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ABSTRACT

Investigations were carried out on an itensification of
transfer coefficiénts in gas absorption with a view to improving
the performance of film-type equipment.

Short cylindrical wetted wall absorbers (h=2ight < 18.0 cm.),
with the liquid film falling on the outside surface, were used to
study the absorption kinetics of CO2 into water. The importance
of a short wetted wall column arises from the fact that it appears
to provide a model in which liquid flow conditions are very similar
to those existing when liquid flows over packing elements in a
pac¥ dtower, and yet the results are amenable to theoretical
analysis and easily reproducible.

(1) The first investigations dealt with the behaviour of
absorption into a falling film in the absence of an intensifying
agent. It was found that when the liquid flow was in the laminar
region (Re<1200) and pure water was used, the absorption results
could not be related to theory because of excess absorption due to
rippling on the film. The presence of a surface active agent in
water (Lissapo]§§0.01% by volume) eliminated rippling and the
results were then successfully related to the penetration theory
provided that a small interfacial resistance to absorption was
assumed. Interfacial resistance was not introduced by the surface

active agent but was found to exist even in the case of pure water.
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Absorption rates were obtained at verious heights of wetted wall,
temperatures, and liquid flow rates. A general equation for pre-
dicting the absorption rate by a falling film, in the laminar
region of liquid flow,was derived.

For the turbulent region of liquid flow, the thickness was
determined photographically and related to a semi-theoretical
equation. This equation for film thickness, along with the assump-
tion of a flat velocity profile, was used to derive an expression
for predicting the absorption coefficient. Another empirical
equation was also obtained from the experimental absorption rates
for purposes of comparison with the results of itensificatione
The addition of a surface active material to water did ngt affecf
absorption in this region.

(2) The intensification of absorption on artificially
roughened walls of the absorber was studied next. Various magni-
tudes and shapes of roughness, surfaces with grooves and protrusions,
were used. The heights of the roughness elements were increased
to become comparable with the thickness of the liquid film. Studies
were carried out both in the laminar and the turbulent regions of
flow, and with/without the addition of surface active agent.

In the laminar region, absorption was intensified only with
rippling films and to a maximum of €%. When surface active agent

was present in water, the absorption rate was not affected.
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When the liquid flow was turbulent (Re>»1200), absorption
was intensified, only at surfaces in which the roughness was in the
form of protrug&ionssto as much as 130%. The presence of surface
active material did not affect the intensification ratio, An optimum
intensification was reached at a concentration of 2.005/cm? of the

protrustions.

(3) Another method of intensification used, was the mechanical
vibration of the absorption column at sonic frequencies and small
amplitudes (Am.& 0.15 cm.). Absorption results were obtained for
rippling and non-rippling films and liquid flow rates as high as
Re = 4820, were used. The influence of both the vibration parameters,
amplitude and frequency,was studied.

With rippling films in the laminar region, the increase in
absorption was found to be as much as 73%%., Peaks in absorption
rate occurred at certain frequencies and were independent of the
peaks in the amplitude of vibration. The intensification ratio at

various liquid flow rates (f;)~1.00) was nearly constant and equal
to 1.730. When surface active agent was introduced into the water
in order to suppress rippling, the intensification was found to be
ver& small (% 4%). The absorption results with the surface active
material were related to the theory by assuming arbitrary values of

2
k, °
i

an interfacial resistance,
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The increase in absorption at turbulent liquid flows was
e :

{00 Fo . s s .
as much as 99%. The degree of intensification of absorption was
higher here as compared to the laminar region. The presence of

surface active material was found to depress the intensification.
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SECTION 1.

GAS ABSORPTION INTO LIQUID FILMS FALLING OVER

SMOOTH SURFACES.

10.



11
CHAPTER I

THEORY OF WETTED WALL COLUMN

Art., 1.1, Velocity Distribution and Thickness of a
Falling Liquid Film

.An understanding of the mechaniés of film flow is important
because such films are encountered in a large number of mass and
heat transfer equipment. In spite of extensive work done in the
field,Avery few of the theories put forth are conclusive.

Most of the earlier work done was in connection with heat
transfer (1, 2, 3, 4, 5). Attempts were made to measure the mean
film thickness with the liqﬁid flowing down an inclined plane or a
‘vertical' wetted wall. The accuracy of the measurements was com-
plicated by the fact that waves appeared on the interface and the
heigh*t of the waves was sometimeé several times the average film
thickness.

Later work was directed towards understanding the nature of
the velocify distribution and the thickness of the film, because the
interfacial velocity affects the rate of a diffusional transfer -
process across the interface. Various techniques have been employed
for measuring these parameters. Hold-up methods were used for mea-
suring the film thickness by several authors (6, 7, 8). This was
carried out by stopping the flow, weiéhing the drainage and adding
to this the weight of the liquid adhering to the wall. Kirkbride (9)

used a micrometer arrangement to measure the thickness directly.
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Duckler and Bergelin (10) developed a capacitance technique which
also gave the pattern of wave structure at the interface. Grimley(11)
used a conductivity method as well as an optical shadow method.
Jackson (12) employed a radio-active tracer. All these authors have
tried to compare their results with the classical mathematical theory
of Claassen (3) for liquids of low viscosity, and which was later
elaborated by W, Nusselt (2). The experimental evidence strongly
upholds this theory as far as average film thickness is concerned,

up to a certain region of flow (Re, 1080-1500, and one author extend-
ing the range up to Re, 2300).

Friedman and Miller (8) measured the velocity of the liquid
at the interface by timing the passage of a drop of dye, injected at
the interface between two fixed points. They found that, due to the
presence of ripples'which started at Reynolds number of 20-30, the
velocity at the interface was very irregular and considerably higher
than that predicted from theory. They concluded that there was a
pseudo-critical flow point at Re, 20-30, at which the flow pattern
changed to a pseudo-streamline state.

Grimley (11) repeated their work using the same method but
substituting potassium permanganate for their organic dye. He deter-
mined both the interfacial velocity and the velocity profile by an
ultramicroscopic technique using a suspension of magnetically charged
lead iodide. He came to the same general conclusions as Friedman and

Miller (8) as regards the velocity at the interface. As regards the
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distribution of velocity, he found that near the wall tﬁe velocity
was less than the theoretical. Further away the velocity was greater
than the theoretical, the maximum being a very short distance from
the interface. Elimination of rippling by the introduction of
'Teepol' caused a modification of the velocity distribution but it
was still quite different from the theoretical. Although the particu-
lar experimental technique of his work is not very reliable or repro-
ducible, his data as well as that of Friedman and Miller suggest that
the mathematical theory is in error in its estimation of the inter-
facial velocity and probably in its pr-diction ;; the velocity
gradient. This is only to be expected from the fact that the theory
' ignores the existence of ripples. Whéi is more surp~ising is the
fact that the ﬁean film thicknesg is thé éame whether or not ripples
occur, and is in close agreement with the theory; Grimley suggested
that the faster outer layers compensatg?the slower inner ones. It

is difficult to imagine why this should be so, and how the compensa-
tion can be so exact. Grimley thought that there was some sort of
discontinuity with a very thin outermost layer moving very much
faster than the bulk. As this layer is very thin, its effect on the
total flow rate is not detected. A point that raises doubt in his
estimation of velocity distribution is that even when ripples were
suppressed, the theoretical distribution was not obeyed, although

the assumptions of the mathematical theory are seen to be valid.
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Furthermore, with viscous liquids, when rippling occurs, the volume
of the ripples is rather more appreciable, and therefore it is

to be expected that the deviation in the film thickness will be
greater. JIndeed, this was shown to be the case by Jackson (12).
The evidence thus points to the existence of a very thin outermost
layer moving faster than the adjacent ligquid film.

Duckler and Bergelin (10) presented their own velocity
distribution based on Von Karman's (13) universal velocity pro-
files, with constants experimentally determined by Nikuradse (14)
for pipe flow. When the film thickness is much smaller than the
pipe radius, and when there is no tractive force being exerted
on the gas-liquid interface, they gave the following equations
for the estimation of film thickness 'd' for any flow rate

(both laminar and turbulent regions);

v
"‘;1"- + 6“‘ = 3.0\7 + 2.517 lnq 00 (1.11)
2/
5 -\‘.77} 3 e (1.12)
g’2
here v = volumetric flow rate/periphery,
cm?/cm.sec.
B = viscosity, g m/cm.sec.(poises)
g = acceleration due to gravity, 981

cm/sec. .
For any flow rate the value of’7 is frist calculated

from Eqn.(1.71) and then substituted in Eqn.(1.12). Their data upheld
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their theory as far as film thickness was concerned, no attempt
having been made to measure the local velocities in the film.
However, the theory did not take into account the effect of ripples
and degenerated to the classical theory (2) below Reynolds number
of 1080.

An important criticism,that may be made of much of the
experimental work,is that proof is not given that steady flow
conditions are reached when a liquid flows down a wetted wall,
and that the film does not accelerate for any appreciable distance..
This criticism was made by Duckler (23) about all the hold;
up methods for measuring mean film thickness. Recently, however,
Kramers (15), in connection with his work on absorption in
short wetted wall columns, made a large scale experimental model
to determine the distance taken by the film in accelerating to a
steady velocity. He found that the distance required to accelerate
to 90% of the equilibrium velocity was only 12 times the film thick-
ness. The error which is thus introduced, is negligible for all but
a very short column, less than 1 cm. long.

