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INFLUENCE OF SURFACE WAVES UPON MASS TRANSFER INTO
LIQUID FILMS FLOWING ON INCLINED PLATES

CHAPTER I
SUMMARY

In order to know more about the diffusion process in
.a falling liquid film, the absorption of carbon dioxide and |
the hydrodynamic properties of a falling water filmAat
different inclination angles for various water flow rates
were examined both theoreticall& and experimentally. In thils
research work, the concentration profiles in the falling
water film were determined by means of Mach-Zehnder
interferometer. The iocal eddy diffusivity in the falling
water film was obtained by combination of the concentration
profile with the material ﬁalance in the falling water film.

The experimental values of the film thickness were
compared with theoretical values predicted in this thesis
and with those suggested by Dukler, Portalski, and Kapitsa.
These latter theories were originally derived for the verﬁical
falling liquid films, and were modified to describe the
falling water film at smaller angles. The theories parallel
each other ﬁnd do not agreé with the slope of the experimental
values. The data cross the theofies igxgeighborhood'of

1
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Reynolds number 800 at 5° and at 435 for 15°. Over the range
studied from‘Reynolds_numbersof égﬁ=to 1917 the experimental
film thickness was within about 20% of the theoretical
suggestions.

The ratio of the wave velocity to the average velocity
and the frequency were also measured, and it was found that
the frequency increased as the inclination angle was increased
or as the Reynolds number of the water film wés increased.

Experimental values of the increase of the interfacial
area due to the waves were compared with the theory derived
and found to be larger than the theoretical values. This
increase in surface area could not account for the changes
in mass transfer observed. The data show that a transition
appeared in the behavior of the falling water film which was
a function of inclination angle. This transition did not
seem to be directly related to the laminar-turbulent
transition and could be detected by changes in the film
thickness, the frequency of the waves on the falling water
film, and even the numerical value of the eddy diffusivities.

The conéentration profiles indicated that for a 30
1nchAcon£a9t length, the diffusion process took place oniy
in the upéer part of the water film at Reynolds numbers larger
. than 1000, and that the carbon dioxide could penetrate to the
bottom of the film at low Reynolds numbers (435).

A maximum falue for the local eddy diffusivity
occurréd in the middle region of the film. Theoretical

'expressions"for the behavior of total diffusivity were
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obtained for logarithmic and parabolic velocity profiles.

Both expressions show that the total diffusivity depends
strongly upon Reynolds number, and weakly upon angle of
inclination and have a maximum for the total diffusivity 1n
thevcentral region of the film.



CHAPTER II
INTRODUCTION

The diffusion of a pure gas into a falling liquid
film has been examined theoreticélly and experimentally by
many authors (10,11,12,17,27). A significant increase in
mass transfer rate has been reported when ripples appear on
the liquid surface (10,11,31). Emmert and Pigford (10)
observed the'absorption ard desorption of oxygen and carbon
dioxide in a>fa111ng water film. In some cases the ripples
on the falling water film were eliminated by the addition of
5 to 25% wetting agent. In their experiment, the mass
.transfer rates were measured in a 3.75 foot long wetted wall
column with an inside diameter of 0.99 inch. Their data
showed that when ripples appeared on the falling water film, .
the mass transfer rates were severalfold greater than those
encountered when ripples were removed by addition of thé
wetting agent. In order to find out how much of the reduction
of mass transfer might be due to the concentration of wetting
agent at the surface of the falling water film, a 1.524 inch
long column was used instead of the long wetted wall column.
Whether the wétting agent ias_added to the water or ﬁot, the-
ripples did not exist in the short wetted wall column. Their

L
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data 1ndiéated an 11% decrease in absorption rate due to the
presence of the wetting agent, when the shorter column was
uséd. This effect is so much smaller than the change in mass
transfer accompanying the femoval of the ripples that one
concludes the ripples are responsible for the higher transfer
rate. |

The persistent accumulation of these surface active
agents at some positionon the surface always complicates the
interpretation of data from such short colums. However,
although the precise fdle played by the surface active agent
in these studies has not been defined; these results, combined
with those of Grimley (12).show that the primary role of the
éurface active agent in reducing the mass transfer is to
reduce the wave action, even though some surface area
inhibition may result. A

Stirba and Hurt (36) studied the absorption of pure
carbon dioxide by a'verticai falling water film at Reynolds
numbers from 380 to 1270. Their results indicated that the
mass transfer rates were mahyfold greater than values
predicted when molecular diffusion was the only transfer
process.

These experimental resﬁlts of previous workers on
vértical'columns, therefore, show that mass transfer of a gas
into laminar flowing 1liquid £11ms markedly increases when
waves appear. The mogt likely causes for this effect would
be the increase in interfacial area resuli:ing from the wave

disturbance of the surface, or an increase in dynamic action
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within the film which begins where the waves appear.

The change in surface area caused by the waveé was
studied by Stirba and Hurt (36), who found that the maximum
increase in surface area caused by the ripples as Judged by
visual observation and photographs was probably less than 50%.
By an extension of Kapitsa's theory (18), Portalski derived
an equation to calculate the f?actional surface increase
éaused by surface waves on a)laminar film. As mentioned in
his paper, his equation should apply only below Reynolds
numbers of 1200, the transitional Reynolds number of a falling
water film from laminar flow to turbulent flow. According
to the equation of Portalskl, the interfacial area ﬁould
increase 22% at a Reynolds number of 1060, 36% at Reynolds
number of 1414, and 52% at Reynolds number of 1766. A
capacitometer was used by Portalski to measure the Iinterfacial
area of an 82% glycerine water solution falling as a film
- with the Reynolds number equal.to 11.2 and 12.0. The results
agréed with hié theoretical predictions. The theoretical
fractional increase in surface area due to wave motion was
3.3%, and the experimental fractional increase in surface
area due to wave motion ranged from;2.3 to 3.5¢. Jepsen (17)
modified a capacitometer designed by Dukler (8) to measure
the interfacial area of a falling water £ilm with iriclination
angles, equal to %4y, 18°27' and 25°42'. Above the 1liquid
film was quiet air. Jepsen's results indicafed that the |
 maximum increase in interfacial area was less than 3%. The

range of the liquid Reynolds number in Jepsen's experiments
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was from 732 to 1834. At this time, there gg?no accurate
data concerning the fractional surface increase caused by the
wave motion and ripples at these higher Reynolds numbers.

From the sbove observations, the increase in
interfacial area would not explain the severalfold increase
in mass transfer rate by the wave motion and ripples. This
conclusion is accepted by most workers (31,36).

The second possibility for the increase in mass
transfer 18 a bulk mixing effect caused by the wave motion
And ripples. This possibility has been examined by the
following authors:

Stirba and Hurt (36) introduced a stream of dye on
the surfacé of a water film and found it spread out in the
form of a cone downstream from the point of introduction.
They indicated that at no time was a laminar dye thread
observed in the rippling film, although the Reynolds number
was reduced to as low as 200; This observation indicated a
turbulence in the 1liquid.

The wave phenomena in the falling liquid film was
explained theoretically in Kapitsa's paper (18). He started
with a Navier-Stokes equation and assumed the ﬁelocity |
distribution in the falling 1liquid film was parabolic. Then
he obtained a periodic solution for the film thickness and
velocity. According to his periodic solution, there should
be a region of reversed flow in the falling liquid film.
‘Intuitively this region of reversed flow in the falling liquid

£ilm might cause an increase in the rate of mass transfer
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although the exact consequences of this motion are not fully
understood. Recently, his theory was modified by Portalski
(30,31,38) who also performed experiments on the properties
of the waves in the falling liquid films.

This second possibility has been accepted by most
investigators (6,22,24,31,36). For example Danckwerts (6)

assumed that various parté of the 1iqu1d surface were renewed
'with fresh material from time to.time by some sort of mixing
process. Based on his idea, he derived expressions for the
rate of absorption in different cases such as instantaneous
reaction between dissolved gas and reagent in solution; second
order reaction between dissolved gas and reagent in solution;
no chemical reaction in solution; and so on. These expressions
contained the rate of renewal of liqulid surface which must be
determined experimentally. Recently, Danckwerts and his
coworkers (7)Aperformed experiments on the absorption of CO,
into Na2304; Nhéc03; Naoa solutions and pure water. They
ﬁsed both a wettéd wall column and a column packed with 1/2
inch Raschig rings. They found that after the fractional

rate of surface renewal was determined by experimental data,
the renewal models could predict.these rates of absorption

of COp into various liquid solutions within 10 percent.

The above 1nvest1gatioh shoied that when ripples
appeared.on the falling water film, the mass transfer rate
became Qery complicated. Besides,.the various surface renewal |
models (6), several studies (18,20,22,24) have started from
the hydrodynamic theory of thin failing films to find the
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mechanism of the mass traasfer in a nettéd wall column.

Lewis and Whitman (35) postulated a stagnant £ilm
on the surface of the 1liquid layer and that the remainder of
the layer was mixed. Therefore, the concentration gradient
occurred only in the stagnant film. '

Higbie's penetration theory was based on the
assumption that the falling film was in laminar motion and
no waves appeared on the surface. He also assumed a constant
saturated concentration at the surface of the liquid, with :
 the negligible diffusion in the direction of the flow.
Therefore, the enﬁire 1iqﬁid film corresponded to the
stagnant layer of the film theory.

Pigford (35) assumed that the velocity distribution
in the falling liquid film was parabolic. He also assumed
that the interfacial concentration was constant, that only
molecular diffusion within the 1liquid, and that no waves were
;present on the surface. Pigford solved the resulting
equations to obtain an expression’for the average concentration
in the falling 1liquid film. Stirba and Hurt found that this
expression would represent their data for the case of wavy
flow if an apparent diffusivity was used instead of the
molecular diffusivity. They suggesfed that the apparent
diffusivity was the arithmetlic sum of the molecular
diffusivity (D) and eddy diffusivity (e).

Levich (24) postulated that near the gas interface
of a falling liquid film there existed a zone of liquid of

thickness &6 and in this zone the turbulence was severely -
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damped. Ffom dimensional analysis he showed that
5= O

pU*
where 0 is the surface tension between the gas phase and the
liquid phase; p 1s the density of the liquid and U* 1is the
friction velocity or shear velocity defined as the square
root of the wall shear divided by the fluid density. 1In his
theory, he assumed that the eddy diffusion coefficlent should
decrease near the liquid surface and would be equal to the
molecular diffusion coefficient within this thickness §.

Jepsen (17) observed the concentration profiles for
carbon dioxide diffusing into water flowing on an inclined
plate by means of a Mach-Zehnder interferometer. He indicated
in his thesis that with an inclination angle of 10°, the CO,
penetrated immediately to the bottom of the film when the
waves appeared. He also found that the eddy diffusivity in
a falling liquid film was a function of location in the film,
and the liquid flow rate. At a Reynolds number of 732 or
less, the diffusivity was higher than the‘molecular
diffusivity but was constant through the liquid film.

All of these suggestions to explain the dynamic action
utilize a single parameter combined with various assumptions
about the flow character. In most cases an effective film
thickness or an effective diffusivity must be evaluated from
overall mass transfer data.

This-discussion shows that the fundamental conception

of the mass transfer process for the film with waves depends
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greatly upon the flow characteristics of the falling liquid
film. Therefore, the actual flow behavior of the falling
liquid film will be necessary basic knowledge for the
understanding of the mass transfer rates into such a film.

The properties of the falling liquid film which were
examined by various investigators are summarized below:

1. Film thickness of a falling liquid film:

In the references (4,8,12,16,18,30,32,41,45) are the
results of film thickness which were measured by the different
investigators by various methods. Some of them are summarized
in the following paragraphs; -

In 1948 Kapitsa (18) solved the Navier-Stokes
equation for a thin liquid falling film when waves were
present on the surface and'showed‘that the film.thickneés was
7% less than the value calculaﬁéd for the film without waveé.

In 1952 Dukler (8) designed a capacitometer to
measure.the film thickness of a vertical falling water film.
His results showed that the measured film thickness was
thicker than the value calculated from laminar flow equation
at Reynolds numbers larger than 1080.

In 1960 Portalski (30) investigated the film
characteristics of thirteen different liquids. The viscosity
range of these thirteen liquids ranged from 0.602 cp. up to
64.4 ecp. and the surface tension ranged from 21.7 dyne/cm.
up to 66.2 dyne/cm. - For the vertical falling water film, he
found that when the Réynolds number was greafer than 1130, -

the measured film thickness was larger than the value
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calculated fop smooth laminar flow, and when the Reynolds
number was less than 990, the measured film thickness was
smaller than the value calculated for smooth laminar flow.
He also found that at the same volumetric flow rate the
average value of the rippled film thickness was smaller than
the corresponding value with no ripples. In order to suppress
the ripples on the liquid surface, a suitable amount of surface
active agent was added to the liquid.
2. The velocity distribution:

The parabolic velocity distribution is accepted by
most investigators for the falling liquid film. Wilkes and
Nedderman (43) measured the velocity distribution by means
of stereoséopic photography of small air bubbles moving with
the thin falling film. They found that‘the'velocity
distributiop was very nearly parabolic at a Reynolds number
of 4.

Both Kapitsa (18) and Benjamin (1) used the parabolic
velocity distribution for the thin wavy falling film in their .
theoretical development of the characteristics of the waves.
| Dukler (8) used von Karman's universal velocity distribution
to calculate the average film thickness of the falling liquid
film. When an universal velocity distribution vas used at
Re > 1080 a better agreement with his experimental film
thickness was obtained. o

Grimley (12,36) observed suspended 1lluminated
particles within the falling liquid film by a series of
high-speed photographs to determine that the peak velocity
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occurred not at the air interface but at some distance
withih the falling liquid fllm at.a Reynolds number of 500, .
3. Transitional Reynolds number:

The transitional Reynolds number for the vertical
falling liquid film from laminar flow to turbulent flow was
examined by several investigators. Dukler's (8) results
showed that thé transitional Reynolds number was 1080;
Emmert's (10) found 1200; Portalski's (30,41) found 1160;
Levich (24) indicated in his book that the transitional
Reyholds number was 1500.

4., Critical Reynolds number:
| The critical Reynolds number.for the wave inception
of the vertical falling water film was obtained by the

following investigators:

Kirkbride (43) ' Re=2

Friedman & Miller (11) Re=6

Grimley (12) Re=6

Binnie V(3) - ~ Re=4.L4

Jackson (16) . Fr=1 (ie. Re=3)
Kapitsa (18) : Re=5.8

Benjamin (13 argued that theoretically there was no
critical Reynolds number for wave incepﬁion. He suggested
that the falling liquid film was always unstable. The
amplitude of the waves became very small when the Reynolds
" number was fairly small and the wave léngth would become very
large. Recent theoretical calculations of Whitaker (43a)

support this idea.
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Taibly and Portalski (39,40) made a complete study
for the critical Reynolds number of wave inception, and gave
the following conclusions: There was a critical Reynolds
number for wave inception, and above the crii:ical Reynolds
number for wave inception, waves appeared over the entire
column except for some distance at the top. The distance
free of wave motion was a function of the Reynolds number of
the liquid. Their experiments gave a critical Reynolds number
of 7.0 for 82% glycerine water solution, and no wave appeared
at Reynolds numbers of 4.6 and 6.4.
5. Wave properties: '

Jepsen (17) used a capacitometer with a visicorder
to record the wave properties of a falling liquid film at
different inclination angles. He indicated in his thesis
that both the frequency and amplitude of the'waies were
irregular ahd statistically random. Therefore, he used the
Probit method to analyze the wave amplitude data and wave
frequency data. He found that all his wave émplitude data
could be represented by a logarithmic normal distribution and
all the wave frequeqcy data were correlated by a normal |
distribution. His results showed that the frequency varied
from 6.0 to 16.0 sec. ! at inclination angles of 9°U4?, -
18°27' and 25°42' with the water Reynolds number vafying,from
732 to 1834. The maximum wave amplitude was from 0.085 to
0.095 cm. at an inclination angle B of 9°44!' ﬁith Reynolds
number changing from 732 to 1834; from 0.06 to 0.11 cm. and
B of 18°27' with Reynolds number of 732 to 1834, and from
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0.05 to 0.10 cm. at B of 25°42' with Reynolds number of 732
to 1834. '
6. Concentration profiles:

The fundamental description of diffusion into the
liquid film would be contained in the concentration profile.
The only measurements are those of Jepsen (17), who used a
Mach-Zehnder interferometer to measure the concentration
profile of a carbon dioxide-water system at an inclination
angle of 9°44', with 1liquid Reynolds numbers from 732 to 1834,

These measurements determined the total diffusivity
as a function of position within the film. He foundA
diffusivities considerably higher than the molecular
diffusivity and accordingly interpreted his results as eddy
diffusivities. His results clearly establish a maximum
diffusivity in the central region of the film. Unfortunately,
previous work does not include concentration profiles'
accompanying mass transfer into a vertlical film. The
interferometer technique becomes unsuitable at higher angles
because the films are too thin and the penetration of a
diffusing species t06 shallow. If the relationship between
eddy diffusivity and the inclination angles at varioﬁs
Reynolds numbers could be established, it should be possible
to predict the relation between the eddy diffusivity and ﬁhe
Reynolds numbef»for vertical films. Therefore, the primary
purpose of this thesis was to determine concentration profiles
at several inclination angles with various water Reynolds

numbers to determine their effect upon the diffusivity. TheA
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second purpose of this thesis was to develop the theoretical
and. extend the experimental study of the characteristics of
the wave motion of the film.



