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Longitudinal Characteristics of Water Falling Films

Dr. Kassim Y. AL-Salman, Mohammed Kh. kadhum
Dept. of Mech. Eng./College of Engineering/University of Basrah

Abstract:
Falling liquid films have several engineering applications, and the stuc'y of these films is considered to

be an important and essential aspect. This work aims to present an extensive experimental investigation
and theorstical analysis to a gravity driven laminar sinusoidal falling wat-r film over an inclined plate to
study its main characteristics such as: wave profile, mean wave thickness, wavelength and wave velocity.
Film characteristics were investigated for different inlet water flow rate an.i inclination angles to obtain the
relation of the wave flow characteristics with the variables taken in the stuc v, The results show that average
wave thickness increases with Reynolds number and also with the flow dJirection. Good agreement was
obtained between the experimental data and the theoretical results. Also, “he results agreed weli with the

results of previous investigations.
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List of symbeols y __| Normal coordinate m
Z Dimensionless wave celerity,
Symbol Definition Units | {c/u)
a Dimensionless film thickness
T (8}‘6')
h Dimensionless local volumetric
flow rate, {B/B,}
B | Local volumetric flow rate per m%fs Greek Symbols
unit film width over a
wavelength _ ] Symbol Definition Units
B Mean volumetric flow rate per m*fs
' unit film width over a a Wave number, {5, /1)
wavelength § [ Local film thickness m
c Wave velocity m/s -
" Rate of strais tenser o, Mean film thickness over a m |
ks wavelength ;
Fr | Froude number, (g8,/ U,)yi £, Normadized ¢eordinate, 1
E Cravitational acceletation m/s" floys. Xx - et)]
n, Unit normal vector at free éh " Normalized coordinate,
_ surface 2 (y/5.)
r Pressure in liquid Nim* = |
: : T 8 Inclination angle degree
p Dimensionless pressure in liquid, E |
(!—7 ,prf) L Wavelzngth mo
B, | Vapor pressure at free sucface N/m’ p | Dynamic viscosity kg/m.s |
p. | Dimensionless vapor pressure at v Kinematic viscosity m*/s |
free surface, (g, / priJ 0 Density kg/im” |
Re | Reynolds number, (4B, /v) a Surface tension N/m !
Ri, R: | Orthogonal 1adii of curvature at . 1 Dimensionless time,
frec sutface (. 1/8,)
t Time i $ ¢ Dimensionless free surface
t; Unit tangential vector at free deflection (a-1)
_ sutface _ e Laplacian operater ,
o Average velocity mys o &
u Axial velocity in x-direction m/s V= +
u, Average velocity of uniform m/s & oy
flow
U Liquid velocity component m/s
parallet to surface averaged
across film thickness ]
U. | Charateristic velocity, (B./8,) | ms
v Velocity in the y-direction mfs
We | Weber number, (pU’S, /o)
X Axial coordinate m
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INTRODUC ON

Wavy flow In thin film has been the subject of
a large volume of theotetical and experimental
investigations.

General method for dealing with the stability of

filn flow have been applied to set up the maimn
equations of flow (usually the Navier-Stokes
equations of the simplified Nusselt equations) on
which small perturbations are imposed, (eading 0
an equation of the Ony-Sommerfeld, which can be
solved by varipus approximate methods 10
etorming the conditions of suabitiey!’ .
The pionesrs researchers in the field of linear
sighility analyses have shown that a smooth film is
unstable for film Reynolds pumbers greater than 2
certain ctitical value. Kapitsa 1948, who stated
that eritical Reynolds pumber for wavy fitm flow
is equal to {(5.8).

Yih 1955, applied pumerical calculations for
siability n casé of laminar flow with free
surface(neglecting surface tension) of tiquid film
on a vertical wall .

Hantatty and Hershman 1961gave an interesting
treatment of the stability problem. Hanratty and