Although no very definite advances have been made in recent
Years in our knowledge of the falling film parameters, the results
of a few recent papers are of great interest. H. Brauer (16)
measured the average film thickness photographically. He used long

wetted wall columns and observed that there were two broad regions



16,

of flow. At very low Reynolds numbers the surface of the film was
smooth while at higher Reynolds numbers it was wavy. In the region
below Reynolds number 1600 (laminar region) the experimental values

gave the relation already postulated by W. Nusselt (2), that is,

2\ /4 1/
5 =(%—)3 Re (1’.13)

and for Re > 1600 (turbulent region), the empirical formula was

given as,
2\1/ 8/
Ve (Y 3 15
ét = Rec 56g> Re s (1-11"')
Here 61 and ét are film thicknesses in the laminar and

turbulent regions respectively. Rec is the critical

Reynolds number at which the flow becomes turbulent. Its

true value was defined by three independent measuring

methods as, Rec = 1600.

As has been said, the formula for the sub-critical regicu
of flow agrees with that given by W. Nusselt. It should, however,
by no means be concluded from this coincidence that the Nusselt
theory for flow is valid, and therefore, that the mass and heat
transfer numbers calculated by its use are correct up to the
critical Reynolds number. The data of mass and heat transfer
numbers, in fact, shows extensive divergence. The agrecment
between the theoretical and the experimentally determined values

of film thicknesses must be regarded primarily as a purely
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experimental coincidence. Brauer measured the surface velqcities
also. From the Nusselt theory, the extremely important quantity
for mass transfer, the surface velocity 'vi' stands in the follow-

ing relationship to the mean film velocity 'tw;’ as,

RAAS A e (1.15)
Even at Re =32, the measured values of this ratio began to deviate
from B/é. From Re = 20 to Re ~ 100, the values of vi/%&vyere
found to be equal to 2.0 and for ReJiRec (i.e. in the turbulent
region) it was 3/2. Thus in both the sub-critical and the sup>r-
critical regions of the rippling flow, the value of the ratio
’vi/ﬁév is greater than it should be according to theory.

. Thomas and Portalski (17) studied the hydrodynamics of
wetted wall columns and reported the mean film thicknesses of the
liquid films Ffor both still air and a countercurrent flow of air.
They used the hold-up method claiming that their technique was
superior to hold-up methods used previously. Their results predict
the value of Re as 1160, compared to Duckler and Bergelin's 1080,
and Brauer's 1600.

The distribution of residence times of a tracer injected
into a falling water film on the outside of a cylind rical tube
was measured by Asbjérnsen (18) using frequency response method.

The mean residence time of the tracer was found to be from 2-7%

greater than the mean residence time derived from Nusselt's theory.
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This is only to be expected when both eddy (due to rippling)
and molecular diffusion effects are present. It was found that
the deviation from laminar theory in the distribution function
for the residence times of a tracer in pure water is caused
mainly by the ripples on the gas-liquid interface. When a sur-
face active agent was used in sufficient concentration, the
ripples practically dié%peared and the distribution coefficient
approached closely to a pure laminar-film distribution, even up
to Reynolds number of 1600.

Wilkes and Nedderman (L9 ) carried out measurements of
velocity profiles in thin falling films of liquid (small Reynolds
numbers), both in the wavy and wave-free regions of flow, and
also in the entry region. It was done by stereoscopic photography
of small air bubbles moving with the fluid. They found that, in
almost all cases, the velocity profile was nearly parabolic. This
means that the predictions of film thickness and the surface
velocity from Nusselt theory were valid for the flow regimes
studied. This observation seems to contradict all the previous
ones for the wavy flow. However, they reported that in the latter
region there were fluctuations in the velocities and that the addi-
tion of surface active agents suppressed both the waves and the

velocity fluctuations.
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Very little work has been reported on film flow in the
turbulent region. Isolated data are available up to Re of 5,000
from the work of Brauer (16, 20). An equation was developed by
the latter for the film thickness in the turbulent region (Egn.
1.14), but the scatter of experimental points 7aslarge.

Zhivaikin (21) measured the thickness of liquid films on
the walls of vertical pipes with zero gas flow, and with gas flows
both co-current and countercurrent to the liquid flow. His results
for zero gas flow show that even for ripﬁkng films in the laminar
region, the measurements of average film thickness agree fairly
well with the Nusselt theory. For the turbulent region he pro-

posed the following equation :
f = _2__0.0 O * 8 (1016)
Re0.25

from which the equation for film thickness is,

241/ 7/
0.441(%-) 3 pe 12 cee (1.17)

fanning friction factor.

o
]

here, f
All the work done on the liquid film characteristics
consists of studies on long wetted wall columns and mostly on
wavy films with countercurrent or co-current gas traction at the
interface. For short wetted wall columns (%&1-20 cm.) with wave-free
surface (15, 22), it has generally beecn assumed that the film thick-

ness and the interfacial velocity are given by the Nusselt theory.
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The impoytance of a short wetted wall column arises from the fact
that this appears to provide a model, in which liquid flow conditions
are considerably similar to those existing when liquid flows over
packing elements in a packed tower, and yet is amenable to analy-
tical treatment and reproducible results. If the view that com-
plete mixing takes place at the discontinuities is accepted, then
each packing element acts as a short wetted wall column, and the
performance of the whole column can be obtained by the integration
of the performances of individual elements. The long wetted wall
column represents the flow dynamics of a packed column only when the
view of 'no-mixing' at the discontinuities is assumed. The experi-
mental work on discontinuities stands more in favour of 'complete-
mixing' (or 'partial mixing') than 'no-mixing'. Therefore a better
understanding of the flow mechanics of short wetted wall colummsis
necessary. The photographic work described in this thesis later
was carried out mainly for the following two reasons:

1. To interpret the parameters of the liquid film falling
on surfaces with protrusions and notches as well as on
vibfating surfaces.

2. To obtain data for liquid filmg thickness in the tur-
bulent region of flow. This is non-existent in the

literature for short length smooth films and for which
not even a reliable theoretical equation is available
(except Duckler's (23) semi-theoretical analogy from

pipe flow).
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Art, 1.2. Interfacial Area

For a liquid-film controlled absorption in a wetted wall
column or a packed column, the driving force is fixed by the
equilibrium concentration and the initial concentration of the
solute in the solvent. The remaining factors affecting the trans-
fer rate are the transfer coefficient and the interfacial area.
The transfer area depends on the wave motion at the gas-liquid
interface, and for flow over a non-plane surface, depends in
addition, on the liquid film thickness. This area enters into
the mass transfer equations for cases of either gas or liquid
film controlling. The mass transfer coefficient is independent
of the liquid properties where gas-phase resistance is controlling.
When only the liquid resistance is significant, the coefficient
is a function of liquid properties and internal turbulence. In
packed towers a lack of information, which would permit a sepa-
ration of these two factors of area and coefficient, has led to
the use of a combined coefficient 'ka', where 'a' is the transfer
area per unit volume of empty or packed tower. Since the transfer
coefficient and 'a' are independent functions of the liquid condi-
tions, use of a combined coefficient makes a rational analysis

difficult.

There are no direct reliable methods known for measuring
the interfacial area. Most of the known methods are those based

upon mass transfer, and are used for measuring the wetted area in

packed towers. Grimley (11) measured the wetted area of stone-ware
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ring packing by assuming uniform vertical laminar flow of the
ligquid and measuring its electrical resistance. The flow assump-
tion, however, seems improbable, and the electrical resistance
does not correctly average the stream cross-section. Im addition,
the decrease in interfacial area due to chamnelling is not taken
into account in this method. The other work on the direct mea-
surement of interfacial area is that of Tailby and Portalski (24)9
who tried to measure the increase in surface area due to rippling
in falling liquid films. They recorded a two-dimensional wave-
profile of the film using a capacitance technique. The method
gives a very rough estimate of surface area.

In the work described in this thesis a knowledge of inter-
facial area was very desirable in order to estimate the magnitude
of interfacial turbulence. Shrface protrusions and sonic vibrations
were used to induce turbulence in the film. In this connection it
would bc interesting to investigate the probable flow pattern in
the natural interfacisl phenomena of wave motion.

Wave Motion

The .phenomena of wave motion in falling liquid films was
investigated very theroughly by Grimley (11). FHe ctvered a complete
range of flow rates from the inception of rippling to the onset of

true turbulence. From his photographic observations the conclusions
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can be summarised as under :

1'

It was difficult to maintain a continuous film below

Re = 20. As the flow rate was increcased, the ripples
started at Re = 24 and the distortions of the liquid
surface became more and more violent. The motion
consisted of a trzin of about 6 wavelets of individual
wave-lengths of 0.3 cm., each train 3-4 cm. from the next.
At higher flow rates the liquid surfecc became still more
violently disturbed and separate ripples were not ecasily
distinguished.

At Re = 400, the rippling started to become less violent,
until at Re = 1000 rippling disappeared in the length
considered. At much higher flow rates the turbulence set
in, which was of a totally different nature from rinpling.
In all cases the upper part of the film did not show any
rippling, and as the liquid flow rate was increased the
length of the unrippled upper part increased. It is
possible that the apparent disappearance of ripples was
only due to the extension of the unrippled section down
the whole length of the wall. Rippnling might have per-
sisted if the tube had been longer.