CHAPTER III
THEORETICAL DEVELOPMENT

I. PFormulation of the differential equation:

The basic theoretlical descriptlion of the wave motion
of a falling laminar film was that of Kapitsa (18) for the
fluid film falling vertically (cf. Levich (24)). The analysis
is presented here in some detail because a number of
modifications were required to account for the effect of
lower angles.

The coordinate system 1s shown in figure 1: B is the
angle of inclination from the horizontal, h 1s the film
thickness, ho i1s the average film thickness, x 1s the distance
along the plate, y is the distance perpendicular to the plate.

If there weré a slow steady motion of the fluid in a
gravitational field, then
32V,

. by2

where g 1s the gravitational acceleration, V the kinematic

Y + gs8in B =0

viscosity and Vx the x component of the velocity. The

boundary conditions would bé:

when y = o,
-— h a
.Yy = n, B_—y

17

V, =0
Vx . o
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Figure 1. DIAGRAM OF FALLING FIIM FLOW ON INCLINED PLANE.



19
The solution of this differential equation is

Vx

- E_E%E_E.y»( h - %?.)

Iet the average velocity be ¥V, then

h

2 .

1 sin B h
o

and '
o= (E-5) (2-2)

For wave motion, the average velocity, V, would be a function

.-of x and time t. Therefore the above equation becomes

| v, = 3W(.t) (E- E§> (2-b)

- From the Navlier-Stokes equation,

2
V. v, 3. 5 ap 3%y,

B-Fx--fvxax—x‘l‘vya?—S-?—ﬁ‘fV?x—"‘gsinB (3)

where
P=(h-y)pgcos B -0 __§a2h (%)
' ox
- Vv '

wheré p is the density of fluid and ¢ is the surface tension.
Substitution of equations 4 and 5 into equation 3 gives

' 2
AV, AV, oV, . AV, an o 33n 2%y,
ot f"vxax - 33 .dya-y—=-gc0893—x-+b-a—13-+vay2
+ g sin B . (6)

Differentiating equation 2-b with respect to x:
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=3 ¥(E- 12)

Then,
wa=5x(3§-

Substituting the above equations into equation 6 gives

s(E-BO¥-GE- 2T (3-3)

Bk

2h
+ 9 (} yz ]ﬁ v 3V
T/ =
3 ?2v,, '
o~h
- —g cos B %§_+ o __§ +V 272 + g sin B : (7)

If one averages this equation over y, by integrating with

respect to y and dividing by h:

2

v 3T d 33 3V

3-¥-+0.9V5¥=-gcosng-+p——}3l-+va2x+gsin8 (8)
X y

Let h = hy(1+ @) {9)

If the capillary waves are not damped, then the film thickness
and average liquid velocity are functions of (x - ct), where

¢ is the phase'veldcity of the wave. Then:

oh dh :

3 = "¢ 3x (10)
and |

VvV ov

T‘tl = -¢ % (11)

Differentiating equation 9 with respect to x
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oh .} ‘
== Mo 33 (12)
Equations 10 and 12 give
oh o :
3t = ~oho 33 (13)

An integral mass balance 1is:
h
) oh
KSVXdy+3-E=0
o

or

$n. . 300 . (14)

Substituting equations 9, 11 and 13 into equation 8:

a7 oV 39 o. 33 37 :
-c + 0.9V = -g cos B + = -V + g sin B
53 = by 3x ph0—3-ax 2 te
(15)
Equations 10 and 14 give
dh_ _93(Vh) _ _. 3h
3T asg—l ¢
_ 5 o
That is, 55 [(e -Vhy(1 + @)1 =0

(¢ - V)hy(1 + ®) = constant =Aho(c - Vb) - (16)

‘Where Vb is the velcclty at the average stream cross section
. | .
" Let U=c -V '

From equation 16, Uh = Uyh, = constant

Ir Q = volumetric flow rate
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Then
to
Q-—OSVhdt=Vh=T__ﬁ')'Hc- —E-Uﬁscho-UOhO-:Voho
*)

(17)

From equation 16, ‘solve for v,

Vsc-c-v"sv +(c—V)¢‘-(c-V)¢2+ (18)
T+9 o o -~ Yo s

and differentiate with respect to x:

BTI' c -V,

mr (c.-vo)(l—2¢)g-;-)+.». . (19)

Subs'tituting equations 18 and 19 into equation 15 gives

3
.(1+cp)3 p°:-;§+[(c-vo)(c-°9")(1‘*"o_é%v;>

- gh, cos B (1+Q)3]g+g_sin8 (1+cp)3

o (345 0)

- . =0 20-a
— (20-2)
(2]

If ¢ << 1 equation 20-a becomes

(1+ 3¢){°:° &S , [(c -V,)(c -0.97;,) - g cos B hy

a3 -.
% o
- (2.9¢ - 2.7V, ) (c - Vo)e) §2 } + 3(g s1n B - —0—1?_ )
+<gsin8-3v°>-=0 | ~ (20-pb)

II. Solution of the differential equation: First an
approximation to equation 20-b will be solved.
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First modify the equation 20-b, so that it becomes

a linear differential equation:

ohy g3 | L
de—g + [(c - oogvo) (c = Vo) - g cos B h°] ﬁq
c )
. v VVO . ' 3w
+3 (_g gin B - _2_5__.> ® + (.5 sin B - -;gg' =0
h (o]
(o]

(20-¢)
By elementary procedures the solution of equation
20-¢ 1s

mlx

K
¢ = Ae ~ + aeP* sin (gax + B) (21-a)

K
where A, B, a, p, 4 and m, are all constants. In
order to have a sinusoidal solution, both m; and p
must be zero. Therefore,
’ K
®=A +a 8in (gx + B)
The boundary condition:
A

{ o ax - o
o

requires that A be zero. The equation 21-a becomes
® = & sin (Kx + B) ' (21-b)

If ¢ = 0, when x = 0, thhen B = 0, and,

@ = a 8in Kx (21-c¢)

where



24

K = { Fpg [(e - Vg)(e - 0.9V;) - ghy cos 3]}5 (22)

For a more accurate solution with a periodic

character, let ¢/Vo = 3. Equation 20-b becomes

oh_ 43 ' |
d
_32.__§»+ [(c - Vg)(c - 0.9V,) - g cos B h,

- (2.9¢ - 2.TV) (e - V)91 42 + (g sin b - 3V

hg
=0
or .
‘w'" + (K - J9)9' + constant = 0 (20-4d)
where
5. (2.9¢ - iﬁgﬁ“c - Vo) (23)

EBquation 20-d is solved by the method of successive
approximation. First, let
® = a 8in Kx

20
Equation -4 becomes,

¢ + (K° - ja sin Kx)®' + constant =0 (20-e)

Try ® = a 8in Kx + B cos 2Kx
- 2
Find B=_%J
' B 12 EE
Then, let
2y

¢ =a 8in Kx + cos 2Kx

12 K

Equation 20-d becbmes,
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3
e 4 (K2 - Ja 8in Kx + % cos 2Kx)e¢'
12

+ constant = 0O

Try

2
® = a sin Kx + —2—£2-cos 2Kx + 6 sin 2Kx + T sin 3Kx
12 -

- 2
and find T= - "‘221“71
| 12 x 16 K

Hhence:
2 3.2
a a
® = a sin Kx +-—-1-§-cos 2Kx - —-—-—1-—E¢ sin 3Kx
| 12 K 12 x 16
+ L ] * [ ] (24 )

The numerical value of amplitude a is defined by the
condition that in order to maintain an undamped regime, the
energy dissipated by the wave motlion must be balanced exactly

by thevworkldone by gravity. Thﬁs:

e >ay' w ¥

and over a wave length,

-3u %

oL »

ok
0

¥ (25)
The average work done by gravity is

W=opgsinBQ - (26)

From equations 25 and 26, the following equations are

obtained.
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1+TQ V v2 o
( ) =3ui4=3u%4

pg 8in B Q = 3u
1‘§ hy (1 + ?)3

where
. A1+ P
V‘
"‘X‘ ( ) (27)
o (1+¢)3
and
M = ;oyeg b (28)

As mentioned by Kapitsa, the minimum & corresponds
to the smallest film thickness with which the balance between
energy dissipated and work done by gravity can be maintained.
This is the most stable flow. The minimum value of & is

obtained as follows:

' . 2
c 2 , o & c 2
(1+g9) 1 I
3 " 37 37 3
(1 + o) (1 + @) 1+ o) (1 + )

(1 - 30 + 6¢° - 1009 + . . . )

|

vO _ .
2 (¢ - 393 + 6o | |
- ® - . . . 29

as long as ® < 1, the equation 29 is convergent. Since a and
¢/Vo are independent of x, equation 27 becomes,
X )
2
§=%S (1- 3¢+6¢2 10<p3+---)dX+\27§ S(cp_-scp + 69°-... )dx
o o ' :

%S(& 363+ 6% - ... )dx C (30)

-+

5%<§&J?o



From equation 24

¢ = & 8in Kx + Ig_E! cos 2Kx . . .

and

After integration, equation 30 becomes,

$=1+30%+ (382 + T.5R + 5.625)a% + . . .
- 6%-[3u? + (3R + 9R + 7.5)a &+ . . .3

2
+ 25-[0.502 + (0.5R° + 2.25R + 2.25)u" +...]

v0
(31)
where
e (32)
Differentiating equation 31 with respect to a°
' 3%-54-= 3 + (6R2 + 15R + 11.25)a2 + . . .
« .
- [3 + (6R2 + 18R + lS)a? + .. .18
Vo
+ [0.5 + (R® + 4.5R + 4.5)a + . . .] Eg. (33)

In order to find the minimum value‘of ¢, for a glven value
of ¢/Vy equation 33 must equAl zero. More complete forms of
equations 31 and 33 were put in Appendix I. The minimum
value of ¢ 15 found by the following stéps. A &alue of a;
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was assumed and the value (¢/Vy);, calculated from equation
33. These were substituted into equation 31 to obtain 61.
These steps were repeated, assuming different vélue of @, to
calculate values ¢/V, and §. A plot of & against a located
the minimum value of & and the corresponding value of a and_
‘c/Vo, The values of &, a, and c/V, were cgmputed as functions

of B and Re, and listed in Table 1.

TABLE 1

B =5° Re 435 1144 1917
a 0.603 0.615 0.620
c/v, 1.595 1.570 1.580

¥ 0.675 0.668 0.662

B = 15° Re 435 1144 1917
| a 0.605 0.615 0.620
¢/V, 1.590 1.59% 1.590

¥ 0.676 0.673 0.671

B = 25° Re 435 1148 1917
a 0.610 0.620 0.620

c/V 1.600 1.585 1.585

$©° 0.676 0.67h 0.67h4

Following the procedure of Levich andrPortalski the effect
6f the waves on the interfaclal area can be computed; let

AS = percentage increase of inteffacial area due to waves.

-Since_ y=h=ho(1+¢)
then, y!' = ho¢'

| \
and,

S i +y2dx -2
o)

s = — x 100%

A
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From equation 24:

. .
y=ho(l + %) = ho(l + asinkx + -2 -cos 2kx - . . . )
. | | 12 K°
2 .
! = _Q - = -
y' = hy(aK cos Kx - zl sin 2Kx - ...) = @ cos Kx - H sin 2Kx
- (34)
where @ = hyoK (35-2)
2
e h & -
H=h Eﬁ?l (35-b)
If a<l
2 3
then (1+a)1/2=1+g--§8-+%6 . .
It was proved_(see Appendix H) that y'2 < 1., Hence
| : 2 b i
[} ] !
§(1+¥2 "%"'116‘...)“-)
AS = : x 100%
1¢ g2 gh 516 ix x 1008 (56)
"‘Ié( 2 - 8 + 16-...) X | |

Substitute equation 34 into equation 36, and integration

gives
ASzllr(G?-rﬂe) ;8-3&(&2+}?)2+-2-g—5(02+112)3- ... (37)

Values of A4S calculated from equation 37 are presented in the
discussion of the results of the experimentally measured wave
- properties. _ |

The £ilm thickness of a turbulent falling liquid film
can be calculated following Dukler‘and Portalski. Dukler
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used the universal velocity distribution of pipe flow for the
turbulent falling liquid film to calculate the film thickness.

The procedure was as follows:

vy |
Let . T (38)
yt =Ty (39)

From von Karman's analysis, the velocity distribution was:

vt=yt o<yt<s (40)
Ut = -3.05 + 5.0 1In y* 5 <yt < 30 (41)
vt =5.5+2.51nyt  yt<30 (42)

The mass flow rate per unit width, ', would be
n
+
r=up\ oot | (43)
0

Substituting equations 40, 41 and 42 into equation 43 gives

3 30 _ n
§-= S y*oayt + S (-3.05 + 5.0 1n yt)dy* + S (5.5 + 2.5 1n yt)dy*
0 5 ' 30 '
= +3.0n+2.501n 7 - 64 (44)
Equation 39 gives n= U zho (45)
where U’ = igg , (46)

P

and the wall shear To = hgp 8in B o (47)
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Substituting equations 46 and 47 into equation 45 gives

U*oh, ¢ /g 8in B hg/a
n= = (48)
m M .
From equation 48 S = V2 (49)

O gs8in B

For a given flow rate, the value of m could be found from
“equation 44, and h, calculated from equation 49 Comparison
of equation 49 and equation 28 gives

. 2 2
3pQ 3 §

Both-—equations—Ng-gnd-—50-—gre plotted in figure 2.

Portalski (30-a) used his experimental value to
modify equations 40, 41 and 42. The & can be calculated from
Portalski's modified equation for the velocity distribution

in a falling water film, and the results are plotted in

figure 2.

‘Equation 28 gives h3 sin B = 3—Q»§ | (28-a)
-

and equation 49 gives hg sin B = IH?L. (49)

At a constant Reynolds number, from Dukler's hethod,
only one value of m could be obtained from equation 44. This
means that n would be independent of the inclination angle B,
and hg sin B = constant, when Re = constant. In the course
of the present work, & was found to be a function of Reynolds
number and 1nc11nation angle, and, therefore, Dukler 8 method

nad to be modified. More detalled discussion on the relation
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between ¢ and the flow rate and inclination angle is given

in Chapter V.



CHAPTER IV
EXPERIMENTAL WORK

The experimentai measurements of wave properties and
the diffusion of carbon dioxide into a falling water film
were made in a cell constructed of aluminum plates 0.438
inches thick, 2.95 inches wide, 35.33 inches long. An
optically flat glass plate 0.0625 inches thick, 2.95 inches
wide, 34.83 inches long was cemented to the bottom. The two
" sides of the cell were optically flat glass windows with a
dimension of 1 inch wide, 0.4 inches thick, 36 inches long.
The gas and liquid first ehtered into two separated calming
chambers located at the end of the diffusion cell, before
entering the diffusion cell. The inlet ports for gas and
liquid were sufficiently large (1/4 inches x 2.95 inches) to
provide for smooth flow of the fluids. The diffusion process
started after the calming chambers. Figure 3C is a drawing
of the cell.

