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Summary

distance and bigger waves tend to have higher frequencies.
1. INTRODUCTION

. The occurence and applications of liquid film flow has increased considerably as technology developed. Film flow
is encountered in the process industries, cooling towers, evaporation condensers, chemical reactors, and the combustion
chambers of rocket motors, In studying two-phase flow, it has been found that a detailed knowledge of the phenomena
occuring in film flow, with or without an adjacent gas stream would assist greatly in understanding many of the more
complex type of two-phase flow. .

Many investigators have made theoretical studies of thin liquid film flow [1-4]. Empirical studies have also been

conducted [2, 5]. Laminar-and turbulent flow regimes have been identified and values of critical Reynolds Number
quoted varies widely from 250-1500.

There are two main phenomena associated with film flow: [1] the variation of film thickness with distance along
the flow and [2] the formation of surface waves.

The variation of film thickness is the easier pehnomenon and it has received more attention accordingly. The for-
mation of surface waves is more complex. Some investigators [2,6,7,8] have suggested that the criterion for wave
formation is that the Froude Number, Fr, is greater than unity.

However it remains very difficult to theoretically predict the nature of waves on thin films. Also empirical data
in this regard afe sparse.

hope that such information may increase our understanding of film flow and may, for example, assist in the calculation
of rates of heat and mass transfer through such wavy film interface.

2.  PRESENT STUDY
2.1 An Approximate Solution of the Navier — Stokes Equations for Film Flow on a Vertical Cylinder

The flow is assumed to be incompressible, steady, axisymetric, laminar and the free surface is free of waves,
Pressure gradients and surface tension forces are neglected.
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by taking that the film thickness M is very much less than the cylinder radius R, it is possible to derive the Nusselt’s
result, and note that for a given flow rate the liquid film thickness is constant in the uniform flow region.

If we consider the accelerating region and apply the above mentioned assumptions the Navier-Stokes equations
reduce to
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and the continuity equation is
g—;+;—l’—R +g—u =0 . (2)

where u and v are the velocity components in the x and y directions, y is measured from the surface of the
cylinder such that the radial distance r = R+y. It may be noted that the velqcity component, u, along the eylinder axis
is much greater than, v perpendicular to the axis.

ie. u >>>v (3)

By neglecting relatively small terms equation la disappears and, we arrive at the equations
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Equation (4) is integrated together with the boundary conditions
u=v=0 aty=0
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where ug is the axial velocity at the free surface (y=M) at any section x.

Now, a velocity profile of the form

2 3
u = us(an +bn” + cn) (7)

is assumed

wheren = y/M and a, b, c are constants and are determined from the following three boundary conditions
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gE-:O at n =1 (8)
u=usatn=1

IMd=

o B4y = Q

where Q is the volume flow rate per unit wetted perimeter.

Using the assumed velocity relation equation (6) is reduced to an ordinary differential equation of the form
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Equation (9) is solved numerically with x as the independent variable.
2.2 Experimental Facilities and Procedure

The apparatus (See Fig. 2a,b) consists of a mild steel cylinder of 100 mm diameter and 950 mm long. The
diameter is machined to tolerance limits of — 0.012 mm and — 0.034 mm and the surface is finished to 8 — 16 CLA.
The cylinder is mounted on an adjustable base such that verticality is checked within 0.5 minute using a clinometer. An
overhead tank consists of three main parts. The upper part is a barrel of 250 mm dia bore. The middle part has a cap
that fits on to the top of the cylinder. This supports the tank in position and also provides for the centralization of the
vertical cylinder passes through this orifice leaving an annular clearance of .5 mm with tolerance limits — 0.07 mm and
+ 0.034 mm. Provision is made for the approach flow to the slit to be free from eddies and turbulence, by putting
honeycomb baffles in the overhead tank, using a 60 degree bevel and rounding off sharp edges in the slit approach
section.

The circulating pump is mounted on a vibration absorbing bed and flexible plastic tubings are used for
connections to and from the pump. The pump is driven by 0.2 kw constant speed motor which maintains a constant
flow rate.