Hershman stability results were similar fo those of
the simplified Benjamin theory. Lee'™ 1969, was
the pioneer in non-linear techniques of analysis
who cattied oul, the method of non-linear
gscillation 10 find the amplitdes  of the
equilibrium  waves by seeking for the linear
petiodic solutions which preserve ihe periodicity
of the actual system when a non-lineatity of
infinitesimal order is introduced. Esmaﬂw 1981,
accounted  the profiles of waves traveling
over the free surface of 2 liquid film, falling along
an inclined ~ fat wal}, using 2 nep-lineat
rechnique of dynamic ic,  Leel 1969,
rederived kapitsa's third-order equation for the
surface wave motion associated with pseudo-
Jaminar film flow by applying the poundary layer
approximation to {he Navier-Stokes equation and
the free surface conditions. Holgote™ 1979,
studied experimentally wave development on &
thin liquid film, the results wers presented for the
growth of gurface waves on a8 liquid film that thins
ag it flows under 2 pravity over the sutface of an
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upright cipcular  €one Hirshburg o
Florschvetz!™ 1982, investigated the hydrodynamic
characteristics of thia laminar gravity driven Wavy
film flow. Brawner and Marord 11983, studied the
modeling of wavy fAow in inclined thin films in the
absence of interfacial shear. Karapanisios 9
Karabelas ™ 1995, used in their experimental
examination paral!el—wire clectrical conductance
probe for measuting  instantaneous local film
thickness 1o examine dependence of local film
characteristics on liguid Reynolds aumber  for
yertical  PIPE jocation. MikielewicZ and
ikielewiez & (1997 prought in various
approaches 10 modeling fiquia film motien.
Karimi and Kawdji f10] 1999, investigated the flow
siruciure in 2 {hin wavy failing liquid film ina
vertical tube with and without interfacial shear
induced 2 counter-current gas flow by using 2
jases-induced photochmmic gracer technique.

EQE,E!MENT AL INVES 1:165[[01\1:
In order to investigate, the characteristics O

wavy falling wier film, an cxpeﬁmenwl setu)
was constructed. It was designed 10 allow th
measirements of wave profile at different wate
flow rates and inclination angles. Also, th
wavelength and wave velocity can be measured.

The present cxperimcnml facility is shov
schematically in Fig.(»

The test channel was mainly designed 2
constructed in which, visual ohservation of 1
flow domain could Dbe made, and
hydrodynamic piramelers of the film flow alc
the chapnel cC 4d be measured. 1t is ass§
reasonably the foilowing goals:

1- To allow pivoting of the test channel
different inclination angles.
5. To provide convenient access 10
instrumentation.
3. To achieve wavy motion at ihe free sur
of the falling watex film.
The test channe! was made up of two parts: ¥
plenum and tes: section with another sepa
water plenum, a& shown in Fig.(1)- The test s€
is a rectangulas channel of 1.78m long, 0.3m*
and 0.1m height. It had its own mechanism, ¥
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permits any inclination between 0°-90". The test
section and the upper plenum were made from
plexi-glass, while the lower plenum was made
from metal plate, through which visual observation
of the flow field were allowed from alt its sides,

For measurement of film thickness, the
method of instantaneous thickness measurement
using needle contact method is used. This method
is based simply of bringing up a needle to the [ilm
surface and noting the distance from the wall at
which the ncedle makes contact with the film.
Since, there are surface waves on the film in the
majority of cases, the needle may touch the film
only intermittency. It gives vellage V(t) for an
instantaneous  liquid film thickness &{t). A
distribution of the film thickness can be obtained
along the channel by measuring the output voltage.
Various measuring stations were taken along the
test channel to show the variation of film thickness
in the flow direction.

The device for the needle contact method
consists of a pair of electrodes. One is a tip
electrode at the point of an electrically shicided
needle, which can be accessed perpendicularly to
the flow direction; and the other is a fixed
electrode which is touched with the inner surface.
The needle was made of stainless wire of (0.5mm)
in diameter and a length of (Smm). But the tip of
the peedle was insulated by painting with a
waterproof-insulating adhesive. The needle was
glued in a plug, which fixed 1o a dial gage and a
precision micrometer. Direct current with a
constant voltage of (5V) is supplied to these two
electrodes as shown i Fig{2) and the current
variation due to the difference in resistance of ait
and water is converted into voltage wvariaticen
through a load resistance. By precisely measuring
(within 0.01mm), the changes in the depth of
immersion of the needle in water and the
correspending change of the output voltage, a
unique Telationship was obtained. Film fhickness
device calibration was done ouiside the test
section, which permits the use of the device for
instantaneous water film (hickness during the
experimental measurements.

Wave velocity and wavelength measuring
process is done using high speed video camera
where the time of water entering and exiting along
a cettain distance is measured for every flow rate
and inclination. The process of calculating the
time is repeated for several times to check
repeatability of measurements.

B

i
é
Test : .
Channel = ! Regulating
Valve
! Rolameter
1
gt plemam
Sl-lpply = e
Reservoit Pumgp

Figure (1) Schematic Diagram of the
Experimental Apparatus

B4

Figute (2) Schematic Diagram of the Fitm Thickness
-+ hleasurement System
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THEORETICAL ANAL YSIS:

A schematic description of falling film is
shown in Fig. {3} where water flows along the
solid wall. The ce-ordinates system for the present
maode! are: the x-axis is directed along the wall, y-
axis is taken perpendicular to the wall. The inlet
liquid flow rate is m,. The governing equations,
for the present model, are based on the following
assumptions:

A . The liquid film flow is considered to be
two dimensionat periodic wavy flow as the film
thickness is small relative to any length scale in
the flow direction.