' Temperature and flow control were provided for both
g#s-and liquid étreams. The cell could be tilted from zero

to 35° from the horizontal. Details of design may be found

in ﬁhe thesis of Jepsen (17). A flow chart of the experimental
‘apparatus 1is showﬁ in figure_3l.8

34



Figure 3A. DIAGRAM OF INTERFEROMETER ASSEMELY
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There were three phases to the experimental étudies;
The first phase was concerned with the determination of the
wave properties of the falling water film using a capacitometer.
This particular device was first designed by Dukler.(8) and
later modified by Jepsen (17). The output of the capacitometer
was recorded by a Minneapolis-Honeywell Model 906c Visicorder |
with a mechanically damped galvanometer with a maximum
frequency response 270 cps + 10%. The capacitance to be
measured was between the liquid surface and the metal probe.
The size of the probes used were 2 mm. by 5.5 mm. and 6 mm.
by 8 mm. Each probe was fixed to a micrometer attached to
the top of the ceil. The bottom of the cell was an optically
flat glass plate, so that the micrometer readihg of the
bottom was obtained within + 0.0002 inch and the measurement
of the film thickness of a quiet pool was within + 0.0005
inch. Tap water was used in these studies because of the
vefy low conductivity of the distilled water used in the
diffusion studies. Because of the highAconductivity of the
tap water, the capacitance measured was between the surface
of the water and the probe, and was proportional to the
dielectric constant of the gas above the water surfacé and
the area of the probe, and inverseiy proportional to the air
gap. The dielectric constant and the area of the probe both
were constant in this case, 8o a calibration curve éould be
obtained by plotting the air gap measured by the micrometer
agéinst the capacitance or visicorder reading.

Figures 4, 5, and 6 show that the calibration was
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independent of the water film thickness, as the water film
thickness changed from 0.02 inch to 0.08 inch and the air
gap changed from 0.005 to 0.08 inch. For all the water film
thicknesses, the measured air gaps deviated from each other
less than £ 0.0005 inch for the same value of visicorder
reading.

The capacitometer was always adjusted to give maximum
response. The visicorder gave a reading from‘l.o to 5.0 on
its scale when the air gap changed from 0.005 to 0.05 inch,
and there was a linear relationship between the air gap and
visicorder reading over a substantial range, and the wave data
taken within this range. The wave properties of a falling
water film were obtained by attaching a probe to the top of
the cell at 25 inches from the water inlet. At that point
the water film thickness was independent. of the distance down
the cell (see Appendix E). The larger probe was used to
measure film thickness and the smaller probe was used to
measure frequency. 1In both cases, the probe was fixed
tightly to the top of the cell and was then adjusted to have
an average air gap from 0.015 to 0.035 inch. The size of the
air gap used depended upon the 1hc11naﬁion angle and the
Reynolds number of the flow rate. In order to get the best
‘results, the air gap was adJusted as small as possible. The
wave properties of a falling‘water film were investigated at
Reynolds numbers ranging from 435 to ‘1917 with inclination
angles equal to 5°, 15° and 25°. The water temperature was

a24°c,
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The wave veloclity was measured by means of two copper
probes, 1 mm. by 2 mm. The two probes were set 20.95 inches
apart and either probe could be individually connected to the
capacitometer by a switch. | '

When a sudden change in visicorder reading indicated
that a wave had touched the first probe, the circuit was
switched to the second probe downstream. The wave velocilty
was measured by the distance between the probe contacts
indicated by wave trace, and the chart speed. For each water
flow rate, the above measurement was repeated-at least five
times, and the deviation of these measurements was less than
+ 4%, |

The foliowing procedures were used to meaSure the
wave properties of a falling water film. The cell was first'
sét horizontally using a cathetometer. One of the probes was
| attached 25 inches from the water inlet and the capacitometer
and the visicorder adjusted to give maximum sensitivity.

The probe was set with an air gap of 0.01 to 0.03
inch from a quiet water surface and the variable capacitor
of the capacitometer was adjusted until a maximum sensitivity
on the microammeter was obtained. The galvanometer zero of
the visicorder was set to glve a reading from 1.0 to 5.0 when
the air gap varied from 0.005 to 0.05 inch. A large air gap
of 0.2 inch was used as a reference boint and the corresponding
visicorder reading recorded. The éalibration data were
obtained as values of visicorder reading, corresponding to

air gap distances from about 0.1 inch down to 0.01 using the -
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6 mm. by 8 mm. probe and air gaps from 0.05 to 0.001 inch,
were measured with the 2 mm. by 5 mm. probe.

The calibration was repeated at least once each day ‘
and whenever the cell was tilted to a new inclination angle.
The angle of the cell was determined by measurements with a
-cathetometer. Before each wave trace, the probe was returned
to an air gap of 0.2 inch and the visicorder reading recorded.
The probe was then placed as close to the water surface as
possible, and the wave trace recorded.

The second part of the experimental work was to
.determine the concentration profile in the falling water film.
The primary apparatus Qes the Mach-Zehnder interferometer,
whose design and utilization is completely described in
Jepsen's thesis (17). General information about the
measurement of the diffusion‘concentration profiles by means
of an interferometer has been presented in Lin's thesis (26)
"and in Harvey's thesis (14). Harvey showed that the change
in the refractive index of a carbon dioxide-water solution
was directly proportionai to the concentration of the carbon
dioxide. The shift of the fringeé ofAthe interference patterp
was, therefore, proportional to the refractive index of the
solution, and the concentration of carbon dloxide in the
solution could be obtained from the fringe shift of the
interference pattern. Fringe shift is defined as the distance
a fringe moves divided by the length of the fringe spacing.
The concentration profile was given by'the shape of an

interference fringe, and relative values computed directly



from:

c(y) . Nly)

Cg Ng

where y 18 the distance into the film, C(y) is the concentra-
tion profile, Cg 1is the'saturation concentration, Ng is the
total number of fringe spacings (fringe shifts) a fringe
moved as a solution was completely saturated, and N(y) was
the number of fringe spacings a fringe was shifted at y.
Since the saturation concentration depends upon the
temperature of the solution, Ng also is a function of
temperature. For this study at 24°c, Ny was 2.847.

. Jepsen concluded'that there was a pressure effect on
the cell windows due to fluctuations in the gas phgse
pressure. Changes 1n l1iquid loading would give similar
results but for either cause 1t was necessary to brace the
cell windows from the outside. This was accomplished by
attaching 1/4 inch thick, 3/4 inch wide, 2 inch long
plexiglass plates outside each cell window by means of 1/4
1n¢h by 5 inch steel bolts that extended laterally across
the top and bottom of the cell. The windows were clamped in
this manner bqth immedliately upstream and downstream from
the field of view.

The light source used in.this experiment was a 1000
watt, D.C. high pressure mercury vapor lamp.. Only half of
the light reduced by the green filter can be collected by the
camera, and the final light intensity was very weak. The

patﬁerns were photographed using Kodak spectroscopic plates
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type 1-D, developed 5 minutes in Kodak developer D-19. Since
the surface veloclity of the falling water film was 70 ch. per
gec. at an inclination angle of 15° and Reynolds number of
1917, it was necessary to use very short exposure times to
stop the surface phenomena. The light intensity had to be
as high as posslble for short eprsures and Jepsen's apparatus
was modified to permit this. A larger objective lens was
obtained and the distance between the lens and the negative
plate reduced. -The shutter speed possible for these
- measurements was increased to 1/125 sec., using a camera with
a 4.8 cm. focal length lens. The distance between the lens
and the plate was one foot. A témperature control system was
placed in the overhead tank. The temperature control system
is also described in Jepsen's thesis (17). The room
temperature was controlled to 24° + 2°C. In order to make
sure there was no tempefature effect on thevsystem, the
air-water system was first passed through the cell. If there
were a temperature difference between the gas phase and the
liquid phase or between the liquid and the diffusion cell,
the fringes produced by the interferometer would not be |
straight. ,

At each cell position, for each water floi rate, four
photographs were taken; one for the air-water system and
three for the COg-water system. Two additional photographs
ﬁere taken showing a cross hair and the probe.whigh was set
a known distance from the bottom. The purpose of the last
two photographs was to find the exact location of the bottom
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of the film. .

Before starting to take the concentration profile
data, the air-watér systégﬁﬁassed through the diffusion cell
to check for straight fringes, indicating no temperature
effects on the system. The carbon dioxide was admitted to -
the cell and when the fringes no longer changed shape or
position three photographs were taken. Finally alr was
readmitted and when: the fringes became vertic#l, another
reference photograph was taken. |

| In the third part of the experimental work the average
CO, concentration in the falling water film, at each cell
position, was determined by titration. The sample at each
cell position was collected by flooding the downstream portion
of the cell up to the desired position. After maintaining
this water level for 3 to 6 minutes, a 250 ml. sample was
collected in a flask and sealed by a rubber plug. One-fifth
of the sample was taken from the flask by syringe for
“titration. The CO» in the saﬁple ﬁas precipitated by excess
NaOH and BaCl, solution and then back titrated with.HCl
solution using phenolphthalein as 1nd1catof. The details of .
thevtitration are in Appendix D. These meésurements were
repeated at 1east five times, and the results devliated less
than + 5%. ‘This deviation was acceptable for the procedures
used in collecting the sample and performing the titration.

All diffusioh studies were made with pure carbon

dioxide absorbing into distilled, deionized water.



CHAPTER V
HYDROMECHANICAL RESULTS AND DISCUSSION

The wave data consisted of visicorder traces for
various flows at several angles of inclination. These traces
were combined with their calibration curves to obtain the
average film thickness, average crest and trough height,
frequencyvand wave velocity, A typlcal wave traée is shown
in figure 7.

All the film thickness and frequency data were
repeated at least five sepafate times during the entire
experimental study extending over 8 months. In all cases the

variation of the measuredrproperties was less than 10%.

Film Thickness

The film thickness of the faliing water film was
measured at angles of 5°, 15° and 25° for Reynolds numbers
from 435 to.1917. Since the micrometer reading of the bottom
and of the probe were known, the aQerage film thickness was
the difference between the micrometer reading for the bottom
plate of the cell and sum of the average alr gap and probe
position. The average air gap was determined from the
calibration curve by using average visicorder reading of the
surface of the falling water film. Two different methods

8 :



L5

-
23

g

-

.
&
”

ST T I LI N
MRS S W,

AR

LRNLES SAN

N FUEN

!

BXAL

ppnilhe 2
Vet 8t ..’.‘%'w?}

Figure 7. WAVE TRACE.




50
were used to find the average visicorder reading of the water
surface. First, since the wave traces were taken within the
linear range of the calibratidn curve, the average visicorder
reading of the wave trace could be found by integration of
the area under the curve, divided by the length of the wave
trace. Second, the air gaps at each crest and trough were
obtained by means of the calibration curve. .Then,lassuming
the wave was triangular in shape, the average air gap was
found from the arithmetic mean of the alr gap at each crest
and trough. The average film thicknesses found by these two
methods differed by about 5. The results of the average
film thickness are plotted in figures 8 to 12. Each set of
symbols refers to a particular series of determinations for
‘gseveral angles and given date. .

The film thickness calculated from Jeffrey's laminar
flow equation is different from the film thickness calculated
by Dukler's method. If the average film thickness is plotted
against the Reynolds number, it is easy to see that the slopes
of these lines are also different. Referring to figure 10,
the laminar (curve 2) and Kapitsa (curve 3) have constant
slope, and the empirical curve of Dukler (curve 1) and
equation 28 (curve 4) have ﬁariable slope. The curve of
Dukler (curve 1) has the biggest slope. At constant Reynolds
number, the film thickness of Kapitsa (curve 3) is 7% 1less
than laminar (curve 2); and equation 28 is about 15% less
than laminar (curve 2). '

By comparing the experimental value of the film.
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thickness with these theoretical values one finds that over
the range of Reynolds numbers of 435 to 1917, at an inclination
angle of 5° with low Reynolds number the measured film
thickness is close to Kapitsa's theory and equation 28; the
film thickness 18 closer to'gukler's theory at higher Reynolds
number. At B of 15° or 25°, the measured film thickness, is
larger than all theoretical values at higher Reynolds number,
but it is close to equation 28 at low Reynolds numbers. The
average film thickness measured by the capacitometer was
about 5 to 108 larger than that suggested by the interferometer
photograph at B of 5°. When the inclination angle B was 15°,
the value of average film thickness measured by the
capacitometer was much larger than average film thickness
measured from a photograph (see Chapter VI). This kind of
deviation was also shown by Jepsen's results. From figures
11 and 12 a transition point 1s indicated between Reynolds
numbers of 1144 and 1544, and shows very clearly at an angle
of 25°. After the transition point, the thickness increases
slowly as Reynolds number is increased. The trénsition point
did not appear at an angle of. 5°. 1In Jepsen's thesis (pages
207 to 211) at an angle of 25° there was also a transition
point at a Reynolds number of 1544, The character of this
transition seems to be completely different from that observed
by Portalski (41) and Dukler (8) for vertical films. They
show that at a Reynolds number of 1100 the film thickness
changes from increasing as the cube root of Reynolds number

(viscous laminar theory) to increasing as the first power
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of the Reynolds number (uniform velocity turbulence). 1In any

case, since no transition was observed at 5°, the transition
to turbulence must depend upon inclination angle. This
contrast was not the result of undeveloped flow, because
Jepsen showed that measurements of wave properties were the
same over essentially the entire length of the cell. The
average film thickness data of this thesis shows that when
the angle increases the transition Reynolds number decreases.
Jepsen's measurements of mean film thickness indicated that
the experimental value was always larger than the theoretical
value predicted by laminar theory. Figures 24, 25 and 26 of
Jepsen's thesis for angles of 25°, 18° and 10°, indicate that
the slope of those curves (both theoretical and experimental
value of the mean film thickness) were the same, and the
experimental #aiue of the mean film thickness 1is about 20 to
30 percent lafger than the theoretical value.

The significant features of the results weré that the
experimental average film thickness disagrees with the laminar
theory in magnitude and Reynolds nuﬁber dependence and that
a transition appears which is apparently different from the

laminar-turbulent transition observed by other workers at 90°.

Ratio of the Wave Velocity to the Average Velocity

The experimental value of the ratio of the wave
velocity to the average velocity,-c/V6,-at an inclination
angle of 5° was 1.65 to 1.89; and at 15° was 2.02 to 2.28.
The théoretical values calculated in Chapter II ranged from
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1.57 to 1.60. The experimental value of c/Vo was a little
higher than the theoretical value. This agreement was very
important because the value of c/Vb seriously affects the . -
values of frequency and amplitude pre@icted. The experimental

data of the c¢/V, of other authors are listed in the following

table:
Binnie (&) Re=59 145, B=1°~2.75°, ¢/V,=1.73 1.89
" BenJjamina (2) Re=14.9, . B=13°, Wave velocity
. is about twice
surface
veloclity.
Portalski (30a) Re=0-400 8=90°, ¢/Vy=2.9
=1100-2400 =1.9-1.5
The wave velocity was calculated by the following
equation: |
- - L = 106.4 ecm - 1
¢ = Uchart speed L sec - (51)

wheré ¢ was the wave velocity; L was the distance between the
two probes--20.95 inches; 4 ﬁas the distance the wave traveled
on the visicorder trace; the chart speed was 2 1nches‘per
second. The results are shown in figure 13.

The average velocity Vb was calculated from the
"volumetric flow rate Q and the experiﬁental mean film
thickness h,. The values of ¢, Vo, ¢/V, are listed in

Appendix A.
There are few c/V, data available for the thin flowing
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films, and all the methods used by the previous investigators
to measure thé wave veloclty were not too accurate. Both
Portalski and Binnie used a stop watch to determine the time
a visually observed wave traveled a measuréd distance. Binnle
used a 1/4 inch long hair floating down the channel about 22
inches. The method used in this study cannot measure high
wave veloclties; because a manual switch was used t6 changg
the lnput to the capacitometer from the upstream to the
downstream probe. This is the reason why the value of c¢/V,
at 25° could not be measured accurately enoﬁgh to report.
The proper method for measuring the wave velocity would
require two capacitometers. The phase velocities obtailned,
however, are consistent with those of other studies, are
-dependent on angle of inclination, and disagree with the

theoretical predictions.