The probe consists of a 0.254 mm diameter platinum wire mounted firmly at the end of a micrometer arrange-
ment; the whole of which is then clamped to the carriage of a cathetometer. This arrangement permits probe movement
in three dimensions and facilitates measuring film thickness as a function of distance along cylinder axis. The platinum
wire is insulated except at the very end of the tip, so that only the tip can detect contact with the liquid film.

An electronic sensing device was constructed to detect whether the probe is in contact with or out of the liquid
film. A frequency signal is fed from a single Advance A.F. signal generator to the cylinder which is insulated from
earth and held above ground potential. The signal is picked up by the probe when it is in contact with the flowing
film.. From the probe the picked-up signal is fed through a series of filter, Darlington pair, and Schmidt trigger. The
output of the Schmidt Trigger was fed to a frequency counter and to an oscilloscope. The frequency is the “eye” of
this sensing device.

The flow rate of liquid is regulated by adjusting the various controlling valves and measured by a rotameter.

Contact of the micrometer probe with the cylinder wall is established by means of an avometer, the reading of the
micrometer in this position being recorded as a ‘reference zero’. The probe is brought away from the wall in pre-
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determined steps and frequency counts per 100 second intervals recorded. In this way it is possible to determine the
probe positions when waves are first detected and when the probe is just clear of the highest waves on the liquid film,

3. DISCUSSION OF RESULTS
3.1 MJ/R versus x/R relation

The dimensionless film thickness M/R is plotted against the dimensionless axial distance x/R: The Reynolds
number Re defined as being equal to u M/v is constant at all locations on the cylinder surface for each flow rate of a
liquid. Both the wave amplitude and maximum frequncies for each particular Re are shown on the same figure repre-
senting the relation between M/R and x/R. Figures 3 to 5 are for water at Reynolds number 288, 613, and 932 respec-
tively. The water temperature was 200C, kinematic viscosity was .01002 Stokes and the surface tension was 72.75
dynes/cm; these physical properties being the same for the Reynold’s numbers investigated. Figures 6 to 8 are for
methanol and the Reynold’s numbers investigated were 450, 892, and 1393. The kinematic viscosity of methanol was
.00769 Stokes, the surface tension was 22.6 dynes/cm and the temperature was 150C. On all of figures 3 to 8 the wave
heights obtained experimentally are indicated by the horizontal lines together with the maximum frequencies at each
position.

If mean film thickness is taken as the film thickness mid-way of the wave amplitude, it can be seen from figures
3 to 8 that the agreement between predicied and experimental film thickness is best at the higher Reynold’s Numbexrs.

Figures 3 to 8, suggest that there is a core.of the film free from waves along the whole length of the test section,
Waves are superimposed on the core film. The wave amplitude tend to increase with axial distance. The maximum wave
frequencies do not vary in any definite pattern, although there is a slight tendency for the bigger waves to have higher
frequencies. It may be noted that the part of the film just after the slot opening has less waves and this wave-free part
becomes longer as Re increases. It is suggested that the slot configuration and the initial velocity at this slot due to the
velocity head in the overhead tank may be important. ’

The main contribution of this study is in providing data of wave amplitudes and frequencies which may be used
for design purposes.

CONCLUSION

1. For the particular flow configuration studied, the part of the thin film immediately after the slot is free of waves.
This wave-free part increases as Reynold’s Number increases.
2. Waves are super-imposed on a core of film. The height of the waves tend to increase with axial distance from the

slot.
3. There is a tendency for bigger waves to have higher frequencies.
4, The wave heights has a maximum value of 0.7 mm and a maximum frequency of 67 cps.
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NOTATION

f Friction factor for film flow

Fr Froude’s number

g Acceleration due to gravity

M Film thickness

M;j Initial film thickness (at x = 0)
MN Nusselt film thickness

Mx Film thickness at x

M Mean film thickness

M Dimensionless film thickness (M/R)
Mkt Dimensionless film thickness (Mug/V)
P Pressure
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Q Volume flow rate per unit wetted perimeter