In general the wave motion was irregular and conditions

werc constantly changing at any one point.
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Grimley also attempted quantitative measurements of the
velocity of wave motion in rippling falling liquid films. He
obtained photographically a few velues for the compound velocity
of the ripples and deduced the ripple velocity by comparison with
his experimentally determined interfaciel velocity. The results
were, lhowever, not very satisfactory. Kapitsa (25) used photo-
graphy with stroboscopic illumination to study the shadow of a
thin layer of liquid flowing down the outer wall of a glass tube.
He showed that transition from laminar to wave flow was brought
about by a slight accidental or asrtificial rerturbation. When
transition took place, wave flow was the more stable form of motion.
He introduced artificial, very weak, compressed air impulses
synchronized with the stroboscope and thus obtained regularly
periodic and stable wave motion of near sinusoidal form. He
obtained another type of motion, by the spplication of stronger
but less frequent impulées, consisting of single waves running down
the film with laminar motion in betwcen the waves. Kapitsa (25),
as also Lamb (26),have put forward mathematical analysis of wave
motionm but up to now no treatment has been very successful. It
is useful to consider some of the conclusions concerning the
mechanism of rippling in film flow :
1. The ripples progress over the moving surface in the direc-

tion of flow which is evidence that air friction is not

their cause.
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2. The speed of progession of the ripples is not very high,

being only of the order of 15 cm./sec. This, according to
Grimley,is the motion of a surface contour and does not
involve the transport of material in the direction of
motion,

3. Surface forces exert a predominating influence in ripple
formation.

4. Because the wave peeks attain a height greater than the
average film thickness, they may become the localisged
points of turbulence.

Art. 1.3, Flow Transition

The decisive difference between the flow in pipes and the
film flow, is in the number of flow regions. While only two
regions exist in pipe flow (i.e. laminar and tuibulent), thorough
research into the behaviour of film flow (rippling) has revealed
more than two regions. In contrast to the pipe flow these regions
are separated from each other not by easily recognisable transition
points but merely by slight changes in the slopes of the curves
for the resistance coefficients 'or the miss and heat transfer
nenbers versus Reynolds number. For each region of flow special
laws are valid, and these are conditioned chiefly by the ripples
occurring on the surface of falling films. Brauer (27) has shown

the existence of four prominent regions divided by characteristic
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Reynolds numbers for a particular liquid. He also showed that
these Reynolds numbers are conditioned by a change in the wave
characteristics. According to him the value of the transition
Reynolds number 'Rel' is a constant (=1600) for all liquids but
that all other transition values are variable and are functions
of the film number, KF’ defined as,
yd;
Kp = ;E‘:} oo (1.31)
where 'y! denotes the specific gravity of the liquid,
¢! the surface tension (dynes/cm?) and
?{l the dynamic viscosity of the falling liquid.
Dependiné upon these characteristic quantities, the charac-

teristic Reynolds numbers can be represented by the following

relationships:

Re, = 2.88 (IcF)l/lO cee (1.32)
Re, = 5.40 (KF)I/lo cee (1.33)
Re = 0.0720 (kp)'/3 oo (1.34)
Re, = 1600

-~

where Rei, Rew, Rec and Re ., are the break points in the

1
slope of curve "Re vs. resistance number" (see Ref.(27)).
In the case of smooth films, however, there are only two

flow regions distinguishable, that is, the laminar and the turbulent.

The transition is made evident from the plot of transfer numbers
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against Reynolds numbers, which shows a change of slope when the
flow changes from laminar to turbulent. For long wetted wall
columns it has been reported that the slope of the curve undergoes
a sharp break at the transition point. The present work on
short wetted wall columns, as also the other works, indicate that
the break in the curve is not very sharp and there seems to exist
a small region of trensition. The transition Reynolds numbers
predicted by various authors vary considerably and seem to lie
between 1000 and 2000, In several recent studies (15, 32 ),
however, the Reynolds number of 1200 has been accepted as the
transition point.

Art. l.4. Mass Transfer,

Theories

The earliest theory of mass transfer is the Whitman's
two-film concept (28), which assumes the existence of two stag-
nant films on either side of an interface. The mass transfer is
supposed to take place by molecular diffusion through these films.
Although the mechanism of transfer looks very unrealistic, the
predictions of the transfer coefficients are very much ind#ntical
with the other theories. For reasons of its simplicity, therefore,
this theory is widely used in design work. The rate of mass

transfer per unit area, NA9 is given as,

N, = kg (?fpi) = kp €;Co) eeo (1.41)
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where,

kG’ kL = individual gas film and liquid film
mass transfer coefficients resp., cm./sec.,
Ps P4 = partial pressure in the gas and partial
pressure at the interface respectively, atmos.,
Cos C4 = initial concentration in the liquid
and the concentration at the interface resp.,
gn. fom?
As the conditions at the interface are unknown, it is general to
use overall coefficients, and,
Ny = XK (p-p¥) = X (6+C)) ees (1.42)
where,
KG’ KL = overall mass transfer coefficients based
on partial pressure driving force and concentration
driving force resp., cm./sec.,
p*, G* = saturated partial pressure and saturated
concentration respectively at the temperature of
the system.
According to the two-film theomy of Whitman, then, for.a 1iquid film

controlied process,

kL - — L} (1.43)
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where,
D = diffusion coefficient of mass transfer, cm?/sec.,
x;, = the thickness of the hypothetical liquid film,
cm,
A more realistic concept of the mechanism of mass transfer was pro-
posed by Highbie (29), called the 'penetration theory‘. This theory
has the following underlying assumptions for a wetted wall column:
1. The liquid film* is in laminar flow with a parabolic
veloeity profile, having z maximum velocity at the
interface and zero velocity at the solid wall. The
Vispous drag at the gas liquid interface is assumed to
be negligible. The film is 8lgo essumed to be free from
any interfsecial disturbences like rippling.
2, The surface of the film is moving with a uniform velocity.
A short contact time achieves this condition. The depth
of penetration of 'the gas moletules is very small, and to
the depth that they diffuse, the velocity of the laminae
of. the liquid may be assumed constant.
3. The surface is assumed to become saturated in the first
instant of exposure, that is, the interfacial concentra-
tion has a constant value 'e*' and that there is no

interfacial resistance.

* This designatcs the entire liquid layer from the solid wall
to the free interface as distinguished from the hypothetical

stagnant 'films' of Whitman.
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4. The effect of diffusion is negligible in the direction
of flow.
By applying the boundary conditions, resulting from the
above assumptions, to the differential equation obtained from
Fick's law, he obtained the following solution for the rate of

absorption by an element of area on the surface at a time 't', as,

& _er-C) o coe (1.44)

where,
N = 1local rate of mass trmnsfer, gm./seoq
2
D = molecular diffusivity, cm./sec”
30= ZEY0.

Therefore, the average rate of absorption per unit area, NA’ can
be obtained by integrating the expression between limits of zero

and 't,', the contact time, g

Sy
c /
A ]
oe* /D eo. (1.46)
Jitc

In the sbove derivetions it hes been assumed that only liguid-phase

{13

resistance is controlling,the gas-phase resistance being negligible.

The mass transfer coefficient 'k ', therefore, has the value,

L
/D fli" :
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where v, = interfacial velocity, cm/sec.

h height of the column, cm.

Since the flow is laminar,

-2 -2, 0
Vi = 3 - Vav‘ ] 0 3 -_?L e (1-48)
1/
and 5 =(3v.ﬁr]3 oo (1.59)
g
here, Vav = iz = average velocity of the film, cm/sec.
. b

r; volumetric flow rate of the liquid per unit

periphery, cm?/cm.sec.

thickness of the liquid film, cm.,

& =
k. =2/:*;DrV oo (1.410)

en.h.d

1/ Ve TV -1/
- 2(B) 2 LA By 2

LI (1.411)

AR
N =2G*(§%)1/2.(%-)1/6 F5.m772 L e

1/3 1/

1/ 1/
box (red)(ER) 2.\ 28) 6 \M)3, 1.2 (1.m3)

and N =

here Vv = kinematic viscosity of the liquid, cm%/sec.
g = acceleration due to gravity, 931 cm/sec%
r = radius of the wetted wall column, cm,

Kramers et. al.(15) verified the validity of the penetration
theory by studying the absorption of 302 into watar flowing down fhe
outside of a vertical tule. 'Teepol! was added to the water to eli-

minate rippling and short lengéhs of the column were used to ebtain

a spall e%iosuxe time.
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The rate of absorption was accurately measured by the difference
between the inlet and the outlet gas flow rates, the outlet flow
being only 5% of the inlet flow. Corrections were made for the
small heat of absorption, variation in pressure, and the entry
and the exit effects. It was demonstrated that the chemical
reaction beteeen SO2 and water had no measurable effect on the
rate of absorption. The results showed a high degree of
consistency and could be represented to the full limit of their
experimental accuracy by the penetration theory.

The mathematical equations of the penetration theory were
developed for a stagnant liquid of infinite depth. Danckwerts (30)
introduced the concept of 'depth of penetration', arbitrarily
defined as the depth at which the increase in concentration wes
1/100th of that achieved at the surface. He found that its value
was 3.6;/5??:. For the particular case of a wetted wall column, he
obtained a graphical solution for the rate of absorption into a
laminar layer of 1iquid flowing down a vertical wall. He found
that the amount of gas absorbed in a given time to the amount
absorbed in the same time by an equal area of the surface of a
stagnant liquid of infinite depth, depended only on the dimension-

less parameter, J = Egiq. If 'J' was less than 0O.", the difference

ged
between the two was less than 5%. This condition was easily ful-

filled in the work of Kramers et. al (15).



33

Higbie (29) had derived his theory on the assumption that
each element of a liquid surface is exposed to the gas for the
same length of time — the resi dcnce time of the surface. 1In
the case of a wetted wall column, this residence time is depoted
by 'tC'. This assumption is slightly unrealistic. The elements
of the surface might mix into the bulk because of rippling or
turbulence, or as in the case of a packed tower mixing might take
place at the discontinuities and fresh liquid might come to the
surface. Danckwerts (31) modified Higbie's theory by assuming a
random distribution of residence times. He assumed that 'the
chance of an element of surface being replaced within a given
time is independent of its age'. Thus if'@(©)d9' is the fraction
of the surface area, which is in the age group '6 to (6+d9)', then,
'%(0)' is the surface age distribution function, and is given by,
#(o) = se™5° eer (1.414)
where S = fraction.of area renewed per unit time.
The rate of absorption into those elements of surface having age '’

- =50, . .
and combined area 'Se ' is given as,

N = C* Se-sg ‘/ ng . d@ ee e (1-415)

Hence the mean rate of absorption per unit area is,

4
1l

s
Rl ™ cee (1.476)
° 1/ g

¢x /DS eee (1.417)

'. ky = ‘/bs oo (1.418)
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The drawback in applying Eqn.(1.417) to experimental results is
that 'S' is specific for a specific hydrodynamic system and must
be determined experimentally.