Wave Properties

The frequency of the falling water £ilm was obtained
by counting the changes in direction of the trace over each
one second interval, and the arithmetic average waé used tQ
find the avéfage frequency. -The statistical method was not
used'to find the average;'because the range of freéuencies
fof the intervals was only a factor of two in the worst'qase,
and at low flow rates was a constant. The results are shown
in figure 14. The wave number was calculated from the
frequency by the following equation, and the results were

listed in Appendix A:
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K=2%on
)

where K is the wave number, w is the wave frequency and c is
the wave veloclty.

Figure 14 shows that the frequency of the waves
increased as the Reynolds number and the angle increased.
The frequency was well defined at low Reynolds number. For
example, at a Reynolds number of 435 the frequency of each
one second period was the same and there was hegligible random :
effect. As shown in Table 2, the experimental value of the
frequency was smaller than the theoretical value. When the

'Reynolds number increased, random components began to appéar.

TABLE 2

Theoretical and Experimental Values of Frequency

B =5°

Re 1 435 TTU 1144 1544 1917
Exp. w, sec” 5.32 9.05 13.39 16.98 19.6
Theo. w, sec~l  17.3 31.17 41,87 54.5 67.57
B = 15° :

Re 435 TT4 1144 1544 1917
Exp. w, sec-l 6.77 15.73 24.50 31.85 39.70

Theo. w, sec~1 48.5 67.5 ~ 98.8 11.8

The ﬁransition behavior indicated by the change in
film'thiékness dependence uﬁon Reynolds number, for various
angles of inclination, was not reflected by a change in
frequency dependence on Reynolds number.

These experimental results do not agree with those
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of Jepsen. Jepsen's measurements of frequency indicated that
the frequency increased as the Reynolds number increased, but
did not increase as the inclination angle increased. However
his rﬁnge of angles was reiatively small ranging only from
10°-25°. | |

Comparison of the predictions for frequency and
amplitude of the Kapitsa theory (18,24) showed it to be very
unsatisfactory. The more complete analysis suggested by

Chapter III is compared in Tables 2 and 3. Although the

TABLE 3

Theoretical and Experimental Values of Amplitude

a = 50 . -

Re yp 435 TT4 1144 1544 1917
Exp. a=1-¢L  0.305 0.24 0.182 0.167 0.121
Theo. @ 7o 0.603 0.615 0.620
B = 15° | |

Re ym 435 TT4 1144 544 1917
Exp. G= 1-,h_'1' 0.16 0.18 0.102 0.148 0.135
Theo. & o 0.605 0.615 0.620

trend of frequency with Reynolds number agrees quite well,
the experimental values are about a factor of three below
theoretical at 5° and about a factor of four below at 15°.
- This 1is difficult to explain. Normally in analysis of this
- type one anticipates that the experimental frequencies will
be higher than the theoretical if they do not agrée. The
assumptions of the theory are well founded for these

disturbances especially at the lower Reynolds numbers and
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smaller angle., It is concelvable, that subharmonic phenomena
are 1n§olved so that future study should examine the wave
theory from that point of view. Benjamin (2) suggests that
predlcting the observed frequencies may be very difficult.

The theoretical value of amplitude was 0.6, which
means that the crest height should be 3 to 4 times the height
of the trough. From Table 2, the maximum experimental value
of a = 0.305 was at B = 5° with the lowest Reynolds number
of 435. Moreover, the trend of amplitude with Reynolds number
was considerably larger than the theoretical prediction and
in the wrong direction. Since the frequencies do not agree
‘-with the theory it is not surprising that the amplitude
behavior shows no correspondence with theory.

This general disagreement between theoretical
predictibns for frequency and experimental values also occurs
in measurements at 90°. Both Portalski (30a) and Wilkes (43)
report serious disagreement for wave frequencies obtalned
over a range of Reynolds numbers .from 10 to 150. However,
Benjamin (1) found excellent agreement at a Reynolds number

of 17.

Interfaciai Area

Equgtion 37 was derived in Chapter III to calculate
fhe increase in interfaclal area due to the wave motion. The
values of AS at different inclination angles are ghdwn in
figure 15. These values are smaller than the value of 4S

calculated from Portalski's equation. This 18 not ohly due
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to the different values of c¢/Vo and amplitude used but also -
because additional terms were included in the analysis, which
affect the AS substantially. Since the basic equation was
derived for laminar flow, it should not be expected to
calculate the increasing interfacial area at large Reynolds
numbers. At loi Reynolds numbers where longer waves
predominate, the measurement would be more accurate than for
shorter waves. Serious error can occur if the width of the
probe were bigger than wave length and this might be the
reason why Jepsen (17) found AS to be larger at low Reynolds
numbers than at higher Reynolds numbers. The capaéitometer
}'was satisfactory for measuring frequency, film thickness and
wave velocity, but may not be accuratg for measuring the
value of A4S and amplitude. Pértalski indicated in reference
'30 that the experimental value of AS agreed with his
theoretical value. Because he only measured waves at
Reynolds numbers of 11.2 and 12, for an 82% glycerinéwater
solution, his conclusion about the increasing interfécial
area was established only for low Reynolds numbers. On'page.
95 of Jepsen's thesis, he reported the 1ncreése in the
interfacial area of the falling water film at three different
inclination angles, 9°44', 18°27'-and 25°42', His results
indicated that for the same flow rate the maximum increase
in the surface area was at the lowest inclination angle 9°44'.
This résult disagrees with equation 37. The deviation could
come from the apparatus and the accuracy of the experimental

value of the AS as measured by'the capacitometer.



67
Nevertheless, for the lowest Reynolds number of 732 and lowest
inclination angle of 9°44', Jepsen's experimental results
gave an increase in the surface area, AS of 1.45%, and the
theoretical value of the AS was 2.31% at inclination angle
of 5° and Reynolds number of TT4. If the sensitivity of the
capacitometer coﬁld be improved it is possible that the
experimental value of AS at low Reynolds number and low
inclination angle would be in better agreement. .

In this thesis, the 1hcrease in the interfacial area
of one wave trace at inclination angle of 5° with a Reynolds
number of TT4 was measured by fitting a thread on to the wave
curve. A 3.46% increase in the interfacial area was obtained
in this case. Sample caléulations are presented in |
Appendix H.

None of the experimental values agree with the
theoretical predictions at Reyndlds numbers beyond Portalski'é
studies at Re = 11.2 and 12 for the glycerine solution. The
disagreement was not surprising since nelther amplitudes nor
frequendies agreed with theory. In general, however; all
values were too small to'accounf for the increase 1n mﬁss

transfer observed when waves appeared.



CHAPTER VI
RESULTS AND DISCUSSION OF CONCENTRATION MEASUREMENTS

The concentration measurements consisted of
photographs of interferometer fringe patterns at several
positions for angles of 5° and 15° and six liquid Reynolds
numbers ranging from 272 to 1917. Several photographs were
taken for each test, including air ffinge patterns and probe
positions for reference. The position and shape of the
interferometer fringes are a measure of the concentration
of carbon dioxide concentration.

The photographs presented in figure 16 for 5°
inclination angle, 22 inches from the entrance show that the
fringes are bent at the bottom at low flow rates. The bottom
of the 1iquid film is-located at the bottom end of a bright
bahd. The surface of the film is located at the top-of a
bright band at low Reynolds numbers. At higher Reynolds
numbers the wave action may cause .the pattern at the interface
to be indistinct and the surface lies s8lightly above the top
of a bright band. At higher flow rates, the fringes are only
bent on the top half of the film, and the’fringes in the
bottom half of the film are straight. When the flow rate was
. reduced to a Reynolds numbef of 272, the fringes were not
68



Pigure 16. PHOTOGRAPH OF COo-WATER INTERFERKNCE PATTERN AT AN ANGLE OF 50,
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only bent, but also shifted along the bottom. As the flow
rate increased, the bent part of the fringes became smaller
and the straight portions increased.

_ For each cell position, liquid Reynolds numbers 272,
435, TT4, 1144, 1544, 1917 were studied. At Reynolds numbers
of 272 and 435, the fringes were bent to the bottom; when a
Reynolds number of TT4 was reached, the Cringe was bent only
from the surface to the middle of the film 22 inches from the
entrance, but at 30 1ncheé from the entrance it was bent
almost to the bottom. At a Reynolds number of 1144, the
fringe in the bottom half of the film was not bent at all.

The saturated fringe shift was about 2.8 as shown in
figure 17 which includes a 0.5 cm. scale to show the
nngnification. From figure 16 at a Reynolds number 1144, as
an example, the total fringe shift on the surface of the
-1iquid film was close to 2.5, this means that if the straight
sectién of the fringes in the bottom part of the water film
had zero_concehtration of carbon dioxide, the concentration
at the surface of the water film was still close to the
_séturated céncentration.

Therefore, at the low inclination angle of 5°, the car-
bon dioxide did not penetrate to the bottom at higher flow rates
within the short distance of 30 1nchés from the water inlet.
This was the result Qf a combination of larger film thickness
and high surface velocity. For example, at a Reynolds number
‘of 1917, the film thickness and the surface velocity were -

about twice the film thickness and the surface velocity
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at a Reynolds number of 435, and before the carbon dioxide
Acould penetrate to the bottom, the solution would have already
reached the end of the diffusion cell. At lower flow rates
(Reynolds number of 435) the residence time was twice that
at a Reynolds number of 1917.

Even at 15°, the bottom part of the fringes was not
shifted at higher flow rates, corresponding to Reynolds numbers
of 1544 and 1917. Although a comparison of the photograph
of the air-water system and the CO,-water system at the same
cell position and conditions may indicate a fringe shift,
this did not indicate a substantial change in cdncentration
. but was caused partly by changes in pressure within the cell
and partly by effects present in the room air in the path of
the light beam of the interferometer.

The location and shape of a particular interferometer
fringe gave both the concentration value and the concentration
profile. The technique,‘however, was complicated because the
fringe system was shifted considerably by other effects. The
result was that the,shape'of the concentration profile was
well established, but the level of concentration was not,
particularly aﬁ higher angles and flow rates. Jepsen (17),
for example, was convinced that substantlal penetfation to
the wall occurred at high flow rates as soon as the waves
formed, even though the CO> fringe Qas sﬁill largely straight.
The usual experimental information about the concentration
level was the titration concentration which gave the average

value. The use of this value as a check on the fringe shift
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was also complicated because the exact velocity profile was
not known, especially for the higher Reynolds numbers and
angles.

The concentration profiles obtained, basically agree
with Jepsen's results, especially in the shape of the
concentration profiles.

The fringe shift in all the photographs was measured
by a cathetometer, to * 0.001 cm. Sometimes the definition
of the water surface was not complete but the bottom of the
cell could always be located by the reference cross.hair and
probe. As mentioned before, two photographs were taken at

-each cell position in order to establish the location of the
bottom plate. 1In these two photographs, the micrometer was
set with a known distance above the bottom, and the cross
hair was included in the photographs. The cross hair then
located the bottom surface for the rest of the photographs.

The‘fringe shift was calculated from measurements of
the distapce between the center of the fringe and the cross
hair for the COo-water éystem (xcoa) and air-water system
(Xa4p) at the same height from the bottom. The fringe
spacing (IB) was measured as the diétance between two fringes
and the number of fringe shifts due to COo was calculated:

~ Xgop - Xair
xB

N (52)

The numerical value of N at various locations in the falling
water film was listed in Appendix B and some of these are

shown in figure 18. For the saturated COp solution, the
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average value of N was 2.8472 at a temperature of 24°C.

It was found that the fringes were essentially
straight at higher flow rates. In order to decide whether
the CO2 penetrated to the bottom as suggested by Jepsen, a
series of samples were taken with a small diameter hypodermic »
needle and syringe. It was found that at 30 inches from the
water entrance, the COo concentration at the bottom was 0.0024
to 0.0053 gram/litér at 24°C, for B = 10° and a Reynolds
number of 1917. This corresponded to a fringe shift of 0.0048
to 0.0107. | |

From these results and the general behavior of the
penetration as a function of flow rate and angle, it was
decided that when the bottom part of the fringe was straight,
the fringe‘was considered to not be shifted significantly at
the bottom. At low flow rates, a fringe would not have a
straight section at the bottom, and 1t'was necessary to
correct the location of the fringe using the titration value
as indicated by Jepsen. At 5°, for Reynolds numbers of TT74,
1144, 1544, and 1917, the bottom of the fringe was straight,
at Reynolds ﬁumbers of 435 and 272 the fringe was bent at
bottom. When B was 15°, for Reynolds numbers of 435 and 774
the fringe was bent at the bottom; at Reynolds numbers of
1544 and 1917 the bottom portion was straight, and it was
difficult to tell whether it was bent or not at a Reynolds
number of 1144. It may be worth noting that the concentration
profiles shown iﬁ figure 18 are completely different in shape

and magnitude from those suggested by laminar flow combined
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with molecular d;ffusion. For the experimental conditions
of figure 18, the molecular diffusion profiles éalculated
from any of the theories, for example from equation 17.5-15
of Bird (5), show carbon dioxide penetrating only 40% into
the film at a Reynolds number of 272 (film thickness of
0.0585 em.) and much less at the higher Reynolds numbers.

The veloclity profile was not measured during this
research wofk. However the literature seems to establish
that it should be parabolic at a Reynolds number of 4 when
waves were present (see Wilkes (43)). The shapeSof a |
parabolic velocity profile and a logarithmic velocity profile
were compared and the results presented in Appendix F. The |
range of dimensionless film thickness, n (see equation 45),
in this experiment was about 20 to 30, and the shape of
these profiles was very similar in fhis range. The major
contrastive feature was that the parabolic velocity profile
had a small surface layer with nearly constant velocity,
which satisfied the condition that the shear must be zero
at surface. The_equation for the velodity profile usedoin

this thesis was therefore (see page 39 of reference 5):

2 ’ .
= P A Ak
AL ACTE S (53
2hg
g 8in B hg :
And whenever Vo was not equal to 39 as most authors

use for the laminar falling liquid film, the experimental

value of Vy was used, thatvis:

Vv, = @/h, (54)
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where Q was the average volumetric flow rate measured by the
rotameter. Therefore, the velocity profile used in this
theslis should not be too far from the true velocity profile.
In order to calculate the total diffusivity, (D + €),
a mass balance was made on the sclute in the falling water

film at various locations in the film:

y
_ ac _ _ § |
(xp - x) @+ ) F . = § Va® dyl, - 3 VG ayly (55)
: |

Solving for (D + €), the above equation became

g V,C dylx2 - S V. C dylxl
(56)

Since the number of fringe shifts, N, is directly proportional
to concenﬁration, the calculations in equation 56 can be dohe
" in terms of N as well as concentration. The two terms of the
numerator were obtalned by gfaphical integration of the
product'of the velocity>ca1cu1ated for laminar flow (VS/V°

= 1.5) and concentration profile obtained from the -
1nterférometer photographsAat‘two differént positions down

the cell. The values of %g.wére found by a numerical
procedure. A small interval AC was chosen and Ay was obtained
from tﬁe plot of C va.y. Then a plot of Ac/Ay vs y was made.
For the smooth curve, if the Ay and 4G were small enough, the

difference between dC/dy and AC/b8y would be negligible.

Using Mickley's (27a) suggestion (Chapter 1 of reference 27a)
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the error was not more than 3%. The greatest difficulty with
this calculation was that one must use photographs showiﬂg
the same film thickness (for the same'Reynoldé number) at
various cell positions. Because of the fluctuating nature
of the phenomena, sometimes the camera captured the profile
under a crest, and at others a trough or some place between.
High speed motion pictures taken during this study showed
that even at low angles of inclination and low flow rates,
the shape of the fringe was not quite the same underneath a
trough as under Erest. Therefore, one could not compress or
" expand the fringes very far in order to obtain comparable
profiles at different cell positions to obtain a certain film
thickness (see page 108 of reference 17). In addition, if a
fringe profile was expanded or compressed, the average
velocity of the falling liquid film had to be changed according
to the film thickness and this couid introduce a serious
changé in the value of (b + €). The values of (D + €)
calculated from the interferometric patterns are plotted as
functions of film thickness in figures 19a,b,c,d and e and
20a,b,c, and d.