B . The flow of Jiguid film is laminar and
driven by gravity forces only.

C . The liquid is incompressible,

D . The velocity profile is fully developed.

E .The viscous dissipation within the liquid
is neglected.

The Mathematical Model:

A thin fikm of a Newtonian liquid flows
down an inclined solid surface at a volumetric
flow rate per unit width Q. The flow is taken far
enough from the inlet such that it can be
considered as fully developed. The general
equations for the laminar flow of a viscous
incompressible fiuid of constant properties ,are the
Navier-Stokes equations. In  terms of the
rectangular co-ordinates x, y, these equations rmay
be written as' ;

du du du
—+U—+V—=
o ox 3y
L
gx—Fg'l'V? u (3
oy ov v
—4tu—4v—=
o ox By
[ ——
g, pa+v‘?v )

The continuity equation given by:
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ﬂ*_g—ﬂ
x ay @

With the use of the following boundary conditions:
As solid swface y=0 for all x

no slip u=0

no penetration v=0, Thus

u=vy=0 (44)
At the surface of the liquid at y =25, the
resiiltant forces are zero, thus

ent =0 {4b)
Which expresses the absence of any applied shear
stress at free the surface where:

e; = Rate of strain tensor
n; = Unil normal vector at the free surface

t; = Unit tangential vector at the free
surface

Eq. (4b) can be written as, by using strain tensor:
g,n L +e,n,t + g, Nt
+e,nt, +E,0,t, +E, D1,
+e,nt, +E,0,t,

&,M,t; =0 {4c)
e, =0 fori = j, e; =1 for i={
Therefore, eg. (4¢} can be written as:

&t e N1 HE DL, = 0

ar
ﬂ+@+@=0 {4d}
ox Oy oz
And
'(I_J”-ﬁv}"'zl‘ﬂs“j i =
11
E+_R___ (de}

e e———— Py —— e T
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in addition, it is convenient to employ a
permanent-wave transformation of the form

T:%t (5)
gl = EE(X ":t} (6‘]
£, =L {7)

Where o is the wave number defined as %

¢: wave velogity
t: time
The goveming differential equations for the
ptotic flow states are then obtained by setting

4 = {. The resultant equation are:

_ _on  ap
{u-z—-— V—=-—

8a, 85 8§
L4 [ L& a*f] Fr g
aRe B8 8Lk ®)

9
ey e ta g,;] (9)
Now turnmg attention to the boundary
condition, {4c) which is specialized 1o two
dimension flow, and by applying continuity
equation, this, in normalized form, results in

da
4a" —
du el & _ a4, ou

&%, ag, t-a? Eﬂ_ és
of,
£ =a(g) (10a)

The same procedure may be applied to{4d) with
the aid of(1Ga), to give

o malp) (09
Waves on the surface of a thin film are
observed to be long waves, consequently, L>>§,

(or e<<1). Thus, Eq{8 and(%} can be
approximated by:
— 8w _dw &
LR 4
&, o5 g
s 77 P
aRe OE7 (1)

The boundary equation iz similarly scaled.
Substituting for the pressure distribution from
(10b) in (11) considering that P, constant yields

v 3

Ay o¢, We 0F;
420 ,
Re 8527 « (12

Eq. (12) can be simplified further via an
appropriate assumption for the y-dependence of _
velocity field. the most frequently assumed
distribution is ihe paraboelic profile:

u=Ay' +3y+C (13)
Applying the B. C:
u=l at y=2 {14a)
3
= __ ] =
U > Llatx=3& (1db)
1 &
U== _[udy {l4c)
8 ;

substitution B. C from eq. {14} in eq. (13) yield:
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u=3h[§—1—-§=—J (15)

-3

=y

from the continuity egq.(3) the velocity in ¥-
direction can be obtained as;

where

v= -E;—ay (16)

Using eq.{15} in eq(16) gives:

y:3_.d£ 5_-.&.;..]
dE la 2a

Now, substituting for the velocity in the x-
and y-directions into eq.(12) gives:
2 k]
“_ai_'ii+(m= _iah].ﬂkf,
We dE 10 " dE
B Dyt 12,
5 2 df, aRe

Fr
+—a'=D . . .
. (18)

The film flow rate could he related 1o the local
film thickness by integration of the continuity
equation over the film thickness. The surface
kinematics relation whick may be written in
dimensionless form as!®:

d
a(b-za} =0 (19)