In the case of wetted wall columns, if the time of contact
is long enough, then the basic assumptions of the penetration theory
hold no longer. If the depth of penetration of the solute mole-
cules is comparable to the thickness of the liquid film, the
velocity distribution in the film must be taken into account.

The differential equation obtained from Fick's law, as also the
boundary conditions, need to be modified. Although the true velo-
city profile has not been definitely established, it seems probable
that it 4s nearly parabolic, with a maximum velocity at the free
interface and zero velocity at the solid-liquid interface. In
view of these complications, Pigford (32) modified the application
of the penetration theory to long wetted wall columns. He obtained

the following differential equation for the physical situation,

320 %2 o
D EX-Z = vi 1 -(g) a“!ﬁ' sesn (10419)

The solution of the above equation was given as under:

i€
g = 0.7857 exp (~5.121 z) + 0.1001 exp
i

(- 39.31 2) + 0.0360 exp (=105.6 4) ... (1.420)
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where,
CE = average outlet concentration,
C1 = average inlet concentration,
Dt
L2= __C
62
) v._ 3 C.-C
.. (k. ) = av. i1
L'Ll.m. e In vee (1.427)

For short times of contact this reduces to,

D
(kL)l.m. = 2'/’”'0 vee (1,422)

where,

(k. )

.’1.m. transfer coefficient based upon a

logarithmic mean driving force.
If the time of contact 'tc' is long, ' 2 becomes large,
and all the terms in Eqn. (1.420) become negligible in comparison

with the first, then,

(k ) = 3-41 X} (1nh23)

L'1l.m.

dlU

Several other modifications of the penetration theory
have been proposed (33, 34, 35), which, however, give identical

predictions of the transfer numbers,
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Interfacial Resistance

In the analysis of absorption data it is generally assumed
that phase . equilibrium exists at the gas-liquid interface, but
the validity of this assumption has been in doubt since Higbie's
(29) pioneering gas absorption studies. In a‘tempting to test the
validity of this assumption, various previous investigators have
reported conflicting results. Scharge (36) has shown theoretically
that interfacial resistance does not become important except at
very high rates of mass transfer, ordinarily attainable only for
evaporation or condensation at reduced pressure.

Cullen and Davidson (37) concluded from jet absorber
experiments that interfacial egnilibrium existedin the coé water
system. In a companion study, employing a wetted .sphere absorber
(38), they confirmed this conclusion and found that itwis probably
also true in the absorption of a number of other slightly soluble
gases. The work of Kramers (15) also suggests that the assumption
of qwilibrium at the interface is pr-ctically valid. Goodgame
and Sherwood (39) showed experimentally the validity of adding a
gas-phase fesistance to a liquid-phase resistance to obtain an
overall resistance. Their calculated results were in very good
agreement with their experimental data obtained in a stirred
vessel with a known interfacial area. Similar results were ob-

tained by Kuznetse "(40) in a wetted wall column. Seriven and
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Pigford (41) measured absorption rates of 002 in a short laminar
Jjet ol water noting the change in average concentration. Excellent
agreement was reported with predictions based upon unsteady state
diffusion assuming interfacial egnilibrium, They concluded that
equilibrium prevails at newly formed surfaces. Harvey and Smith (42)

examined the absorption of CO, into quiescent water using an inter-

2
ferometric technique. With pure water as solvent there was no
measurable resistance to solution at the interface. These @xperi-
ments all suggest that the interfacial resistance has no measurable
effect on mass transfer.

Some recently obtained experimental data suggests that the
effect of interfacial resistance is measurable and important.
Goodridge and Bricknel (43) have measured the interfacial rcsistan:ze
to mass transfer in COz water system in the presence of mono-molecular
layers of surface active materials. The experimental technique
consisted of measuring gas absorption rates at constant pressure in
a stirred vessel using a variety of long-chain acids and alcohols
as film forming compounds. Similar interfacial studies were
reported (44, 45) in the absorption of CO, and O, by water in
laminar jets falling in an atmosphere of the gas. Average absorp-

tion rates were compared with rates calculated from Fick's law for

unsteady state diffusion into a liquid when in rod-like flow.
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In contrast to Scriven and Pigfordts (41),the reported values were
lower than those estimated on the assumption of no interfacial
resistance. Hence there must be some interfacial resistance small
enough to be overlooked and justify the assumption of interfacial
equilibrium in most gas absorbers.

For the absorption of CO, in water, Higbie (29) attributed
the deviation of his results from the penetration theory to the
existence of a first order process at the interface. He described
a first order process as one whose rate ﬁ?sproportional to the
degree of unsaturation or removal from equilibrium at the interface.
Danckwerts (30) used Higbie's data to calculate an accommodation
coefficient thus: "If for every molecule striking the interface,
calculated by the kinetic theory, a fraction 'a' of the incident
molecuies penetrates it, then 'a' is the accommodation coefficient',

Emmert and Pigford (32) obtained data on the absorption
and desorption of 002 in water on both shért and long wetted wall
columns. They eliminated ripples by using surfactants. The rate
of absorption was found to be 25% lower than}%?gdicted by the
penetration theory, and it was different from the rate of desorp-
tion. They also pointed out that Peaceman's (22) data, where
absorbtion of CO2 in water was carried out in very short wetted
wall columns and where rippling had not started, deviated from

the penetration theory. They explained their data by assuming a
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finite resistance at the interface expressed as inverse of a
mass transfer coefficient 'ki' across the interface (mols. per
unit time per unit area partial pressure driving force). 'ki'
was related to an accommodation coefficient 'o' and it was

shown that,

e = 67'Ck see (101"‘21"‘)

where § = root - mean - square velocity of the gas
molecules. (cm./sec. ).
Danckwerts and Kennedy (46) related their results of COa-
absorption into a water film carried by a rotating drum, by assum-
ing a surface resistance '1/% ', where 'ks' was of the same units

s
as 'k;' used by Emmert and Pigford (32), and had a magnitude of 0.11

cm./sec.
The following conclusions can be drawn from the work on
interfacial resistance:
1. The predictions of interfacial resistance cannot be
considered conclusive because the physical properties
of the solutions are not accurately known, particularly

the diffusivities.
2. The total uncertainty of the experiments is of the same

order as the deviation from the penetration theory.
3. It seems likely that the lack of agreement of experi-

mental absorption data is due principally to the
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inadequate knowledge of the fluid dynamics of the
different flow systems employed.

L, Thé assumption of interfacial equilibrium seems
nearly to be valid. If there is some small surface
resistance to mass transfer, it may be due ounly to
the presence of monolayers of surface active material
at the interface. Thus for O2 or 002 absorbing into
an agueous mediumiit is claimed that a film of cetyl
alcohol imposes a resistance of about 80 sec./cm.,
while 'Lissapol' and 'Teepol' produced resistances
to CO, absorpticn (47) of about 35 sec./cm. Never-
theless, these resistances are much smaller than the
usual liquid phase resistance which is of the order
of 12,000 sec./cm. It remains to be confirmed by
direct measurement of concentratioﬁ profiles suffi-
ciently near the interface, whether there is any removal
from equilibrium at the gas-liquid interface, and if
there is, whether it is sufficient to have a measurable
effect on the rate of mass transfer. Interferometric
techniques have been developed for measuring such con-
centration profiles in the case of mass transfer
between a solid wall and a fluid stream (48),

Effect of Surface Active Agents

The surface active agents are known to cause a decrease
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in the mass transfer rates by suppressing the following effects:

(a) the enianced bulk mixing due to rippling.

(b) the increase in interfacial area.

It is very important here to discuss the effect of surface active
agents on film flow in wetted wall columns,because,in the present
work,these have been found to reduce the absorptibn rates very
considerably, as never encountered in any previous work. The
magnitude of suppression has been as much as 55% in some cases of
absorption with sonic vibrations applied to the film.

The effect of adding to water measursble quantities of
surfactants, such as 'Teepol’, 'Petrowet', 'Lissapol' etc., upon
absorption of gases has been investigated b a number of workers
(49, 50, 51, 54 ). In long wetted wall columns, the addition of a
wetting agent markedly affects both the liquid flow pattern, caus-
ing the disappearance of ripples, and the absorption rate, which
is reduced considerably in the absence of ripples. In very short
columns the wetting agent does not noticeably affect the rate of
absorption, although it does influence the exit-end effect. The
band of ripples at the exit becomes invisible by the addition of
a surfzctant.

Some workers have tried to find the effect of different
surface agents at cne or several concentrations. Ternovskaya and

Belopolski (51) invectigatod the effect of concentration of three
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different wetting agents on the absorption of 802 by wateraand
found in two cases a definite minimum for the rate of absorption.
In the third case,the rate of absorption decreased down to a
minimum value and then bec me nearly constant. It was recommended
that such a wetting agent (Lissapcl NX)was very reliable because
it resultedin greater confidence in the reproducibility of results.
Tailby and Portalski (52) also exarined the effect of surface
active agents in cdamping waves and ripples, by direct observation,
as well as, by recording the profile of the surface of the film by
a capacitance technique. In each of the cases considered an
optimum concentration of the wetting agent was found for the
attainment of a smooth surface.