These show that total diffusivity increasés for
positions toward the center of the film. At 15° and the
highest Reynolds number, 1917, a maximum is observed. The
total diffusivity is a strong function of angle. At a
Reynolds number of 435 the total diffusivity is 5 times the
molécular diffusivity with a marked decreasing trend toward
the wall. The holecular diffusiﬁity for this system is
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1.9 x 10'5 cm?/sec for comparison. These reqults at 15°
differ from Jepsen because he showed definite decreasing
trends at both the wall and the surface. This could
conceivably be the result of his calculation procedure
combined with a large amount of data whose average permité
better definition towards the surface than was possible in
this study. The slight difference in temperature between
this study (24°C) and that of Jepsen (22°C) is of no
consequence. The diffusivities obtained in this thesis
basically agree with Jepsen's results. Both indicated that
| the diffusivity was a rﬁnction of Reynolds number and angle
of inclination. Jepsen's numerical results of the diffusivity
at an inclination angle of 10° are between the numerical
values of the diffusivity of this thesis (B = 5° and 15°).
In this thesis, the diffusivity shows a maximum even at a
Reynolds number as low as 435 at B = 5°.

The results show no change in behavior for a Reynolds
number of 1000. This result is consistent wiﬁh the wave
property behavior, in that the laminar turbulent transition
Portalskil obsefved in the film thickness at 90° was not
observed at these lower ahgles. The increased mass transfer,
and its associated empirical total diffusivity'seems to be
related strictly to the wa#es.' Although the decrease of
total diffusivity toward the surface is less well defined,
such a trend toward the molecular diffusivity must be present.
The overall mass -transfer rates are much too small to permit

so large a diffusivity to exist at the surface.
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Therefdre, the results show a pronounced increase in
diffusion rate within the central region of the film at angles
from 5° to 15° for Reynolds numbers as low as U435 to as high
as 2000 with no indication of a transition in flow mechanism.

Effective diffusion coefficients so much larger than
the mclecular diffusivity indicate some type of mixing action
within the filﬁ. Velocity measurements usually supply the
basis for describing such an increased action in terms of a
non-laminar velocity profile. In all cases, the change from
a purely laminar profile need be only very slight in order
to indicate an eddy momentum transfer action which can
influence mass transfer. The transitions observed at 90°
would permit the suggestibn of a "univérsal" velocity pfofile
to describe the transport within the film. Some workers have
already applied this.to measurements of film thickness.

The shear stress, 1, in the fluid 1s a linear function
of theAdistance from the ﬁottom of the cell, and

;;.:_E;_ho’hl-% (58)

where To 18 the shear stress. when y equal to zero or the
shear stress at the bdﬁtom of the éell and h is the film
thickness of the water film. Then if |

18, av, , '
5 (v + ¢€) - . (59)

To (,1 - ﬁ%‘)vsé_

dVy
Pay

N

it follows that: (v + €) (60)
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where v is the kinematic viscosity. 1In this context, € is a
number which describes any deviation from a purely laminar
veloclty profile by being not identically zero. As usual, €
must become zero at a wall, and anywhere the velocity
derivative becomes zero. For any assumed profile, calculations
using equation 60 will determine the value and behavior of e.
The quantity, €, applies strictly to momentum transfer, but
one usually assumes that the eddy diffusivities for momentum
and mass transfer are equal. |

- The usual dimensional arguments suggest:
kY ay e

is successful for pipe flow. If von Karman's universal
velocity distribution were used for the falling water film
(refer to Appendix F), then

“'x dut u* 5.0 U* , 5 <yt <30 (62)

substituting equation 62 into equation 60 gives

C2- ﬁ%’) . ('ﬁt'; %g')‘Jhg g sin B
5.0

5.0

y-l-

(v +¢€)= (63)
The numerical values of € from equation 63 were calculated
using the kinematic viscosity of water at 24°C, and plotted
in figure 21. The film thickness, h,, required to use’
eduption 63 was assumed to be the laminar film thickness.
From laminar theory, the film thickness of the falling iiquid
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'.‘2"5'3?\:95
or N, hg g 8in B = /3W (64)

From the wave theory the film thickness 1s:
3 vQ
by “gsn B ¢

or 'J hg g s8in B = /3vQ# | (65)

film is:

From equations 63, 64, and 65 the following conclusions are

obtained:

1. The maximum total diffusivity should be located gﬁ the
center of the water film.

2; At the same inclination angle, for the high Reynolds
number, and the film thickness becomes larger. According
to equations 63 and 64 the total diffusivity will increase
when the Reynolds number increases.

3. At thé same Reynolds number, when the inclination angle |
increases, according to equations 63 and 65, the total

| diffusivity will increase according to /¢.
On the other hand, since

BoTo = og sin B h, : (66)

substitution: into equations 58 and 59 yields:

nogsns(2-F)- (”k“d; & ()

a non-linear differential equation. The first approximation
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to the solution, probably adequate for this case is obtained

in the following discussion. Assuming the velocity profile
is paraboliec, that is

2
5 (g - ) @
sty .

from equations 61 and 69 the total diffusivity will be

av

¢ = B2 E a2 B8P (2 . 7).

h, hy

=k2§h331na(§.-§) (70)

where k is an universal constant. In order to find the
maximum eddy diffusivity, equation 70 is differentiated with

respect to ys

5 .
E-kegnl @on -3p)y (71)

When y=0 ’ %%‘g o] and € 1s a minimum.
= %-ho -%;-: 0 and ¢ is a maximum,

This suggests that the maximum eddy diffusivity ;s located

at 2/3 of the total film thicknesﬁ. The parabolic but
non-laminar profile mightAbe assumed from Jackson (16), so
that thé velocity would have the same form but use Va/Y, =2.0
instead of 1.5. The conﬁtant, k, could be calculated to
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agree with the concentration profiles. Finally, one could

utilize the profile suggested by Runstadler and obtain similar
results. '

It appears that a varlety of ideas will give the
observed behavior and no conclusions can be drawn about any
of them. The use of "universal" profiles seems especially
inappropriate since not even the normal hydrodynamic
trﬁnsition 1s.observed. The.modified laminar profile is
purely conjectural, although it may be wortp noting that the/
eddy function need not be strictly associated with tﬁrbulence.
bne concludes that the observed rise in diffusivity is
consistent with moderate changes in the velocity profile
whatever their cause, and that the most essential knowledge
required for further studies 1s the velocity profile.

Ievich (24) has proposed that a quiet film at the
surface controls the diffusion process, even 1in turbulence.
'These results certainly support this idea, although clear
definition of concentration profiles at the surface with
pronounced waves was not possible. No suggestion has been
madevas to how the thickness of this film would be related
to the filﬁ mechanics, nor how it would be modified as one

proceeds from small Reynolds numbers to turbulent films.

Average Concentration of CO2

The average condentrations'of carbon dioxide in the
falling water film at various cell locations were qalculated

from the titration data in the usual way. Sample calculations
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are shown in Appendix D. The results are plotted in figures

22, 23, and 24,

The total amount of CO, transferred from gas phase
into the liquid phase per unit time increased as the liquid
flow rate and angle increased. The values of average COp
concentration for the laminar flow (without ripples) were
calculated from Pigford and Johnstone's equation and shown
in figuré?aéﬁu The values were calculated using the experi-
mental results for the film thickness because the comparison
of mass transfer at equal Reynolds numbers is meaningful'only
if the films have the same velocity profile. If the |
Johnstone-Pigford equation were used without this correction,‘
calculated_exit concentrations would be in some cases larger
than the experimental values. The measurements of Vyazovov
as reported by Sherwood and Pigford (reference 35 page 267)
are an example. Jepsen (17) assumed the initial concentration
to be equal to the average concentration at some position in
the cell and comparéd the resulting increase according to the
Johnstone-Pigford theory with his experimental results. His
method slightly underestimates the amount of mixing action.
The comparison shoﬁs that the slope of the experimental values
was greater than the slope of the calculated values at an
angle of 25°, and was only slightly larger at an angle of 15°
and about the same at 5°. The vertical difference between
the experimental and theoretical values on the figure
reﬁresents the effect of waves, bulk mixing and the increase
in 1n£erfac1a1 aréa. This difference was larger at higher
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1nc11nation angle than at lower inclination angle. Thus, the
effects of the wave and bulk mixing appear more clearly at
higher inclination angle than at lower inclination angles.
Furthermore, the eddy diffusivity must be a function of
inclination angle and Reynolds number.

One of the purposes of this work was to establish a
connection between the data obtained at angles below 25° and
experimental results on vertical films: The total mass
transfer measurements are essentially consistent with results
obtained by others at 90°. According to laminar film |
diffusion theory a logarithmic plot of average exit
concentration as the abscissa at constant Reynolds number
should be a straight line as a function of the sine of the
angle with a slope of 6 {Ibid}.(reference 35 page 267).

Stirba (36) used a 36 inches long, 0.852 in I.D. tube
to measure the exit concentration of pure COp and water

system at 31.2° to 31.5°C. His results were:

Re % Saturation of Exit Liquid
380 56.8
690 - 48.1
1270 30.6

His results are cohpared_with the results of this work in
figure 25. The line is straight, with a slope of about 3;
no éorrection for difference in Reynolds number was applied.
This does not lead to any proper extrapolation of other
results to vertical inclination. The average concentration

seems consistent, but the other behavior, such as the
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transition, film thickness variation,wave frequency and
- amplitude are not. The trends cannot be extrapolated to
vertical inclinations with any degree of certainty.

The most significant results of the concentration
measurements are that the magnitude of the total diffusivity
and location of its maximum were functions of the angle of
inclination and Reynolds number. Theoretical discussion |
showed that both laminar wave and turbulent interaction could
explain such results. '

If the large diffusivities obtained in the central
region existed af the surface, this would}imply far gfeater
total mass transfer than was observed. Therefore, one
ooncludes that a relatively quiet film at the éurfgce must
control the diffusion into the film..



CHAPTER VII
CONCLUSIONS

Héan film thicknéss and wave phase velocity,
frequency and amplitude, for waves appearing on laminar
falling £ilms were found to be dependent on both angle of
inclination and Reynolds number. Mean film thickness varied
from OF to 50% higher than theoretical prediction at Reynolds.
numbers greater than 1000 and the phase velocity was also
slightly larger (10% at 8 = 5°). Experimental frequencies
and amplitudes were lower than theoretical. |

The expgfimental values of surface area increase due
to the waves were slightly higher.fhanrtheoretical values but
generally not sufficient to account for the increase in mass
transfer. ’

A maximum total diffusivity varying from 10 to 200
times the molecular diffusivity exists within the films. |
This diffusivity and its position changes with angle and
Reynolds number. This behavior could be explained by either

a modified laminar or turbulent velocity profile.
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CHAPTER VIII
PUTURE RESEARCH

In order to obtain more accurafe diffusivity data
from the concentration profile and to make the theoretical
analysis conclusive, it will be necessary to measure the
velocity profilé in the water film. Because the carbbn
dioxide diffusiocn process seems tb be controlled at the-
surface of the water film, it becomes essentlal to know the
true veloéity profile near the.interfacial surface. These »
measurements should establish whether the dynami¢ mechanisms
were turbulent or modified laminar.

Film thickneés and frequency at higher Reynolds number
will be necessary to establish the nature of the'tranéition
Reynolds number. The wave velocitiles cduld be obtained by
using two capacitometers, high speed moving pictures would
establish the 1ncreése in interfacial surface area and provide
a check on the increase measured by the capacitometer.

Measurements at low angles and velocities would
establish more clearly how fhe interface behaves as the waves
begin to appear, and whether the Johnson-Pigford equation is
a proper bésiaAfor deciding whether the waves énhance the
masé transfef. |
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Re

NOMENCLATURE

constant

concentration of CO», gram/liter

saturated concentration of CO,, gfﬁm/liter
wave velocity, cm./sec. '
diffusion coefficient, cm.2/sec.

acceleration of gravity’,"cm./sec.2

conversion to force units, g.-cm./g.force—sec.2
function defined By equation 35-a
function defined by equation 35-b -
mean film thickness in wavy flon, cm.
varying film.thickness, cm.

funetion defined by equation 23
function defined by equation 22
éonstant used . in equation 61
magnification ratio

M, = 98.384

M} = 37.258

number of fringe shifts

number of fringe shifts that correspond to water
saturated with COp

volumetric flow rate, cm.3/cm. -sec.
function defined by equation 32
Reynolds number, = 4I/u
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interfacial area, cm.2
xérea increase caused by uavee,-e!?a
time, sec.

dimensionless velocity, = Vy/U#

friction velocity, = J Tw8
)

mean stream velocity at film thickness ho from equation
17, cm./sec. Vo = ¥hg

mean stream velocity, cm./sec., defined by equation 1
instantaneous veloéity in the x direction, cm./sec.
instantaneous velocity in the y direction, cm./sec.

Cartesian coordinate, distance from leading edge of the
flat bottom plate, cm.

fringe spacing

Cartesian coordinate; distance measured normal to the
bottom plate, cm.

average crest‘height, cm.,

average trough height, cm.

minimum trough height, cm.
amplitude of wave motion

angles of inclination of the cell
mass Clow fate, gr./cm;-eec. |
eddy diffusivity, cm.2/sec.

value of y' at the 1ntérface

wave length, cm.

viscosity, gr,/cm;-sec.

kinematic viscosity, = w/p, cm.2/sec.
density, gr./cm.3

surface tension, dyne/cm.
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T shear stress, dyne/cm.2

T wall shear stress, dyne/cm.?

¢ function defined by equation 27

P function defined by equation 9

w wave frequency, sec. !

8 Ievich diffusion film thickness, cm.



APPENDIX A

EXPERIMENTAL VALUE OF WAVE PROPERTIES
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p = 0.9973 gr./cm.3
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angle of inclination = 15°

0.9977
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APPENDIX B
CONCENTRATION PROFILES

Séries A

Inclination angle = 5°
Water temperature = 24°C
Room temperatﬁre = 24° + 2°
Magnification ratio = 98.384
NB = 2,.8472

Cg = 1.415 gr. COp/1liter
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Run Al16-1 Run A16-6

"Re = 272 . Re = 435

Cell position 25 -Cell position 25

¥, cm. C, gr./1. ¥y, cem, C, gr./1.

0.0051 0.368 0.0051 0.065

0.0102 0.418 0.0102 0.0

0.0152 0.502 : 0.0152 : 0.12

0.0203 0.626 0.020 0.184

0.0254 0.808 0.025 0.286

0.0305 1.026 0.0305 0.445

0.0330 ) 1.145 0.0356 0.676
0.0373 0.768

Run Al7-2 . - Run AlT-6

Re = TT4 Re = 1144

Cell position 25 ~ Cell position 25

y, cm. Cc, gr./1. ¥y, cm. C, gr./1.

0.0051 0.070 0.0051 0.268

- 0.070 . o

0.0051 : 0.072 0.0356 0.268

0.0203 0.085 .  0.0407 . 0.2TT

0.0254 -7 0.103 0.0457 .0.299

0.0305 0.147 ' 0.0508 0.340

0.0356 . 0.226 0.0559 0.408

o.ohoT 0.354 ~ 0.0610 0.506

0.0457 0.536 0.0646 0.599

0.0508 0.5
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" Run A18- Run A18-5
Re = 15 : Re = 1917
Cell position 25 Cell position 25
¥y, cm. c, gr./1. = ¥y, cm. ¢, gr./1.
0.0051 - 0,122 Q.OOSl 0.052
0.0508 0.122 © 0.0559 0.052
0.0559 0.128 0.0610 0.057
0.0610 - 0.154 0.0661 0.090
0.0661 0.219 0.0771 0.172
0.0711 0.236 0.0754 0.2081
0.0749 0.460
Run A20-3h .- Run A20-6
Re = 272 . Re = U35
Cell position 28 Cell position 28
y, cm. c, gr./1. | j', cm. C, gr./1.
0.0051 0.350 0.0051 0.251
0.0102 0.403 S 0.0102 - 0.271
0.0152 - 0.495 0.0152 - 0,311
0.020 0.638 - 0.020 0’13;58
0.025 | 0.872 . S 0.025 0.480
- 0.0272 0.915 | 0.0305 0.628
o 0.0356 : 0.845

0.0396 1.069
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Run A21-2 ' Run A21-

Re. = TT4 Re. = 11

Cell position 28 Cell position 28

Y, cm. C, gr./1. ¥y, cm. - Cc, gr./1.