R Radius of vertical cyliner and charactesistic length

Re Reynolds number

Reer Critical Reynolds number of the onset of waves

Recrtub Critical Reynolds number for the onset of turbulence

Y Radial co-ordinate

t Time

u Velocity in the x-direction

Us Friction velocity

ug Surface velocity of film

u Mean film velocity in the x-direction

u* Dimensionless velocity (u/U)

U Characteristic velocity

v Velocity in the y-direction

vk Dimensionless velocity (v/U)

A% Volume flow rate

X Coordinate in the direction of flow

x* Dimensionless distance in the x-direction (x/R)

y Coordinate measured out from wall surface

y¥ Dimensionless distance from al (¥/R)

0 Inclination to horizontal or coordinate around cylinder

M Dynamic viscosity

V) Kinematic viscosity

n Dimensionless distance from wall (y/M)

p Density of liquid
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NOTES FOR THE GUIDANCE OF AUTHORS OF PAPERS FOR THE WEST INDIAN JOURNAL

Editorial Policy

The editorial board welcomes the submission of papers in all engineering disciplines and related fields. Preference
will be given to papers which the board considers to contain material of specific interest to engineers and other
parties interested in the industrial development of the Caribbean region.

Types of Papers

The following types of papers will be considered:

(i)  Scientific Papers:

These will describe original contributions to the advancement of engineering science.

(ii) Applications Papers:

These describe novel and significant practical achievements in the design and application of engi-
neering equipment and engineering systems.

(ili) Subject Reviews:

These present a critical survey of the current state of knowledge in the fields covered by the papers.

(iv) Industrial Development Papers:

These are papers which are in some ways directly concerned with, or may be related to, industrial
development in the region. i

(v)  Shorter Communications:
These are shorter contributions which will be related to one of the classifications given above

Length of Papers

Contributors are requested to make their presentation as concise as possible. The normal maximum length of
papers accepted for publication will be the space equivalent of 5000 words.

Shorter communications should not exceed 1000 words.

Typescript

The submitted manuscript should be typed with double line spacing and a left hand margin. The whole text —
apart from the Abstract — should preferably be sectionalised and numbered using the decimal system. Tables
and equations should be numbered in sequence.

Diagrams

Diagrams, graphs, drawings and figures should be completely separate from the typescript. All graphs, diagrams
ete, must be drawn neatly on tracing paper of size no bigger than 18 em by 14 cm. Titles of drawings, figures etc,
must be given in a List of Figure Titles preceeding the originals of the drawings. Author’s name and title of the
paper must be on the list for identification. Photographs will not be accepted unless absolutely necessary. Glossy
black and white prints approximately 10 em by 7 em must be supplied if photographs are essential to the paper.

The drawings may be reduced to a size down to 8 cm by 6 cm before printing. The author must consider the
visibility of lines, lettering and detail when the figure is reduced. Graphs must be drawn with wide black lines and.
printed letters. The axes of the graphs may be drawn with lighter lines and marked with various values at equal
intervals. The lines for the curves should be appreciably wider than other lines. Wide lines and letters are required
to make them readily visible after reductions.
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6. Submission

Two copies of the manuscript along with the original diagrams and drawings should be submitted to the editor.

7. Presentation

(a) Title:

Brief titles are desirable, i.e. not more than 10 words.

(b) Abstract:

This should be as brief as possible (normally not more than 150 words) and should summarize the
conclusions of the paper. It should be self-explanatory and not require reference to the paper itself.

(c) Nomenclature and Symbols:
Authors are requested to use, wherever possible, standard forms of symbols and nomenclature as

suggested by the relevant international standards.
(d) Units:

System International (SI) units are obligatory in all manuscripts submitted.

(e) References:
Bibliographical references should be numbered, (indicated in the text within square brackets) and
listed in a special section as in the following examples:
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Structure” in SKWIRZYNSKI, J.K. and SCANLON, J.0. (Eds.): Network and Signal
Theory (Peter Peregrinus, 1973) pp. 105-111.

It is desirable that papers be published without avoidahle delay, and authors are asked, wherever possible, to assist in
this aim at all stages of the process.
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