It appears from the mass transfer tests in wetted wall
columns, which are more sensitive than any hydro-dynamic tests
so far devised, that the effect of rippling can be completely
eliminated by the addition of a wetting agent. This has become
a standard method of producing a known reproducible interfacial
area, and has made it possible to test theoretical equations with
confidence. As has already been discussed in connection with
interfacial resistance, some authors suggest that the surface
active agents introduce a surface resistance to mass transfer.
However, some very reliable studies (15,32, 53) have shown that

surface active agents do not by themselves add an additional
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resistance but rather decrease mass transfer by decreasing hydro-
dynamic activity.
Art.1.5 - Limitations

A cylind rical wetted wall column was chosen for the
present study because it has several advantages over other types
of absorption apparatus. There are, however, certain inherent
sources of error in this apparatus which will be briefly elaborated
nov. The coyrections for these errors have been made where
necessary while making calculations,and are discussed quantitatively
in later chapters. Here only the qualitative aspects will be
discussed.
End Effects

At both ends of a wetted wall column, the pattern of
hydrodynamics of the liquid film is different from that occurring
in the middle paft. The rate of mass transfer at these places is
therefore different from the rest. These regions are called the
regions of end effects. A correction for these effects can be
~made by either striking off the height of these regions from the
total height, or better,by finding an equivalent height from a
consideration of the hydrodynamics.
Entry Effect

If the liquid ggesup through the inside of a tube and

simply overflows from its top edge to form a uniform film on the
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outside, we get a meniscus of liquid at the top. The liquid at
this point reverses its direction of flow, and therefore, its
velocity passes through zero. The surface velocity of the film
in this region is different from the surface velocity in the
vertical section of the wall. A combination of the effectsof
non-linearity of surface agg distribution, an& the acceleration
from zero velocity, results in a surface velocity in this region
which is lower than the average surface velocity on the vertical
section of the column. Kramers (15) made a correction for this
region by adding 3/4-radius of the tube to the effective vertical
height of the tube.

Sometimes, for a better distribution of the liquid around
the tube, the liquid is passed through an annular gap. The velocity
profile of the film changes from fully parabolic to a semi=-parabolic.
There is an acceleration of the interfacial velocity from zero to
maximum. Kramers estimated from an experimental model, that the
length required for this transitionwas 1/12th of the film thickness.
The magnitude of this error was negligible compared to;gghgths
employed, and so, no correction was made for the entry effect.

The liquid film is thicker near the entry section and
tapers down to a constant thickness after traversing some length
of the column. The magnitude of this length is proportional to

the flow rate. No correction for this effect has been proposed



45,

in the literature. This will be discussed further in connection
with the photographic work described in this thesis.
Exit Effect

Kremors (15) observed that the liquid film became thicker
just before it fell into the receiverspool. If some aluminium
powder was sprinkled on the column it seemed to accumulate as a
band of 1-2 cm. height near the end, depending upon the flow rate.
On careful examination, this band appeared to be stagnant. This
effect was observed by several workers but Kramers was the first
to make a correction for it. He observed that when '(NA)a' was
plotted against 'h', the experimental points did lie on a straight
line with a slope agreeing with Eqn. (1.412) but it did not pass
through the origin. It intercepted the h-axis at a value of 'h'
approximately the same as observed visually. He assumed that this
part was not operative in the process of absorption and subtracted

this from the total height.
The assumption that the absorption of gas by the stagnant

height is negligible may not be valid in some cases, The height of
this region . varies with the increase in flow rate, increase

of turbulence in the film, and by the addition of surfactants. It

is rather inaccurate to subtract the same height of the end effect

for all these different conditions. Also it was observed that this
zone Was not completely stagnant but that it had a much larger

residence time than the rest of the film. With the increase in



L6.

flow rate ité residence time becomes appreciable.
| The cause of the exit effect was supposed to be some

sort of surface contamination. . When the liquid in the pool is
immediately removed along with the surface of the pool, no stag-
nant end is observed. However, when the liquid is removed from
beneath the surface of the pool, the end effect is observed., It
is suggested that it is caused by a surface tension difference,
When a surface is freshly created, the concentration of the surface
active material at the interface will be the same as in the bulk
of the solution and consequently the surface tension will be little
less than that of pure water. After the surface has been formed,
more surface active material will diffuse from the bulk to this
surface until equilibrium is attained. Therefore, at equilibrium
the surface tension will be substantially lower than that of water.
The significance of this disvussion is apparent when it is realised
that the surface of the liquid on the wetted wall is freshly created,
whereas in the receiving pool it is much older. Thus a difference
in the surface tension results between the liquid in the pool and
that on the wall. A force starts acting along the surface of the
liquid new. the bottom of the falling film where the two surfaces
meet. It will resist the flow of the liquid near the surface of
the film,slowing it down, and possibly bringing it to a halt.

The influence of this effect on the absorption rate becomes
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appreciable when small column heights are used. In fact some
workers have been misled in interpreting the influence of this
effect as being caused by an interfacial resistance.
Band of Waves

Immediately above the upper edge of the stagnant region
stands a band of horizontal waves. These waves decrease in
amplitude up the column. The visible band is approximately 0.5-1
cm. high depending upon the flow rate. Nedderman's (55) theoretical
work shows that there are no eddies beneath these waves and there-
fore the only way they can influence absorption is by increasing
the surface area. The interfacial velocity will also be affected
and in fact the increase in interfacial area might well be balanced
by a decrease in the interfacial velocity. Therefore, a correction
for this phenomenon was not necessary.

This wave band was used as an approximate guide in the
alignment of the tube carrying the film., A horizontal stationary
band showed that the liquid was uniformly distributed round the

tube and that the tube was vertical.
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CHAPTER II

EXPERIMENT AL, APPARATUS

Art. 2.1. Choice of the Absorber

The work described in this thesis was carried out in
order to improve the efficiency of absorption in packed
towers, It was thought that the physical condition of the
surface of a packing element, that is, the roughness or the
protrusions or deprgssions, might give a higher rate of
absorption per unit area than a plain smooth surface., The
mode of absorption into a laminar falling liquidf%%mthe same
as that into a stagnant liquid exposed for a time equal to the
residence time of the film. Presence of discontinuities on
the surface was expected to change the mode into one of
" absorption into an agitated liquid, thereby improving trans-
fer rates. With the same object in view, the film was sub-
jected to sonic vibrations to induce mixing at the gas-liquid
interface. These studies are described in Sections 2 and 3.

A short cylindrical wetted wall abgorbeT was chosen to
be the most suitable for the purposes of this work. This appa-
ratus has the advantage of giving very short exposure times,
which can be varied within a wide range, with ease. Its chief
advantage lieg in the fact that it represents very nearly the
mode of behaviour of a single packing element of a packed absorp-

tion column. The results obtained from this absorber are easily

amenable to theoretical analysis, Pure COZ— water system was
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chosen because it is liquid-film controlled, and the components
can be easily available in pure form.

For the purposes of comparison, first studies were made
on a smooth surface at various flow rates, temperatures, watted
wall heights etc. The details of the apparatus for this study will
be described in this section. For studying the effects of surface
roughness and vibrations, more components had to be incorporated
into the original assembly, and these modifications are described
in the corresponding studies in Sections 2 and 3 respectively.

Art. 2.2. The Wetted Wall Absorber

It was intended to obtain a ripple-free film of liquid,
fulfilling, as far as possible, the demands of the penetration
theory. A straight cylindrical stainless steel tube of 1/2" 0.D.
was chosen, with the film falling under gravity on its outside
surface. The tube was 17" long, but the heights of the wetted
surface used were only 8-18 cm. (heights of the wetted wall shall
always be given in cm. units). The diameter of the tube was con-
siderably larger than the thickness of the liquid film, and so,
the error introduced due to the cylindrical shape of the film
was assumed to be negligible., The material chosen was stainless
steel because of the bright polish obtainable on the surface
which remained untarnished on exposure to moist conditions. The
bright surface of the wetted wall helped fo make any disturbance

on the gas~liquid interface easily visible. The tube was ground
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for straightness and roundness up to 2/1000 inch.

The Jower free end of the stainless steel tube carried a
T-piece, the side link of which was used as an inlet for water
and the lower limb for the drainage of water when..it was required
to dismount the tube. The upper free end was bevelled at an angle
of 60° to give a knife-edge. Several perspex models of the tube
were tried for different angles of bevel, and it was observed that
an angle of 60° gave the stablest meniscus, thereby ensuring
uniform distribution of the liquid around the tube. Later, when
the use of an annular distributor became necessary, another similar
tube with smooth polished surface was prepared with the top free
end having an inside thread. An annular distributor cap could be
screwed on it when required, and when it was to be used with a
knife-edge distributor, a knife-edge stud could be replaced. The
details of the tubes and the knife-edge stud are given in Fig.2.21.
The Annular Distributor: The liquid meniscus at the top
edge was observed to be very unstable at flow rates above
Reynolds number* of 800. At these flow rates, therefore,
the liquid had to be distributed through an annular ring.

Kramers et al (15) had mounted a plastic cap rigidly with

* Re has been computed throughout this thesis on 4-times the film

thickness as the characteristic diameter, and is given by

YR

v

Re =
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a uniform width of clearance around the tube. Davidson
and Cullen (38) bnd s similar enmular distributor for
wetting their sphere, the width of the clearance being
1/64 inch.

In the first trizl of an annuler distributor (see
Fig.2.22), the suthor wused a perspex tube with an
inside diemetecr of 9/16 inch, ground with precision to
l/iOOO in., and giving a clearance of 1/32 in. around
the tube. The lower end of this distributor was bevelled
at 450 to give e blunt edge. This reduced the possibility
oi water climbing due to surface tension and the con-
sequent thickening of the film at this point. The edge
was made slightly blunt to avoid dsmage when mounting.
There was a '"P,T.F.E.'! piston inside the distributor which
could be moved up and down by means of a connecting rod.
The details of this distributor are given in Fig.2.22.
The piston served three purposes: (1) It blocked the
contact of water with the atmospheric air. (2) The air
trepped between the viston and the mouth of the stainless
steel tube could be got rid of by moving the piston up
end down. The entrapment of air was a source of trouble
in the plestic cap used by Kramers (15), The trapped

air prevented uniform distribution of the liquid film.