0.0051 0.224 0.0051 0.442
0.0305 . 0.442
0.8256 0.442

0.0152 0.224 0.0307 0.460

0.020 0.226 0.045 0.48

0.025 0.234 0.050 0.52

0.0305 0.241 - 0.0559 0.581

0.0356 ‘ 0.271 10.0610 0.715

0.0407 0.338 " 0.0647 0.917

0.0452 0.450

0.050 : 0.611

0.0540 : 0.764

- Run A22-1 : . Run A26-6

Re. = 1544 ' Re. = 1917

Cell position 28 Cell position 28 -

¥y, cm. . ¢, gr./1. ¥y, cm. c, gr./1.

0.0051 0.027 0.0051 0.077

0.0508 0.027 ~ 0.0508 0.077

0.0559 0.030 0.0559 0.087

0.0610 ' - 0.035 0.0610 0.100

0.0661 0.077 0.0661 ' 0.124

0.0711 0.191 0.0711 0.161

0.0762 0.370 0.0748 0.189
0.0770 0.393 . '
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Run A26-7 ' Run A23-5
Re. = 1917 Re. = 435
Cell position 28 Cell position 30
¥y, cm. C, gr./1. y, cm. C, gr./1.
0.0051 0.050 0.0051 0.221
: 0.0102 0.250
0.0152 0.293
0.045 0.050 0.020 0.365
0.05 0.057 0.025 0.475
0.0559 0.066 0.0305 0.625
0.0610 0.077 0.0356 0.795
0.0661 0.093 0.0407 0.980
0.0711 0.112 0.0448 1.139
0.0762 0.139
0.081 0.180
0.086 0.236
0.0901 0.292
Run A23-6 _ Run A24-1
Re. = 435 : . Re. = TT4
Cell position 30 Cell position 30
¥y, cm. C, gr./1. ¥y, cm. Cc, gr./1.
0.0051 - 0,264 0.0051 0.201
0.0102 0.286 ' e
0.0152 0.316 ’
0.0203 0.400 0.0152 - - 0.201
0.0254 - 0.502 : 0.0203 0.209
0.0305 0.634 . 0.0254 0.221
0.8355 0.793 0.0305 0.251
0.0407 0.979 0.0356" 0.297
0.0457 ' 1.185 0.0407 0.363
- 0.0480 . 1.334 0.0457 0.452
_ : 0.0508 0.562
0.0545 0.656
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Run A24-2 Run A24-
Re. = TT4 ' Re. = 11
Cell position 30 Cell position 30
y, cm. C, gr./1. ¥y, cm. C, gr./1.
0.0051 0.181 : 0.0051 0.492
0.0203 0.181 } 0.0305 0.492
0.0254 0.186 , o 0.8256 0.500
0.0305 0.200 ' 0.0407 0.514
0.0356 0.234 0.0457 0.537
o.o0407 0.281 0.0508 . 0.572
0.0457 0.368 0.0559 0.624
0.0508 0.517 0.0610 0.713
0.0559 0.708 0.0661 - 0.833
0.0610 0.972 0.0711 0.973
0.0616 1.004 0.0728 1.021
Run A27-2 Run A25-6
Re. = 1544 : Re. = 19017 :
Cell position 30 Cell position 30
y, cm. C, gr./1. y, cm. C, gr./1.
0.0051 ' 0.181 ‘ 0.0051 0.174
0.0457 0.181 0.0356 ~0.174
0.0508 0.186 - ~ 0.0407 0.181
0.0559 0.191 0.0457 0.191
0.0610 ' 0.199 0.0508 0.201
0.0661 0.211 0.0559 0.211
- 0.0711 0.243 0.0610 0.236
0.0762 0.303 : 0.0661 0.261
0.0813 0.413 0.0711 0.291
0.0864 0.577 0.0762 0.349
- 0.0915 - 0.840 0.0813 0.452
0.0929 0.917 . 0.0864 0.272
, . 0.65

0.0894



Series @

Inclination angle = 5°

Water temperature = 24°¢c,
Room temperature = 24°C, £2°C.
Magnification ratio = 37.258
Ng = 2.8472

Cg = 1.415 gr. COp/1.
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Run Gll-2

Re. = 435

Cell position 19

y, cm, c, gr./1.
0.0107 1 0.00
0.0215 0.058
0.0322 0.184
0.0429 0.571
0.0533 1.208
Run Gl11-7

Reo = 774

Cell position 19

y, cm. - ¢, gr./1.
0.0107 0.408
0.0215 : 0.408
0.0322 0.413
0.0429 0.430
0.0537 : 0.516
0.0644 0.862
0.0668 0.997

Run G11-6

Re. = TT4

Cell position 19

¥y, cm. 'c, gr./1.

0.0107 0.420

0.0215 O.uéo

0.0322 0.430

0.0429 0.443

0.0537 0.549

0.0644 1.054

0.0611 1.072

Run G10-2

Re. = 1144

Cell position 19

y, cm. _ C, gr./1.
©.0.0107 0.418

-0.0429 0.418

0.0537 0.425

0.0644 0.488

0.0698 0.651

0.0751 0.880

0.0759 0.917
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Run @G10-5 Run G10-7
‘Re. = 1544 Re. = 1544
Cell position 19 Cell position 19
¥y, cm. C, gr./1. ¥y, cm. C, gr./1.
0.0107 0.022 0.0107 0.039
0.0322 0.022 0.0322 O.gﬁg
0.0429 0.030 0.0429 0.
0.0537 0.043 0.05 ’ 0.055
0.0 0.060 0.06 0.082
0.0751 0.099 0.0751 0.138
0.0852 0.170 0.0830 0.214
Run G9-2 . Run G9-3
Re. = 1917 . Re. = 1917
Cell position 19 ‘ , Cell position 19

Y, em. C, gr./1. ¥y, cm. C, gr./1.
0.0107 0.460 0.0107 0.477
0.0537 - 0.460 0.0537 0.477 -
0.0644 0.462 0.0644 0.486

- 0.0751 0.467 0.0751. 0.503
0.0859 : 0.500 0.0859 -~ 0.591
0.0966 0.644 -0.0967 1.019

0.1065 ~ 1.061
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Run @8-2 . Run G8-4

Re. = 435 . Re. = 435

Cell position 22 Cell position 22

¥y, cm. C, gr./1. ¥y, cm. C, gr./1.
0.0107 0.400 0.0107 | 0.370
0.0215- 0.455 - 0.0215 0.418
0.0322 0.591 0.0322 0.532
0.0429 0.932 0.0429 0.872
0.0523 1.428 0.0515 1.387
Run @8-6 Run G8-7

Re. = TT4 Re. = TT4

Cell position 22 Cell position 22

¥, cm. c, gr./1. y, cm. ' C, gr./1.
0.0107 0.071 . 10.0107 0.062
0.0322 0.071 0.0322 0.062
0.0429 0.077 0.0429 0.072
0.0537 ) 0.144 0.0537 0,125
0.0590 ' .296 0.0590 0.244

0.2 .
0.0644 0.494 0.0644 0.425.
0.0662 0.561 : ‘ 0.0673 0.549 -
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Run G7-4 Run G7-5
Re. = 1144 Re. = 1544
Cell position 22 Cell position 22
¥y, em. c, gr./1. ¥, cm. c, gr./1.
- 0.0107 0.450 0.0107 0.117
0.0429 0.450 0.0537 0.117
- 0.0537 0.452 0.0644 0.12
0.0644 g.ggQ g 0551 0.143
0751 .631 085 0.
0.0860 0.999 . 0.0892‘ 0.265
Run G7-6 : Run @6-3
Re. = 1544 Re. = 1917
Cell position 22 Cell position 22
¥y, cm. ‘ c, gr./1. y, cm. C, gr./1.
0.0107 0.124 0.0107 : 0.052
0.0537 0.124 6.0537 0.052
0.0644 0.132 0.0644 0. 06
0.0751 0.176 0.0751 0.084
0.0859 0.410 0.0859 0.164
0.0908 0.607 : 0.0913 0.350
: 0.0966 0.629
0.0996 0.847
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Run G6-4 Run G6-5

Re. = 1017 Re. = 435 '

Cell position 22 Cell position 25

y, cm, - C, gr./1. ¥y, cm. Cc, gr./1.

0.0107 0.032 0.0107 0.286
0.0215 0.326
0.0322 0.475

0.0537 0,032 0.0376 0.609

0.0644 0.049 0.0429 0.817

0.0751 0.077 0.0483 1.109

0.0859 0.129 0.0537 1.486

0.0966 0.321

0.1061 0.761

Run G6-T7 o Run @5-2

Re. = 435 Re. = TT4

Cell position 25 . Cell position 25

y, cm. C, gr./1. ¥y, cm. C, gr./1.

0.0107 0.360 0.0107 0.077

0.0215 0.401 -

0.0322 0.568 : ;

0.0376 0.716 0.0322 0.077

0.0429 0.875 0.0429 . 0.098

0.0483 1.248 0.0537 - 0.207

0.0537 1.615 - 0.0590 - 0.375
0.0644 0.604

0.0648 0.625
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Run G5-3 Run 05-5

Cell position 25 : Cell position 25

¥y, cm. - ©C, gr./1. ¥y, cm. C, gr./1.

0.0107 0.077 0.0107 0.027

0.0322 0.077 0.0322 0.027
.0429 0.087 0.0429 0.039

0 0537 0.181 . 0.0537 0.051

Bg 0.336 0.0644 0.108

o .06 , 0.545 0.0747 0.358

0.0679 0.711

Run G5-6 . Run G4-4

Re. = 1144 - Re. = 1544

Cell position 25 Cell position 25

¥y, cm. C, gr./1. ¥y, cm. c, gr./1.

0.0107 0.049 0.0107 0.196

0.0322 0.049 ’ 0.0537 0.196

0.0429 0.059 0.0644 0.214

0.0537 0.074 0.0751 0.371

0.0644 0.191 0.0758 0.390

0.0671 0.251
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Run G4-5 Run G2-2

Re. = 1917 Re. = 7Th

Cell position 25 Cell position 28

y, cm. C, gr./1. Yy, cm. C, gr./1.

0.0107 0.084 0.0107 0.055

0.05 0.084 0.0215 0.055

o.osal 0.089 0.0322 0.072

0. ok2s o187 00537 0.306

0.0966 0.430 ' o:osal o:gsa

0.0997 0.533 0.0667 1.046

Run G2-4 ' Run G2-5

Re. = TT4 Re. = 1144 ‘

Cell position 28 - Cell position 28

y, cm. C, gr./1. y, cm. C, gr./1.

0.0107 0.0Th ' 0.0107 0.754

0.0215 | o.ogu' 0.0215 0.754

0.0322 | 0.087 . 0.0322 0.760

8'052“? g%ﬂ 8'052'? 8'3793

R 03638 oioafu 0.870

0.0711 1.240 0.0751 1.163
- 0.0812 1.432
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Run @2-6 Run G1-2

Re, = 1144 Re. = 1544

Cell position 28 Cell position 28

y, cm. C, gr./1. ¥y, cm. C, gr./1.
Of0107 0.724 .0.0107 0.414
0.0215 0.724 |  0.053 0.414
0.0322 0.732 0.0 0.414
0.0429 0.748 0.0751 0.432
0.0537 0.76 0.0859 0.465
0.0644 0.836 0.0966 0.588
0.0751 1.079 0.1050 0.912
0.0822 1.452 |

Run G1-4 ’ Run G1-5

Re. = 1544 ' Re. = 1917

Cell position 28 . Cell position 28

y, cm. C, gr./1. ¥y, cm. Cc, gr./1.
0.0107 0.508 : 0.0107 . 0.094
0.0429 - 0.408 0.0644 0.094
0.0537 0.408 0.0751 .0.103
0.0644 0.414 0.0859 0.109
0.0751 ‘ 0.435 - 0.0966 0.133
0.0859 0.455 0.10T4 0.226
0.0966 0.549 0.1171 0.492
0.1010 0.621



Series H

Inclination angle = 15°
Water temperature = 24°C.
Room temperature = 24°C t2°C. -
Magnification ratio = 37.258
Ng = 2.8472

Cg = 1.415 gr. COo/1. -
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Run H2-2 ' Run 82-3

Re. = TT4 Re. = 774

Cell position 19 ‘ Cell position 19

y, cm. C, gr./1. y, cm. c, gr./1.

0.0161 o.464 0.0161 0.503

0.0215 0.482 0.0215 ) 0.513

0.0268 0.774 0.0268 0.551

0.0322 0.61 0.0322 0.645

0.0331 0.61 0.0376 0.831
o.o407 0.95§

Run H2-5 Run H2-7

Re. = 1144 ' ~ Re. = 1144 .

Cell position 19 _ Cell position 19

y, cm. 'C, gr.s1. &, cm. C, gr./1.

0.0107 0.197 0.0107 0.263

0.0161 0.297 : 0.0161 0.263

0.0215 0.313° 0.0188 0.264

0.0268 . 0.330 0.0215 : - 0.291

0.0304 0.369 0.0242 0.335

0.0274 0.393
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Run H1-3 : Run Hl-4

Re. = 1544 Re. = 1544

Cell position 19 Cell position 19

y, cm. C, gr./1. y, cm. C, gr./1.

0.0107 0.260 0.0107 0.285

0.0161 : 0.260 0.0161 0.285

0.0215 0.262 0.0215 0.290

0.0268 0.273 0.0268 : 0.308

0.0322 0.292 0.0331 0.369

0.0376 0.321 .

0.0445 0.362

‘Run H1-5 ' | ‘Run H5-5

Re. = 1917 Re. = TTh4

Cell position 19 Cell position 2

¥, cm. C, gr./1. y, ocm. C, gr./1.

0.0107 0.051 . 0.0107 ' 0.469

0.0161 0.0161 0.469
0215 0.051 0.0215 0.472
.0268 0.058 0.0268 ) 0.496
.0322 0.064 0.0322 0.606
.0376 0.072 0.0363 , 0.665
.0429 0.085

. 000000

.0504 0.125
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Run H5-7 Run H4-3
Re. = TT4 Re. = 1144
Cell position 22 Cell position 22 _
¥y, cm. C, gr./1. ¥y, cm. c, gr./1.
0.0107 0.457 0.0107 0.190
0.0161 (o} .455 0.0161 0.190
0.0215 0.4 0.021 0.206
0.0268 0.4 ' 0.026 0.231
0.0328 0.580 0.0322 0.248
0.0 ZG 0.22;
0. 9 0.3
0.0467 0.537
Run Hi-4 Run HY-6
Re. = 1144 - ~ Re. = 1544
Cell position 22 ‘ Cell position 22
¥y, cm. c, gr./1. ‘ ¥y, cm. C, gr./1.
0.0107 0.123
: 0.0161 0.123
0.0161 ’ 0.224 0.0215 0.125
0.0215 0.243 - 0.0268 0.130
0.0268 0.269 0.0322 0.138
0.0322 0.322 0.0376 0.148
0.0354 0.400 0.0429 0.169
: 0.0483 0.208
0.0537 0.281
0.05 0.388



Run H3-3

Re. = 1017

Cell position 22

y, cm. C, gr./1.
0.0161 0.454
0.0215 0.464
0.0268 0.483
0.0322 0.509
0.8276 0.553
0.0429 0.627
0.0442 0.653
Run H7-T

Re. = TT4 .
Cell position 25

y, Olll. c, SI‘./]..
0.01i07 0.150
0.0161 0.255
0.0188 0.321
0.0242 . 0.467
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Run H7-5

Re. = 774

Cell position 25

y’ CI. c’ 81‘./1.
0.0107 0.16
0.0161 0.27
0.0188 0.355
0.0215 0.840 -
0.0245 0.544
Run H6-2

Re. = 1144

Cell position 25

¥y, om. - C, gr./1.
0.0107 0.323
0.0161 - 0.33
0.0188 0.35
0.0215 0.385
0.0242 0.431

0.0282 0.533



134

Run H6-4 Run H6-7

Re. = 1144 Re. = 1544

Cell position 25 Cell position 25

y, cm. C, gr./1. y, cm. c, gr./1.