Integrating and averaging over a wavelength to
find the constant of integration yield:
b=zp+1 (20)

Where (a) has been replaced in faver of the
dimensionless deflection of the free surface from
its mean location. i.e. @

115

p=a-1
Using (200 and (21) in (i8) yield the following
equation of free surface deflection:

¥

%:—{l +9Y o™ %[{Sf -12z + 6}
-’92+’ + Fro* (3 +¢)

12z 12
+{3Fr-—)g + (Fr--——)=10
(3Fr Re}tp {Fr Fh:) 22)

This equation describe the profile of the
freely falling fi'm along the axis of the flow
direction. It can be solved numerically using
Runge-Kutta method,

Figure (3 Schematic Description of the
Physizal Medel and Coardinates

s —— L ]
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RESULTS AND DISCUSSION:

Figure (4) shows the variation of water film
thickness with time at & flow rate of 0.3 (m*/h), at
a position of measurement point of (0.2m) distance
ﬁ'qm the entrance at an inclination angle of
80 . While in figure (5) shows the variation of
water film at 0.4 (m*h) at the same position
distance, i.e. {0.2m) and inclination angle.

In these two figures, the water profile is
fluctuating and in some where is of harmonic
shape Careful inspection of the expetimental
signals reveals that the substrate is covered by
excessively dense disturbances of wvery low
amplitude. These small disturbances are capillary
waves and represent a salient feature of falling
film surface. Figures (6 and 7), show the variation
of water film thickness with time at the flow rates
0.3 (m'/h) and 0.4 (m*Mh) respectively but a
position (0.8 m) from entrance. Aversge film
thickness and also wave deformation increase with
flow direction .Figures (8 and 9}, illustrate the
vatiation of water film thickness with time at 0.3
(m*/h) and 0.4 {m*M), at (1.6 m) distance from
entrance at an inclination angle of 0.
Deformation of the wave 2130 increases because of
the long distance and irregular waves appearance
at the down stream of the channe!. Figures (10, 11,
12, 13,14 and 15), show the variation of film
thickness with time at (0.3 and 0.4) (m'/h) at
distances (0.2, 0.8, and 1.6m) respectively. It is
concluded that the average film thickness
increases with increasing the distances of entrance
position besides increasing the wave deformation
because of the high wave velocity. Figure (16},
illustrate the variation of average film thickness
with water flow rate for different measurgment
positions. The average film thickness increases
with increasing water flow rate, but with different
increment at the varicus measurement locations.
Figure {17),shows the theoretical wave velocity
which agrees well the measured wave velocity
prediction for different Re number. Figure (18)
shows u comparison the wave profile of
theoretically predicted irem the mathematical
model with that obtained from the experimental
results. Fair agreement ix obtained which proves

the validity of the theoretical model, Figure
{19)shows the coinparison between theoretical and
experimental results of the dimensionless wave
celerity with Re aumbers at an 80 degree angle of
inclination. Wave celerity increased with
increasing Re number. Figure (20) shows a
comparison between theoreiical and experimental
results of the wave velocity with Re numbers at 80
degree angle of inclination, This figure illustrates
that the good apreement between the Theoretical
and the Present work with Takshama and Kato!'"
wave velocity increase with increasing Re
numbers. Figure {21} shows a comparison between
the expetimentai results of the wavelength for the
water film thickness at the 80 degree inclination
angle. This figure shows that with increasing the
flow rate, wavelength decreases as a result of
increasing wavz velocity. Fair agreement is
obtained betwesn the present work and that of
Hirsburg and Flcrschuetz 1,

1INk
D&)A 26{em} from Entroce
E - Flaw Rete=. 3ok
M
q 060
B 04 - [
2 1N
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B
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| iy it G0 00 140

Time(ms}

Fig.(4) Viiation of Film thickness with ti;mu at
flow eate 0.3(m kY, Inclination = 30
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Fig.{6} Variation of Film thickness with time at
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Fig.(7) Variation of Fllm thickness with time at
flow rate 0.4(m’ i), 1xclination = 807
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CONCLUSIONS:

Experimental characteristics of falling water

film was investigated for different water flow rate,
inclination angles at different measuring stations
along the flow line. The experimental signals were
analyzed and the wave profile showed to be
fluctuating and of harmonic trend with substrate
covered by extensively dense disturbances of very
low amplitude, The average wave thickness
increased with both flow rate and location. The
mathematical prediction of the wave profile agreed
well with the experimental results, which proves
the validity of the present mode). Beside the wave
profile, the wave velocity and wavelength
measurements agreed fairly with the theoretical
prediction and with the results of previous

investigations.
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