53,

(3) The most useful advantage, from a working point of
view, was the ease with which the tube could be wetted
by moving the piston. It was a great trouble wetting
the tube when its surface became dry. The movement of
the piston served to give fluctuations to the water flow
thereby facilitating complete wetting. It is to Le men-
tioned that in actual operation the tube had to be
wetted several times in one run when it became dry after
e gas-purge of the absorber.

This distributor was clamped into the upper brass
flange of the absorber by mcans of a modified 'ermet o
coupling'. 4 screw-triad was used for aligning the dis-
tribtutor around the absorber column. However. K this arraﬁge-
ment did not work very well. A lot of labour was required
in obtaining a uniform width of clearsnce around the
wetted wall., This seems obvious from a study of the design
in the diagram. The distributor was, therefore, discarded.

Another distributor was designed which gave a gquicker
and much less laborious method of alignment. A detailed
drawing of this distributor is given in Fig.2.23. The
liquid films obtained with this distributor were easily
reproducible. The stainless steel cap tapers down to

give a clearance of 1/32 in. around the wetted wall tube,
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Clearances of 1/64 in. and 1/16 in. were slso tried but
1/32 in. was found to be the most suitable. The cap is
coupled to the stainless steel stud by means of a screw-
triad. There is a rubber gasket in between the top of
the stud and the ceiling of the cap. The three screws in
the side of the cap are just holding on to the stud and
provide a horizontal motion of the cap round the wetted
tube. These screws are used for a coarse adjustment while
the small screws are used for fine adjustment. The small
screwg/%?%%ide a vent for the trapped air. The whole
distributor could be unscrewed and fitted again without

any further alignment. The water entered into the dis-

tributor through eight 1/8 in. holes in the stud.

A detailed drawing given in Fig.2.25 gives the position
of the wetted wall tube in the absorber assembly. The tube was
clemped at about 4 in. from its lower end to the bottom flenge of
liquid receiver 'R' by means of a modified 'ermeto coupling'. This
coupling gave a sturdier grip than a rubber bung. The asbestos
stuffing of the coupling helped to allow for an adjustment of the
verticality of the tube, which was accomplished by means of a

screw-triad 'D'. The two points of grip, one at the 'ermeto coupling'
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and the other at the screw-triad, gave the tube a rigidity of
position. The tube could be moved up and down to vary the height
of the wetted wall with great ease.

The wetted wall tube was enclosed in a heavy assembly of
a gas chamber 'G' and a liguid receiver 'R', the whole assembly
i.3elf resting upon a sturdy tripod stand. The sturdiness of the
assembly was necessary in order to eliminate accoustic and other
disturbances. Later on, when work on the application of somic
vibrations was carried out, the sturdiness of the absorber
assembly was found to be very essential,

As seen in Fig.2.25, the gas-chamber consists of a thick=-
walled cylindrical 'Quickfit' glass Bection (41/é in. dia x 11 in.
height). This section is secured at both ends by 1/2 in. thick
brass-plate flanges. The top flange haw an outlet for the gas
and a port for inserting a thermometer to measure the temperature
of the gas. This flange carried an 'ermeto coupling' and a screw-
triad also, when the perspex tube distributor was in use. The lower
flenge has an inlet for the gas as well as a drainage port for
orerflows from the wetted well tube. The liquid receiver 'R' is
coupled to this flange as shown. This receiver 'R!' consists of a
c3lindrical perspex section (21/2 in. dia. x 3 in. height) secured
between two brass flanges. It carries the connection for the
outlet of spent liquid. The outlet liquid from here goes to an

levelli .
H-sheped ~¢ 8% ice. This device controls the height of

/
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level of the pool in the receiver., The need for a liquid
receiver' R' of a large size arose because of the observetion
that a small one geve rise to an end disturbance 1o the folling
film in the pool. The large volume of liquid in tune receiver
seemed to cushion disturbances.

Receiving-end Device: The Junction of the wetted wall and
the liquid pool in the receiver was found to be subject to
dicsturbences. These disturbances travelled into the wetted
wall. The design of the 'receiving-end device' was perw
fected after trials of several alternative arrangements.
Thus, first an open perspex tube of 3/4 in. I.D. was used,
but the disturbance at the junction was so great that the
pool liquid almost churned. There was a large entrapment
of the gas and the pool area exposed to the ges was con-
siderable,

A stainless steel receiving-end devicc was designed
which was scrcwed on the perspex tube. It is shown in
Fig.2.24. It had a 5/8" dia. hole in the centre giving
an anmuler clearance of 1/16 in. around the tube. The
results obtained with this device were better than those
obtained with the open-mouth receiver, and an unnecessary
pool surface exposure was reduced, but still the distur-

bance at the pool was quite appreciable. Another similar
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cep with an anmular clearsnce of 1/32 in. was next tried
which was found to eliminate the disturbance at the pool
completely but had the disedventage of difficult eligament and
causcd flooding. The annular clearance in this case was
too small to accept all the quantity of water at a high
flow rate. The size of the annular clearance was grad-
ually increased by grinding until a clearance of 3/64 in.
was found to be very suitable. The hole was ground to a
knife-edge and a bell-shaped taper given from the knife-
edge downwards to a depth of 1/8 in. at an angle of 45°.
This taper helped to stabilise the pool. At high flow
ratrs, the stainless steel cap was further mounted by
a shallow, funnel-shaped, perspex 1id (¥ig. 2.24) having
& water-repellent polish. This helped to prevent any
spurting of water from the receiver.
Alignment Aids: The entire absorber assembly was resting on three
levelling screws of the tripod stand. The verticality of the
wetted wall tube wasg first achieved by adjusting these three
levelling screws with the help of a spirit lecvel. The screw-
triad 'D!' (see Fig.2.25) was then used to obtain a uniform clear-
ance around the tube in the ‘receiving-end device'. The verti-
cality of the column was then checked by means of a plumb-line.

Pure water was then allowed to run as a film and the level in
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the pool ‘adjusted. The tripod levelling sorews were then adjusted
to obtain a horizontal band of waves at the exit end of the wetted
wall column. This indicated that the liquid was uniformly dis-
tributed around the tube.

Art. 2.3, The Ligquid Supply

Distilled deserated water was used throughout the work des=-
cribed in this thesis. The still used for the supply of distilled
viater was actually designed for the separation of a volatile com~
ponent from a binary with watef. It consisted of a copper boiler-
pot (1'-8" dia. x 1'-4" height) having connections of a water inlet
and outlet, and a level-gauge. Inside the pot was a copper coil
carrying steam. The vapours from the boiler-pot passed through
six perforated plates (1/4” dia. perforations) separated by
'Quickfit' glass sections (D" dia. x 6" height). The vapour was
then condensed in a vertical tubular condenser which had & comnnec=
tion of an air vent where vacuum could also be applied. The still
had a capacity of distilling 8 gals. of water per hour. It gave &
distilled water of very high quality.

The water from the still was collected in bottle 1 of a
deaeration unit (see Fig.2.41). This unit consisted of three
20-litre glass aspirator bottles pleced at different heights.

The water was sucked into bottle 2 from bottle 1 by applying

vacuum to it. A prescure-vacuum pump was used for obtaining
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the vacuum and the maximum vecuum.obtainable with this pump was
24" of mercury. It was found from absorption trials that a water
deaerated at 20" of mercury was sufficiently free from air to give
consistent results. Deaerated witers obtained at vacuums higher
than 20" of mercury did not give any better absorntion results.
Therefore, the vacuums used throughout this work ranged from 21-23"
of mercury. Water was thus sprayed into vacuuﬁ alternately in
bottles 1 and 2, twice in each. It was then stored under vacuum
in bottle 2 for supply to the absorber. Consiatent absorption
trials showed that water was sufficiently free from air after
four sprays into vacuum. Bottle 3 was used in conjunction with
bottle 2 only when high liquid flow rates were used in the absorber.
If a surface active material was to be used; it was separately
dissolved in a small quantity of water and then sucked into bottle
1 before collecting distilled water in it. This,; and the subseq-~
uent spraying into vacuum, ensured thorough mixing of the addend.
In the early part of this work, water from bottle 3 was used to
keep the head of water constant in bottle 2. Later this method
was given up because the flow of water from bottle 3 to 2 caused
turbulence on the surface in bottle 2, thereby increasing air
absorption. The water surface in bottle 2 was covered with a
plastic sheet to avoid unnecessary exposure to air. The drop in

hydrostatic head during a run at low flow rates was very small,
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and the liquid flow to the absorber could easily be adjusted

by means of a needle valve. At high liquid flow rates, bottle 3
was used to replenish head in bottle 2. Bottle 3 was also used
as a supply vessel for .pure water, when runs were being obtained
with surfactant added, for the alignment of the wetted wall tube
by means of the exit-end wave band., It is to be re-mentioned here
that this band of waves was visible only when pure water was used.