0.0107 0.308 0.0107 0.132

0.0161 0.325 0.0161 0.147

0.0215 0.355 0.0215 0.172

0.0268 0.409 0.0268 0.191

0.0322 0.50 0.0322 0.216

0.0376 0.5 ' 0.0376 0.242

0.0398 0.T747 0.0429 0.276
0.0483  0.326
0.0537 - 0,448
0.0581 0.641

Run H5-2 Run H9-2

Re. = 19017 Re. = TT4

Cell position 25 Cell position 28

y, cm. Cc, gr./1. ¥y, cm. c, gr./1.

0.0107 0.316 : 0.0107 0. 4Th

0.0161 0.0161 _ 0.501

0.0215 0.316 - 0.0215 0.538

0.0268 0.321 0.0242 0.558

0.0322 . - 0.331 0.0268 0.579

0.0376 ' 0.343 0.0301 0.604

0.0429 0.372 :

0.0483 0.460

0.0535 0.559
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Run H9-5 Run H8-2

Re. = 1144 Re. = 1544

Cell position 28 Cell position 28

y, cm. C, gr./1. ¥y, cm. c, gr./1.
0.0107 0.011 0.0107 0.48
0.0161 0.027 0.0161 0.4
0.0215 0.06 0.021 0.511
0.0268 0.11 0.026 0.534
0.0322 0.219 0.0322 0.565
0.0340 0.480 0.0379 0.611
Run H8-T

Re. = 1917

Cell position 28

y, cm. c, gr./1.

0.0107 0.055 2
0.0161 0.055 ; o

0.0215 0.058

0.0268 0.062

0.0322 0.071

0.0376 0.083

0.0429 0.102

0.0483 0.127

0.0537 0.153

0.0590 0.191

0.0625 ©0.219



APPENDIX C

TOTAL DIFFUSIVITIES
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Re. = 435
Run A16-6 & A20-6
Cell position 25 & 28

y (D + €) x 109
cm cm.2/sec.
0.0051
0.0152
0. 025“ 2.3I
0. gz 5.
7.9
9 7.62
0 0503 7.32
0.0517 T.11
Re. = 435

Run A20-6 & A23-5
Cell position 28 & 30

y (n+e)x105
cm. cm.2/sec.
0.0051
0.0152
0.0254 10.74
0.0356 17.4
0.0443 26.1
0.0489 28.3
0.0503 28.2

0.0517 28.1

Re. = 435
Run A16-6 & A23-5
Cell position 25 & 30

oy (D + c) x 102
cm cm.2/sec.

0.0051

0.0152

0.0254 7.04

0. 3246 12.90

19.1

0 0489 21.1

0.0503 21.67

0.0517 22.31

Re. = TT4

Run Al7-2 & A21-2
Cell position 25 & 30

y (D + c) x 10°

em, cm.2/sec.
0.0051 5.7
0.0152 137 .
0.0254 204
0.0356 111
0.0457 -
0.0553 : 22.4
0.0629 15.2
0.0691 ~10.8

0.0757 8.39



138

Re. = T7h Re. = 1144
Run A17-2 & A24-1 Run Al17-6 & A21-5
Cell position 25 & 30 Cell position 25 & 28
y (D + ¢) x 105 ¥y (D + €) x 10°
cm. cm.2/sec. cm. cm.2/sec.
0.0051 0.0051
0.0152 0.0152
0.0254 10.67 0.0254
0.3356 8.13 O.g356 82.%8
0.0457 9.73 0.0457 170.
0.0553 . 11.80 0.0559 228.9
0.0629 12.54 ' 0.0661 181.8
0.0691 11.20 0.0762 124 .4
0.0757 ' 0.0821 92.84
0.0846 81.93
0.0884 65.20
0.0931
Re. = 1144 Re. = 1544
Run A17-6 & A24-5 Run A21-5 & A24-5
Cell position 25 & 30 Cell position 28 & 39
y (D+€)1105 y (D+e)xlo5
cm. cm.2/sec. . cm. cm.2/sec.
0.0254 0.0254 9lt.15
0.0356 : 0.0356 113.8 -
0.0B57 2%.14 ‘ 8.0427 1.2&.1;
0.0559 23.99 .0559 '167.9
0.0661 25.36 ‘ 0.0661 - 221.1
0.0762 26.74 0.0762 210.1
0.0821 30.21 0.0864 159.5
0.0846 32.73 A - 0.0931 : 120.5
0.0884 37.07 0.0972 108.2
0.0931 42.85 0.1021 103.5

0.1075



Re.

= 1544

Run A18-3 & A22-1
Cell position 25 & 28

eJeNoYoRoJoNoNeYoNoNoXo)

Re. = 1

y
cm.

.0152
. 0254
.0356
.0l4sT
.0559
.0661
.0762
.0864
.0931
.0972
.1021
.1075

(D + e) x 10°

cm. /sec

155.7
191.4
235.1
291.3
331.1
367.5
307.5
127.1
108.0
87.1
78.4
78.8

Run A18-5 & A25-6
Cell position 25 & 30

000000000000

y
cm.

.0254
.0356
L0457
.0559
.0661 .
.0762.
.0864
.0966
.1042
.1086
.1123
.1181

(D + ¢) x 105
cmfz/sec.

123.0
183.4
291.1
401.1
383.1
229.7
163.6
141 .4
127.9
131.1

OOOO0.0000000

Re.

= 1917

Run A18-5 & A26-T7
Cell position 25 & 28

Re

y
cm.

.0254
.0356

0457

-0559
.0661

62
0864

.0966
.1042
.1086
.1123
.1181

. = 1917

(D + e) x 10°

cm.2/sec.

113.9
182.3
291.6
273.9
326.3 -
425.6
284.6
196.4
160.5
128.8
121.8

Run A25-6 & A26-T7
Cell position 28 & 30

COO0O00O0O0OO00O00O0O0

y
cm.

.0254
.0356
L0457
-0559
.0661
.0762
.0864
.0966
.1042
.1086
.1123
.1181

(D + 5) x 10°

/8ec.

66.6
105.0
155.8
215.2
231.9
193.2
166.1
164.0
172.5 .



= 435
Run @11-2 & G8-2
Cell position 19 & 22

y (D +¢€)x 10°

cm. cm.2/8ec.
0.01 3.05
0.015 9.09
0.02 15.5
0.025 ' 20.2
0.03 17.4
0.835 15.4
0.045 ig.9
0. .
0.05 8.4
Re. = TTh

Run G11-6 & @G2-2
Cell position 19 & 28

-y (D + e) x 10°
cm. _ cm. /sec.

0.02 '

0.025

0.03 2.$g

0.0 3,

o8 R

0.045 4.36

0.05 u.gi

0.055 5.

0.06 6.36

0.065
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Re. = 435
Run 06-5 & G3-6
Cell position 25 & 28

y (D +£) x 10°
cm. cm.2/sec.
0.01
0.015 2
0002 u'
0.025 6.55
0.03 8.6
0.035 10.7
0. 11.93
8.045 11.51

Re. = TT4
Run G8-6 & G5-2
Cell position 22 & 25

v (D + ¢) x 102
cm. - cm.2/sec.
0.02
0.025
0.03
0.035 . 3.73
0. 10.25
0.045 15.18
0.05 13.77
0.055 17.54
0.06 13.45
0.065
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Re. = TT4 Re. = 1144
Run G8-6 & G2-2 Run G10-2 & G5-5
Cell position 22 & 28 Cell position 19 & 25
y (D-l»e)xlo5 y D+c)1105
cm. cm.2/sec. cm. ( cm.2/sec.
0.02 | 0.02
0.025 1.1 0.03 4,05
0.030 4.26 0.04 12.57
0.035 9.38 0.05 22.0
0.04 10.60 0.06 9.72
0.045 10.94 0.07 2.71
0.05 11.80 0.08 .
0.055 13.81
0.06 17.60
0.065
Re. = 1144 Re. = 1144
Run Gl10-2 & (G2-5 - Run G7-4 & G2-6
Cell position 19 & 28 Cell position 22 & 28
v (D + €) x 10° y (D +¢) x 105
cm. cm.2/sec. cm. cm.2/sec.
0.02 0.02 4,97
0.03 0.03 20.8
0.04 ﬁ 818; 0.04 35.0
0.05 1l 0.05 57.1
0.06 9.65 0.06 by .3
0.07 3.40 0.07 24.1
0.08 0.08
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Re. = 1544 . ' Re. = 19017
Run G10-5 & G7-5 : Run G9-3 & G6-3
Cell position 19 & 22 Cell position 19 & 22
y (D + ¢) x 10° y (D + ¢) x 105
cm. cm.2/sec. cm. - cm.2/sec.
0.0067 0.02 9.86
0.0201 35.2 O.gg 27.6
0.3236 "82.56 0. 42.6
0.0470 144 .2 0.05 47.6
0.%0& 15905 Oo% 5905
0.0738 115.9 0.(0)3 GZ.Q
0. 2 41.9 0. 34.2
0.0943 36.6 0.09 14.1
0.0970 40.7 0.10 .
0.1020 51.5

0.1075



. = TTh
Run B-5 & H9-2
Cell position 22 & 28

y (D + c) x 10°
cm. cm.2/8ec.
0.0134
0.0161 5.65
0.0188 20.96
0.0215 44 .90
0.0242 75.62
0.0268 88.39
0.0295 87.92
0.0322 86.50
0.0348
0.0376
Re. = 1144

Run B4-3 & H9-5
Cell position 22 & 28

y (D+e)x105

em. cm.2/sec.
0.0134
0.0161
0.0188 5.42
0.0215 13.78
0.0242 23.89
0.0268 35.15
0.0295 47.36
0.0322 63.34
0.0348 82.72
0.0376 . 103.5
0.0403 126.2

0.0429 146.5

Re. = TT4
Run B2-3 & H7-5
Cell position 19 & 25

y (D + ¢) x 10°
cm. cm.2/sec.
0.0134
0.0161 3.36
0.0188 8.73
0.0215 20.57
0.0242 38.22
0.0268 58 1
0.0295 g
0.0322 9.67.
0.0348
Re. = 1144

Run Hll-3 & 116-2 :
Cell position 22 &_25

vy (D + €) x 10°

cm. cm.2/sec.
0.0134 -
0.0161. 2.4
0.0188 7.9
0.0215 12.7
0.0242 15.3

© 0.0268 18.06

0.0295 17.3
0.0322 19.64
0.0348 31.29
0.0376 56.02
0.0403 - 90.92
0.0429
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Re. = 1144 Re. = 1144

Run H6-2 & H9-5 Run H6-4 & H9-5

Cell position 25 & 28 Cell position 25 & 28
y (D + ¢) x 10° y (D + e) x 10°
cm. cm.2/sec. cm. cA. /nec

0.0134 0.0134

0.0161 | 0.0161 b, 04

0.0188 T.17 0.0188 16.9

0.0215 27.08 0.0215 40.65

0.0242 58.42 0.0242 70.42

0.0268 2 .02 0.0268 99.26

0.0295 96.24 0.0295 131.03

0.0322 112.5 0.0322 170.16

0.0348 127.6 0.0348

0.0376 146.2 0.0376

0.0403 _ 156.9

0.0429

Re. = 1544 Re. = 1544

Run HR-; & H8-2 Run Hl-g & HA-T

Cell position 22 & 28 . Cell position 19 & 22
y (D + ¢€) x,lO5 . v (D + e) x 109
cm. cm.2/sec. cm. cm.2/sec.
.0134 ’ 0.0134%
.0161 o 0.0161 24.76
.0188 5.04 0.0188 50.61
.0215 13.07 0.0215 73.05
.0242 24,67 0.0242 91.83
.0268 40.33 ‘ 0.0268 1105.88
0295 37.25 : 0.0295 115.90 -
.0322 60.98 , 0.0322 126.39
.0348 85.55 0.0348 127.25
.0376 : 110.89 0.0375 _ 127.05
.0403 132.82 0.0403 : 131.41

0.0429

00000000000’

145.58 | 0.0429 141.80
S 0.0456 155.0
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Re. = 1544 Re. = 1917
Run HA-6 & HO-T: Run H1-5 & B5-2
Cell position 22 & 25 Cell position 19 & 25
y (D+c)1105 y (D+c)1105
cm. cm.2/sec. B cm. cm.2/sec.
0.0134 0.0188 34.03
0.0161 0.0215 52 .47
0.0188 11.44 0.0242 T75.63
0.0215 46.32 0.0268 107.7T7
0.0242 108.72 0.0295 149.84
0.0268 198.53 - 0.0322 125.6
0.0295 312.0 0.0348 240.
: 0.0376 334.37
0.0403 327.6
0.0829 301.1
0.0456 ' 251.47
0.0483 253.83

0.0510 -294.95



APPENDIX D

TITRATION PROCEDURE
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The error of the titration could be found by the following

analysis: (42)(35a)

Ba'? +.00,7" === BaCOg | (72)
OH™ + HY == H,0 (73)
BaCOg + Hy0 === Bat? + BCO3™ + OH™ (74)

At 20°C., the solubility product of equation 72 is
K, = [Ba**1[CO3™"] = 1.6 x 1077 (75)

and the ionization constant of the carbonic acid is

[E*1[C03™"] T
Ko = o T 4.8 x 10 (76)
and
_ -14
K, = [A'][OH"] = 1 x 10 | (77)

From equations 75, 76 and 77, give

KK
K

The pH range of Phenolphthalein is 8.3 to 10. It means that

[Ba**][HCO3~1[OH"] =

= 3.33 x 10713 (78)

the color of the solution will change from red to colorless
while the conéentration of hydrogen ion is decreased from

[HY] = 10"8'3 to [H'] = 10-10 or the hydroxide ion is

increased from [OH"] = 10'5‘7 to [OR7] = 10'“. Substituting
the [OH™] ion concentration into equation 78 gives
[Ba++][HCO3'] = 3.33 x 10'7 (red) to 3.33 x 10'9 (colorlgss).
Thereforé a little excess of BaClp solution being added to

the sample will decrease the error to negligible.



APPERDIX E

FILM THICKNESS OF ACCELERATING FALLING FILM
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- “‘Q

\

/x/"‘%ﬁ"

e il

Let h = instantaneous height of the water film near the water
entrance

h, = average flilm thickness
Assuming near the water entrance, the veloclity profile in the
water film is parabolic

v =W (E-3)
=%(hY°xzz-)' . (19)

Momentum balance over Ax gives

d
t33

oL

’ ov
‘ x oP
DV§GY=PT’8§inB-u(3—y—>yo~h3; (80)

From equation 79 gives

—— = : 81
3y >y=0 hgé' (81)
and h 2 ' |
) 6 3h '
E§FV§dy=—gTh93; (82)

From equation 4 gives



3
) 4 dh o“h
= pg cos B -0 8
3 = P8 x-°.3 (83)

Substituting equations 81, 82, 83 in equation 80 gives

ohh'"-*(?%'hpg cosa)h'+pghain8-ui-g-=o (84)

Multiply equation 8% by n“-‘/h?,

h"+(§g3£ —gogcosﬂ>h'+psamﬁé-u§§' (4]

(85)
From equation 28 gives

sinB‘
Q=B n
and let H=f 13%

Equation 85 becomes

g k%-338"'+(§%-cot883)ﬂ'+83-1=0 (86)

pg 8in B
i ' h/hy = H=1+0

" where 68 is a small value, and Re = 4Qp/u. Equation 86 becomes

pssga}?—'e"'-f(g%-cotﬁ)e'+3e=0 (87)

If both Reynolds number and inclination angle are small, then

DX
equation 87 becomes

S 568" +30=0 (88)
pg 8in B hg
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In this thesis, the longest region for the acceleration of
the water film at the entrance was at B = 5° and Re = 435.
 Substituting these values into equation 87 gives

_ 317" + 32.20' + 30 = O (89)
Assuming 3176 "' is negligible, then equation 89 becomes
10.76' + 8 = O (90)
Boundary conditions are: when X = O 6 = 6,
X == =0

The solution of ‘equation 90 is

8 = eoeq1/1°°7 (91)

The values of 8/9, ve X are listed in the following. table.

X 0 10 10. 20 0 - 100
mo I 1 [ [ L] . ) [

From the above table, it is easy to find out that at B = 5%,
Re = 435, gives . |
X =.x/hy = 100
8/8, = 0.00009
or, x = 100 hy = 100 * 0.0516 = 5.16 cm.
| h/ho = 1 + 8 = 1 + 0.00009 8o

This shows that at 5.16 cm. away from the water entrance, the

value of h/h, is near to one.



