary
reference points were required for the measurement; the flat plate pro-
vided the first and a needle point, referred to hereafter as the refer-

ence pin, set at a fixed distance from the plate, provided the second,
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The liquid-gas interface, whenever liquid was flowing, fell between
these two stationary reference points. A large aerial camera lens was
focused on the vertical plane which included the reference pin and
which was normal to the flow plate. The image of the pin and the sur-
face of the flow plate were focused on a plane about 15 feet away.
Thus, on this plane, the interface at the gas-solid or the gas-liquid
boundary could be measured as a function of 1ts distance from the
reference pin.

At this point, 15 feet from the object, the magnification of the
interface variations (film thickness) was about ten fold. Rather than
measure the rapidly fluctuating interface location directly at this
point, the light boundary, which located the interface, was used to
expose a photographic film at controlled time intervals. The film
was placed in a 35 mm. camera in the usual way, but the lens was
removed. The camera thus served only as a film holder and shutter. 1In
this manner a permanent record of the interface location was made, A
schematic diagram of the system giving the relative location of the
components is given in Figure 1.

In practice, light passing through the negative was projected
on the wall by an ordinary filmstrip projector rather than take a given
measurement directly off a print made by exposing the photographic film.
The enlargement of the 35 mm. film on projection was about 35 fold

giving an overall magnification for the measurement system of about 350.

Experimental Equipment

The experimental equipment can be divided into two major parts.
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The first of these deals solely with the neasurenent technique while
the second deals with the flow properties of the system
CGener al

The flow system incorporated one unique design feature. S nce
the entire measuring systemwas |ocked into place and held imovable in
order to nmeasure the filmthickness at varying points over the flat
plate flow surface, this flat surface was positioned relative to the
neasuring system In the nore conventional approach usually taken
the position of the neasuring systemrather than the flow systemis
adjusted. The flow system consisted of several major conponents: the
upper collection tank which served as a constant head device to insure
constant flow, a header nounted above the flow plate containing calnmng
baffles to insure snooth introduction of the liquid onto the flat flow
plate, the flat flowplate itself, and a bottom collection tank to
collect and contain the run-off fromthe flat plate.

Figure 2 is a side view of the upper section of the flow system
It shows the upper constant-head tank with its overflow lines and the
pi ping through the rotaneter which indicated the liquid flow to the
header. Figure 3 shows the |ower section of the flow apparatus, includ-
ing the lower portion of the flat flow plate and the bottom col | ection
tank. Included in this viewis the recirculating punp which was used in
the glycerine and Aerosol -OT tests to transfer the liquid run-off from
the collection tank back to the constant head tank.

As mentioned, the flow surface had to be brought in line with
the measuring systemrather than the nore usual convention of position-

ing the neasuring system This was acconplished by nmounting the flow