Art. 2.4, Temperature and Pressure Control

A flow-diagram of the entire apparatus assembly is given
in Fig.2.41. Both the liquid and the gas had to be brought to a
particular temperature and pressure before being fed to the
absorber. Water was supplied by bottle 2, and CO2 gas was taken
from a pressure cylinder (wt. of gas in the cylinder = 28 1lbs.,
gauge pressure = 900 - 1200 1bsﬁm)% The two streams of liquid
and gas passed separately through two temperature-equilibrating
coils (1/4" I.D., 20 ft. long copper tubing) immersed in a constant
temperature water-bath. The latter was a cylindrical copper
vessel (1 ft. dia x 1'-4" height) with a stirrer. The tempera-
ture of water in this tank was controlled to a 1/400 by means
of a toluene switch and an immersion heater. Besides the copper
coil, the tank carried tWé glass gas-saturators.

The absorber , along with its auxilliary equipment, was
placed inside a large constant temperature air-bath. The latter

was a rectangular chamber (2'-0" x 1'=7'" x 2'-10" height) made
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from Perspex sheets with the front door easily removable. This
door had a window (43/4” X 121/é") cut in it for access to the
inside for manipulations while a run was underway. This arrange-
ment minimised the temperature fluctuations. A coil of resistance
wire stretched at the base of the air-bath, and covered with a hot
air distributor, supplied the heat. A two-blade stirrer in the
side of the chamber kept the air well stirred. The temperature
could be controlled to an accuracy of 1/2°C. Both water and gas
from the water-bath passed separately each through another 5 ft.
long copper tubing, made into coils, mounted inside the air-bath.
After passing through the coil in the air-bath, water was metered
by a calibrated rotameter hefore being fed to the absorber. In
the case of gas, different arrangements of feed to the absorber
were employed according to requirement., Thus, when the absorber
was to be purged free of air, CO2 gas from the cylinder was first
passed through the copper coil in the water-bath, then through two
saturators placed in series inside the water bath, from these to
the coil in the air-bath, .end was 'finélly metered through
a bubble Theter or a rotameter before - being

fed intor. thé absorber. .. A slightly different arrange-
ment was employed for an absorption run., In this case the dry gas
from an atmospheric balloon was fed directly to the absorber after
passing through a bubble-meter. The balloon in turn got its supply

of gas direct from the cylinder. 002 of 99.8% purity was always used.
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It was saturated with water to prevent any vaporisation of water
from the wetted wall. Saturator 2 had a glass-tube, one end of
which was dipping below the level of water in it, and the other-
end open to the atmosphere. The rise of water in this tube gave
an indication of the pressﬁre under which the gas was flowing to
the apparatus. A gas pressure of 10'"-22" of water was requiredl
in saturator 2 to obtain a flow in the rotameters. The balloon
could not be used in this case. It was used only with a soap
bubble-meter. The balloon stored gas at a maximum pressure of

1 cms of water. Absorption results were obtained for toth,

(1) when the balloon was vented to the atmosphere, (2) when it
was closed to the atmosphere. The difference betweeﬂ?%;o sets

of results was negligible. In fact it was found that in the case
of venting the balloon to the atmosphere, contamination of the gas
with air occurred. Therefore, all the later work was carried out
with the closed balloon.

The inlet gas rotameter (10-100 c.c. of 002 per minute :
at 25°C ) was connected parallel to a bubble-meter and either
could be used as desired. The outlet gas from the absorber
passed through another rotameter (2-20 c.c. CO, per minute at
ZSOC‘) also connected in parallel with a bubble-meter. From here
the gas was vented to the atmosphere. These pairs of meters were,
in fact, only used in the initial runs for calibrations and refine-

ments. In all the rest of the absorption work only one bubble-meter
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was used for measuring the contractioﬁ in the volume at constant
pressure of the gas due to absorption. A water manometer (U-tube)
showed the gas pressure inside the absorber. The average gas
pressurces used were about 1 cm,., of water higher than the atmos-
pheric pressure. Temperatures of both inlet and outlet gas and
liquid streams were recorded. The difference in the two sets

of temperatures was found to be negligible.

Art. 2.5. Calibrations and Refinements

Calibrations

The Bubble-meter: The bubble-meter was simply a graduated
Bureka glass tube (0-50 c.c. with graduations of 0.1 C.C.) carrying
three limbs at its lower end. Two side limbs were connected to
the gas supplies while the bottom limb carried a rubber bladder
filled with 2% 'teepol' solution. When a bubble was to be intro-
duced, the bladder was pressed to raise the level of the solution
into the tube until the gas would push one thin film up the tube.
Before starting an absorption run,the inside of the glass tube
had to be wetted by passing a train of such bubbles through the
tube. A wet wall would prevent breaking up of the bubble while
travelling.

The graduated pO¥tion of the meter tube was recalibrated
to determine the exact volume of gas occupied between divisions

50 and 5 at different temperatures. In all the absorption work,
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time was measured for the displacement of the bubble between
divisions 50 and 5. The calibration was carried out as follows:
The tube was filled with distilled water at a particular
temperature and the quantity of water between divisions 50
and 5 was drained and weighed. The drainage process was
made relatively slow to prevent any drops from being left
sticking to the wall . The volume occupied by the liquid
left as a thin film sticking to the wall could be neglected
as even in an absorption run the wall had to be wetted.
From the weight of the water collected, the volumes cal-

culated were as follows:

20°c. = 44,88 c.c.
25°¢. = b4, 90
30°c. = bh,91
35°C. = bl4,93 v

The variation in the volume of the bubble meter between
division5-50 with temperature was, therefore, negligible.

A volume of 45,00 c.c. was accepted for all the temperatures
used. This was done because the difference between the
average volume from the above calibration and 45.00 c.c.

was negligible when compared with the rate of displacement
of the bubble.

Liquid Rotameters: Three liquid rotameters of different

ranges were used in this work. During the early part of the work,
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the rotameter used had a range of 1-10 gals./hr., calibrated

at ZOOC. Later two other rotamoters were used, one calibrated
for 1-10 gals./hr. at 25°C , and the other uncalibrated (2-40
gals./hr. capacity). All three were recalibrated for temperatures
of 20-L0°C.

The rotameters were calibrated by noting the time required
to collect a definite volume of water at the outlet from the
absorber. Table-2.51 gives a sample of the results of calibrations
of one of the rotameters.

Table ~ 2,51

Calibration Chart for rotameter (1-10 gals./hr.)

Temper{ Rotameter | Calibrated Temper-] Rotameter | Calibrated
ature ' reading reading ture. | reading reading
o¢ gals./hr. | gals./hr, o¢ gals./hr. | gals./hr.
20 7.000 6.826 30 4,000 4,083
" 6.000 5.824 " 3,000 3,071
" 5.000 4,889 " 2.000 2.079
" L, 000 3.901 35 7.000 7.168
" 3.000 2.917 " 6.000 6,236
" 2.000 1.932 " 5.000 5.176
25 7.000 7,008 " 4,000 4,211
" 6.000 5.977 " 3.000 3,168
l 5.000 5.012 " 2.000 2.164
" 4,000 4,020 Lo | 7.000 7.199
" 3.000 3,023 " 6,000 6.33%6
" 2.000 2.020 " 5.000 . 5.19%4
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Table 2.51 - contd.

Temper=-|Rotameter | Calibrated] Temper-| Rotameter Calibrated
atgre reading reading agure ~ reading reading
C gals/hr. gals/hr. C gals/hr. gals/hr.
30 7.000 7.10k Lo 4,000 L4, 304
" 6.000 6.115 " 3,000 3.259
" 5.000 5.077 " 2.000 2.256
{
Refinements

During early experimentation, gas rotameters were used for
metering the flow rates to and from the absorber. One rotameter
(10-100 c.c. of CO,/min, at 25%) metered the inlet gas and the
other (2-20 c.c. of COa/min. at 25°C ) metered the outlet gas.

The difference in the readings of the two rotameters was the
absorption rate per minute. Some 50 runs were taken with different
flow rates and heights of the wetted wall. Table 2.52 records
some of these runs. It is clearly seen from this table that,

for the same flow rate of water, the absorption rates are different
in different runs. The results were highly inconsistent. One
reason for this 7a%he small solubility of CO, in water. The
change indicated by the rotameters for a small change in the flow
rate of water (0.5 gals/hr.) was so small that the errors of the
instruments themselves were comparable to it. The floats of the

rotameters were very unsteady. Since wet gas had always to be



passed through the outlet rotameter, the float of this rotameter

would stick to the wall and was liable to give erroneous results.

Table«2.59

70.

Height of wetted wall = 8.70 cm.

Temperature of gas and water = 25°C (2 0.2% )

Water flow | Rotameter 1 i Rotameter 2 Rate of absorption
rate reading reading of gas
gals/hr. ce ,‘min, cc/min, cc/min,
2.970 34,0 157 18,3
2.970 32.0 14,1 17.9
4,054 32.0 14,6 1744
5.012 32.0 1.7 20.3
4,054 32.0 13.0 19.0
3.900 38.0 19.0 19.0
3.680 38.0 19.5 18.5
4,054 38.0 ! 8.9 29.1

This, in fact, was the biggest handicap in the use of rotameters.

Later, soap-film meters were used in place of rotameters but

again the results were not reproducible.

a steady stream of gas through the absorber, in order to minimise
accumulation of inerts, had, therefore, to be discarded.

tests on the influence of the accumulation of inerts on absorption,

The technique of passing

Later

however, showed that the errors introduced in the use of a
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steady-stream technique were far greater in magnitude than those

due to inerts. Efforts were then made to find conditions for

preventing the accumulation of inerts in a stationary-gas

absorption technique as described below:
Liquid flow was switched on to the absorber and a
steady stream of ;aturated CO2 at 2 litres/min. was
passed through it for 2 minutes to displace the air.
Gas flow was then stopped, absorber gas exit closed and
the gas feed from the atmospheric balloon opened. After
the conditions became steady, a soap film was introduced
in the bubble-meter connected at the gas inlet of the
absorber. The time was noted for the displacement of
the bubble between divisions 50 and 5. The rate of
displacement of the bubble gave the rate of absorption.
The balloon was then disconnected, the absorber gas
exit opened, and again purge—gas was streamed through
the absorber at 2 litres/min. for another two minutes,
at the end of which another absorption run was recorded.
This process was repeated for purge intervals of two
minutes until the rate of absorption reached a maximum.,
A graph of purge time 't purge' is plotted against the
time taken for the displacement of bubble between

divisions50 and 5, 't absorption', for a constant liquid
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flow’shown in Fig.2.51. It is seen from the graph that

the absorption rate becomes constant after 17
minutes of purge.