APPENDIX F

COMPARISON OF THE VELOCITY PROFILE
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PFor laminar flow

e (L-Lp)-ant(ny %) (@

Let vt =V /U (38)
| yt = yus/v (39)

where aé=flg§-«/"°“,f"ﬁ=~/’§ #in ¥ (93)

Substituting equations 92, 39, 93 in equation 38

gt g 8in B +Y 4 V2 S 42
U E—vﬁf-'(,hoy -y E;?E-) y 2 [raEeins y

= vt - 1 +2 :
y -é-ﬁ-y (94)
~ For turbulent flow
vt =yt yt<s (40)
ot = -30.5 + 5.0 1In y* 5 <yt <30 (41)
gt =5.5 +2.5 1n yt 30 < yt < q (42)

Equations 94, 40, 41, and 42 are plotted in Figure 26.A



%ot



APPENDIX G

COMPARISON OF DIFFERENT THEORETICAL FILM
THICKNESSES OF FALLING WATER FILMS
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Temperature = 24°C
p = 0.9973 gr./ w3
M= 0,9142 cp.

Film thickness in inches

B =5°

Re 435 Thi . 1144 1544 191
Laminar 0.0269 0.0328  0.0371 0.0408 0.0439
Dukler 4 0.0259 0.0324 0.0381 0.0434 0.0402
Portalski 0.0251 0.0326 0.0391 0.0453 0.05
Bquation 28 0.0235 0.0287 0.0325 0.0357 0.0384

B = 15°

Laminar 0.0187 0.0228 0.0258 0.0285 0.0306
Dukler 0.0180 0.0226 0.0265 0.0302 0.0336
Portalski 0.0174 0.0228 0.0272 0.0313 0.0351
Equation 28 0.0164 0.0200 0.0226 0.0249 0.0268
B = 25° |

Laminar - 0.0159 0.0194 0.0219 0.0242 0.0260
Dukler 0.0151 0.0191 0.0225 0.0256 0.0286
Portalski 0.0148 0.0193 0.0231 0.0267 0.0298
Equation 28 0.0139 0.0170 0.0192 0.0212 0.0228



APPENDIX H

DERIVATION OF EQUATION 37 AND THE VALUES OF
 INCREASE IN INTERFACIAL AREA
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I. Proof of dy/dx < 1:

From equations 9 and 24 gives

¥y = hy(1 + @)
= hy(1 + a sin Kx + iggig-cos 2Kx) : (9)
y' = h,(cK cos Kx - ggi-sin 2Kx) (95)

Since J/K° = 3 equation 95 becomes A
| | y' = hyaK cos Kx (1 - a sin Kx) (96)
Let a = 0.5 and ¢/V, = 2.0 gives

V3 (Vo - 1)(c/Vg = 0.9) - hog qos B

S oh,/p
= 1.1 vﬁ/aho y -~ (97)
Prom equations 17 and 28 gives
vBolEeml (98)
Substituting equatidn-98 into equation 97 gives
K2 =04 %8inp (99

The maximum Q used in this thesis is 4.4, Substituting
equation 99 into equation 96 gives

ho-o.slo.u{;%??—%‘lgcosxx (1-asinxx)

= 25.6 hg /8In B cos Kx (1 - a sin Kx) ‘ (100)
In order to find the maximum value of y', let

yl

F=cosx (1 ~0.5 8in x) _
F'=-8in x (1-0.5 8in x) - cos x (0.5 cos x)= 8in®x - 8in x - 0.5
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when F' = O gives 8in x = 1,36 or -0.4
when 8in x = -0.4 gives cos x = 0.9 and P = 1.08. Substituting
the above values into equation 100 gives
y' =27.8 hy /8In B
That is, 28 long as h, /8In B < 0.036 then y' <1

II. Derivation of equation 37
From equation 36 gives
A
1

A
s=33vax -3 gytax 1 fpvbex  (36)
T o _ o

oL »

where y' = @ cos Kx - H sin 2Kx (34)
2 = g2 cos2 Kx - 20H cos Kx sin 2Kx + H? sin2 2Kx
Therefore the first term of équation 36 becomes

§ %. '2dx = EX'[ 1{.3 cos? XKx dKx |
0 2 \
- _g_ S Kx)sin Kx dx +xy Ssina 2Kx d2Kx
o o -

& Eix x+£’§-%axx]=%<ﬂa+ﬂz>
y ' . gt cosu Kx - 4683 cos3 Kx H sin 2Kx + 60? c032 Kx H? sin® 2Kx
- hg cos Kx H3 sin3 2Kx + H} sind 2kx

The second term of equation 36 becomes



A A A o
%§%y|4ugéx[augcosuxxdxx-86380084 sin Kx dKx
A
2
+6(;HQ S 4(cos™ Kx - cos® Kx)axx
o

A
4+g;§sinu2xxdm=g¢(62+ﬂz)2+33§(}2&2

Y'6-G6cossxx-605costHsin2Kx+ISGuc°843152

. 8in? 2Kx - 20 @3 cos3 Kx H3 sin3 2Kx + 15 G2 cos? Kx HY
. sin"' 2Kx - 6@ cos Kx B sin® 2Kx + Hs sin6 2Kx

The third term of equation 36 becomes

157 'sd“—s—x[?sﬂ“ -%55” +BE3 P g )
=5(G +52)3+2-5%u112+ 24

1
X

O(/‘)"

After substituti_ng all these values into equation. 36 gives
1 _ 3 12
83 =7 (B + F) - Z (P + F) + 585 (P + )3
-G PR - @ - PP
Both @ and H are small values and less than 1. Therefore

As;zli-(azq-az) --33[(02-&82)245%5-(.024-52)3- . .'.(’37)
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III. .Surface area increase, %

Re 435 TT4 1144 © 1544 1917
8 =5° 0.7 2.31 4.57 T.79 10.8
B = 15° 1.54 3.47 6.31 9.09 12.1
8 = 90° 4.69 | 12.27 20,03
Portalski | _

Re h42 530 619 1060 1414 1766
B = 90° 5.1 6.9 8.7 21.7 36.2 52.2

IV. Calculation of the experimental value of AS:

Let 'y = a 8in Kx (101)
y' = oK cos Kx (102)

Then the length of the arc from x = O to x = A is given

by

A
L= SAJ>1 + a§E§>cos§;Kx dx
o :

\ 7 :

J 1+ OEE; § J[‘ aKe 2
= - 8in”~ Kx dKx
K 1+ a2K2 '

(103)

where K 18 the wave number, ¢ is the amplitude and_x )
is the wave length. lLet
Kx = 0

22 5
1+ a?ig



l+a
r—"°
equation 103 becomes
K\ .
L=b é J 1 - a2 sin®e as (104)

Equation 104 1s elliptic integrals of the second kind.
The values of L are listed on pages 234-237 of reference
15. One wave trace at inclination angle of 5° with a
Reynolds number of 774 was measured by fitting 24 inches
of thread on to the wave curve, and the length of the
base line 15 20.25". The chart speed is 10''/sec., the
wave velocity is 16.75"/sec. The wave number is 1.336,
the theoretical amplitude is 0.6, énd one inch of the
visicorder reading corresponds to 0.016" air gap.

The correct factor for the thread fitting method is
found by the following procedures. |

From equation 101

y = 0.6 sin 1.336x , (105)
After correct by velocity difference and visicorder

reading difference, gilves

y = 0.6 - 0,016 sin 1.336 I‘%vs' (106)

By means of equation 104 the arc length of equation 105

is - - ’
L = 1.8 (for x from O to 1/2)



163 B
The arc length of equation 106 is

L = 1.57 (for x from O to uw/2)

Correct factor = 1.8/1.57 = 1.145
Real curve length = 24"/1.145 = 20.95 inch

20. - 20.2

AS = - x 1008 = 3.46%



APPENDIX I

DERIVATION OF EQUATIONS 31 AND 33
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From equation 24 gives .
@ = a 8in Kx +L212- cos 2Kx
12 KX
= a 8in Kx + a2R cos 2Kx

whereR-%é—-KJé- and KA = 2n

A
%§cp3dx=-%aun,

éudxsgau+g.asna+%a_anu

oL >

1
by

o >

}.édxhgaﬁn-_leiaani*

1
X

oL~ >

Lax = 156 bR +13%_5 a8g2 4 % alOgh | 15;6_ al2g6

: S ®ldx = 122 a.B-R K 12 o103 -1102. a'%p?

(24-a)
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%ax = 133 o8 4 2513 o102 4 35x11 12.4

oL >

1
X

Gpgdx = - 3-2- o.lgn - 2131_233_ a12R3

O(/"V

i
oL~ >

1%y - 3 410 . E E 12p2

11, . _ 63 x55 2
@dx ‘ X X

e Ly
ot~ »

ladx = 21x 11 12

1 P
by bl x 15

O(/")‘

Both R and a are less than 1 and all the terms contalning
am, a16, etc. are negligible. Substituting the above values

in equation 30 giver

# =1+ 302 + (382 + 7.5R + 5.625)a” + (22.5R2 + 26.25R + 8.75)a®

+ (5.625}1" + 39.375R3 + 91.875R2 + 59.06R + 12.30);;8
+ (78.75R"% + 236.25R3 + 255.94R? + 108.26R + 16.242)al”
+ (8.T5R® + 118. 158D + 54 14R* + 830.15R3 + 568. 5R°
+ 351.9R + 20.528)a’?
- ¢/V, [3¢2 + (3R + 9R + T. 5)a”'
+ (30R2 + 37.5R + 13.125)a®
+ (7.58R% _ 56. 25n3 +275.68% + 91. 87sn +19.688)a®
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+ (118.12R* + 367.5R3 + 346.582 + 17T.19R + 27.07)a%0
+ (13.12535 + 183.75R° + 866.25R" + 1358.4R3
+ OUT.H6R2 + 297.TTR + 351.9)al®]
+ ¢2/¥2[0.50% + (0.5R? + 2.25R + 2.25)alt
+ (9R2 + 12.5R + 4.688)ab
+ (2.25R% + 18.75R3 + 98.437RZ + 34.45R + 7.686)a°
+ (42.188R% + 137.883 + 159.2R% + 70.88R + 11.07)al”
+ (4.688R® + 68.91R7 + 336.87R* + 543.37R3 + 387.6R°
+ 124.07R + 14.89)al?] (31)

2

Differentiating equation 31 with respect to a® gives

g%:23  3 + (6R® + 15R + 11.25)a®
+ (67.5R° + T8.T5R + 26. 25)at
4 (22.58"% + 157.5R3 + 367.582 + 236.3R + 49. 22)a
+ (393.6RY + 118183 + 1280R? + 541.4R + 31.21)a®
+ (52.580 + 708.8R° + 3248R* + 4981R3 + 3411R%
+ 2111R + 123.2)al®
- ¢/V,[3 + (6R® + 18R + 15)a?
+ (90R2 + 112.5R + 39.38)a“v .
+ (30R* + 225R3 + 110382 + 367.5R + 78.75)a®
+ (551.2R" : 1837. 5n3 + 2047, 5n2 + 885.9R
+ 135. u)a
+ (78.758% + 110385 + 5198R" + 815183 + 568582
+ 1787R + 211.1)a10)

c2/V2[0 5 + (R® + 4.5R + 4, 5)“
o+ (27TR? + 37.5R + 14, 06)a
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+ (9R% + 75R3 + 393.8R2 + 137.8R + 30.63)a®
+ (210.9R* + 689.1R3 + 159.25R2 + 354.37TR
+ 55-37)“8
+ (28.13R + 413.4R5 + 2021R* + 3260R3 + 2326R2
+ Th4 4R + 89.33)al0] (33)



APPENDIX J

SAMPLE CALCULATION
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I, Ave_rage fringe shift from interferometric data:

Yy T
8 ) V by, N, + w ) bV Ay Ny
N = o __ o .
Yy Yyp
2 Yy by; +w 2 by Vy byy
o] Ym

where. v* = 3V, ( % - ;héo) cm./sec.

AS = frequency, sec.
bp = time 'widt:h for travelling one wave space, sec.
a=1- ubg '

Example: Run A17-2

Magnification ratio M; = 98.384
w = 9,05 sec."” .

MlY internal Vy -- Vy 8yy ' bi' bivx Ayi
0 to 1.0 . 4,92 4,92
1.0 2.0 ©13.92 13.92
2.0 3.0  21.30 21.30
3.0 4.0 27.12 - 27.12
4.0 ~ 5.0 31.66 31.66
5.0 5.874  34.60 34,60
5.87T4 6.5 36.06 0.099 2.243
6.5 7.1 35.59 0.075 1.658

7.1 7.804  36.62 0.0428 1.108
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The value of b; was calculated from the following equation

by = (W - 2x4) :_T | (107)

After several trials, the value of bp was 0.1105. The value

of xy was found from x; = arc sin Yy» where

§.§za + 6.5 - 5.87“

v = — s - 183 - 0162

where ' x, = 0.162
From equation 107 b1 = 0,099 -

In the same way

6.8 - 5.874 _ o oE b o
yy = 252250 = 0.48 5 x; = 0.5 5 by = 0.075

. 452 - 5.874 s X, = ; by =
y, = [=32 1.9% 7% = 0.818 ; x; = 0.96 ; by = 0.0428

Ymr - Yvp
Y Ve byg 4w ) Vy by, by = 129.16 + 45.33 = 17h.49
o | Ym7

MQ = 174.63  Check!
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Calculation Sheet

B = 5° Date
Position = 25 Mag. ratio = 98.384
Flow rate = 12 a=1-byw=20
Plate No. = Al7-2 w = 9.05
My

internal Vxdyy Ny Vx8yiNy Vyldysby  N;  Vedy;Niby
0 to 1.0 9.9 - 0.145  0.0788
1.0 2.0 13.92 - 0.145  0.2230
2.0 3.0 21.30 | 0.145  0.3413
3.0 4.0 27.12 0.160  0.4795
4.0 5.0 31.66 ~ 0.20 ~ 0.6997
5.0 5.874 30.24 0.295  0.9858
5.874 6.5 2.243 0.475 1.0654
6.5 7.1 1.658 0.690  1.1440
7.1 7.804 1.108 0.980  1.0858

Total 6.1024

alVxbyiNy = 0 ‘ } total =-55.227

Q = 174.63
N = 0.3163 N/Ng = 0.1111
C = 0.1725 C/cg = 0.1217

AﬁVus - T/c, = -0.01083
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II. The calculation of dN/dy:

Example: Run Al7-2

N
0.145
0.145
0.145
0.150
0.170
0.205
0.290
0.455
0.710
1.080°

AN

0
0
0.005

0.02

0.035
0.085
0.155
0.255
0.370

ny
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

5.0

a(m,y) AN/ b (My¥)

0.5

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

III. The calculation of eddy diffusivity:

From equati

(D+e)=2

on

y _
S VxC dylx, - § VxC ay |y

)
0

0.01
0.04
0.07
0;17
0.31
0.51
0.7h

y
| S V. AC dy
(o]

- Since

Therefore

(D+¢) =2

ac

Ax
7 S

2

C = N(Cg/Ng)

y -
va AN dy

o
Ax ay x1+x2

—5—=

dC
-T
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1.0
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0.7

0.6

0.5

- Ouds

0.3

0.2

0.1

0.0
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L | -

1.0 2.0 . 3.0 4.0 5.0
My, cu.

Figure 27, SLOPE OF CONCENTRATION PROFILE.
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Calculation Sheet

B =5
Re. = 1144

Magnification ratio = 98.384
 Plate No. A17-6 and A21-5

Position 25 and 28

y V- AN
cm. cm./sec.
0.0051 4.84 0
0.0152 13.85 0

0.0754 21.5 0.0401 0.8621
0.0356 27.92 0.0700 1.954

ol BB
0.0661 1.1
0.0762 42.65
o.o 1 430
0.0846 43,
0.0884 43.98
0.0931 44,0

O0PPPPPPe
[
W
18

(D + ¢) = 9.0135 x 10”

0.0011
0.0155
0.0423
0.0841
0.1396
0.1992
0.2333
0.2481

0.2727
0.3146
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