Another two similar runs were made for purge time,
't purge' versus bubble displacement time’ 't absorption',
at purge-gas flows of 1 and 3 litres/min. respectively,
8tarting with the absorber filled with air in each case.
It was concluded from these studies that the purge time
after which the absorption rate started to become constant

was between 12-18 minutes., Therefore, in all the subse-

guent work, a purge-time of more than 25 minutes was

always given at purge-gas flows of 2 litres/min.

Effect of the Accumulation of Inerts: The absorber was
purged for 25 minutes, the gas exit of the absorber closed,
supply from}%@iloon connected, and absorption rates deter-
mined, for a constant flow rate of water, after intervals
of 5 minutes. The results are shown in Fig.2.52, where
the time elapsed 't' is plotted against the time of
displacement of bubble 't absorption'. The time of the
first run after the purge has been taken as zero, It is
seen from the graph that the first noticeable influence

of the inerts becomes evident 20 minutes after the purge.
The maximum effect of the inerts on absorption rate is

observed at the 75th minute, after which it becomes
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constant again. Nearly identical results were obtained in

another similar run at another liquid flow. It was, there-

fore concluded that the absorbtion runs should not last

more than 20 minutes after .the gas has once been enclosed

in the absorber system. A purge of 5 minutes after every

single absorption run was much preferred.

Just for a comparison of resulﬁs, absorption studies were
also made with tap-water, deaerated tap-water, distilled water,
and deaerated distilled water. The tap-water and deaergted tap~
water gave results about 2-2.5 % lower than deaerated distilled
water. Results from distilled water were o0,5% lower than those

from dd-water. Deaerated distilled water was, therefore, used in

all the subsequent work.,
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CHAPTER III

ABSORPTION INTO A FALLING LAMINAR LIQUID FILM

Art. 3.1. Treatment of Data

Extensive absorption results were obtained on COs water
system by varying the heights of the wetted wall, temperatures,
liquid flow rates, and with either an overflow or an annular
liquid distributor. The effect of the addition of a surface
active agent to water was also studied. In order to analyse
the results, the data obtained was treated as discussed below.

Treatment of Gas Volumes

The gas volumes of absorption were reduced to standard
conditions (OOC s 760 mm.), and for the sake of uniformity the
volumeS were calculated for a partial pressure of 760 mm. of €O,

in the absorber. The volumetric rate of absorption is actually

independent of the gas pressure inside the absorber. This is

illustrated by the following example:
Let, the volume of the gas absorbed, c.c. = V
Pressure of the gas in the absorber, mm. = 771

Temperature " " won " °¢ = 25

23.7

Vapour pressure of water at 25°C s Ml
Therefore,
Volume of dry CO,

absorbed, cc. = V x (771-23.7)
771
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As measured at a total pressure of 771 mm., if the same
quantity of CO, were reported relative to a pressure of

760 mm. instead of 771 mm., its volume would be, cc.
_ vy (I1=23.7) I
771 760

If we now ask how much CO, would be absorbed if its

partial pressure in the absorber were 760 mm. instead of
(771—23.7)mm., we have to correct the previous figure by

the use of Henry's law, as,[c.c.)
(771-23.7)  _77 . __ 760
=Vx 7 X760 7 (711-23.7)
=V
+ « The required volume at S.T.P. = V x g%%:;;—
The density of CO, at S.T.P. is reliably known to be

ag 1.9769 gms/litre.

Equivalent to Meniscus

In the case of absorption results with an overflowdis-

tributor, the meniscus of liquid at the overflow was observed

to vary with the liquid flow rate. Thus, at the lowest flow

rate of 0.3162 cm>/sec., the meniscus was almost a flat pool,

while at the highest rate of 3.1620 cmg%sec., it was approxi-

mately hemi-spherical. Therefore, the equivalent height to be

added to the wetted wall height, would be, in the case of low-

est flow rate (flat-pool) asITrZ/Zf?r = r/z, and in the case of
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highest flow rate (hemi-spherioal).as 2ﬁr2/2ﬁ"r = r (r is the
radius of the wetted wall tube). The variation in the HEM
(Height Bquivalent to Menisous) from the lowest to the highest

flow rate is, thus, r/g to r. An average 3 r/l was, therefore,

added to the vertical height of the wetted wall, the justificavion

for the use of an average vslue being the small magnitude of
the correction.

Saturated Concentrations (C¥*)

The data on solubilities available in literature (56)
are given as gn. per gm. of the solvent. In order to convert
these data into concentration units (gmu/cc.), a knowledge of
the densities of agueous sodutions of COz is required. However,
the density of water is affected only in the fourth decimal
place by the saturated solutions of CO,, therefore, densities
of pure water were used for the purpose. The following values
were calculated for different temperatures:

Temperature,oC; 20 25 30 35

c* x 107, gm/oc.;  1.722 1.495 1.315 1.170
(760 mn. partial
pressure of COQ).

Other Physical Constants

The values of the diffusion coefficients !'D!' available

in literature are widely different. Somewhat more reliable
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values given by various workers are plotted for comparison in
Fig.3.11. It is seen that at temperatures higher than ZOOC R
Davidson and Cullen (38) give much higher values of the diffu-
sion coefficients than the others. In fact, when Davidson's
values of 'D' were used for the correlation of the data, they
were found to be much too high. Davidson and Cullen had
obtained the values for absorpfion into a spherical wetted wall,
uging pure water. The present work has shown that pure water
‘always gives higher absorption coefficients than water contain-
ing surface active material because of the presence of both
visible and invisible ripples, and it may be suspected that such
ripples were present on Davidson's absorber. Therefore, Davidson's
values were not considered suitable. Diffusion coefficients
given by Vielstich (57) were chosen to be more suitable (Fig.311).

The values of kinematic viscosity 'V'used inthe calculations
are as follows (56)
Temperature, °C ; 20 25 30 35
1010
Vox 107, eml/sec.; ¥+030  8.974  T.969  7.250

Correction for the Bxit-End Effect

As discussed before, the exit-end effects reduce the
effective height of the wetted surface. The heights of the
stagnant zones 'hf' were measured at different flow rates by

sprinkling 3ycopodium powderand recding  through a cathetometer.
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'hye! was found to vary only with *he flow rate and was indepen-
dent of the temperature and the height of the column. The
values of 'h,.' were found to be as given in Table 3.11.

Table-35.11

/ i

i v

cm?/sec.

|
0.3200| 0.6369 '0.9530 |

1.2680( 1,5810! 1.8850‘2.2220

thy'yem.
Pure water

1
|
z ? i
1.00 | 0.60 0.45 [0.35 |0.20 | 0.05
| |
T
3

x i
I 'hety eme 12,00 | 1,00 10.70
1{water con- |
| taining !
i Lissapol, g
I
!
]

t 0.,01% by
f vol.)

!
!
|
i
i
i
3

The effective height of absorption 'he' was, therefore,

taken as,
he = h - h,
where, for an overflow ligquid distributor,
h = vertical height +3r/;
and, for an annular liquid distributor,

h = vertical height.

Art. %.2. Presentation and Discussion of Results

Experimental absorption rates per unit area of the wetted

surface were calculated from the following equation :

T B tops, ©

VP, . Lo ve. (3.21)

i

[}
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where,

V = volume of gas absorbed, cc.,

Fo= density of CO, at S.T.P., gm./cc.,

hg= effective height of wetted surface, cm.,
= thickness of the liquid film, cm.,

r = radius of the wetted tube, cm.,

T_= absolute temperature, 273°A ,

T = temperature of the system,OA s

tabs.-= time required for the absorption of V cc. of the gas,

s€c.
Theoretical absorption rates are given by Egn.(1.412).
When values of the physical constanty are inserted in this

equation, and putting h = he, we get,

o 1/3 -+
at 20°C , N, = 5.436 x 1072({;) . (he) ) eer (3.22)
25°C , N, = 5.013 x 10‘5({;)1/3.(he) j ees (3.23)
309 , N, = 4.680 x 10-5((a)1/3. (he) © eee (3.24)
1
350C , N, = 44370 x 10'5(5)1/3. (he) oo (3.25)
A

As seen from the above equations, the effective height
'he' is also a variable depending upon the flow rate. However,
it becomes independent of the flow rate above 1.,9000 cm?/sec.,
because then the height of the exit-end effect becomes negligible

(see Table-3.11).
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Results

It was observed that, at low flow rates, in the region of
laminar liquid flow, ripnling started on the film some way down
the wetted wall. The height of the zone of rippling depended on
the liquid flow rate. The lower was the flow rate of liquid,the
higher was the zone of rippling. The lowest liquid flow rate,
at which the wall could be easily wetted,was found to be 0.6585
cm?/sec. (In some cases flow rates as low as 0.3200 cm%/sec.
could also wet the wall completely). At this flow rate the
height of the unrippled region was observed to be 9,10 cm. As
an unrippled film is easgily amenable to theoretical analysis,
and it is possible to compare the results with the results of
other workers, the results shown in Table-~3.21(a) were taken
on a wetted wall height 'h' of 9.10 cm., using pure water.

Table-3.21

Temperature of the system, °C = 25

Height of the wetted fube,h, cm. = 9.10
Diameter of " M " , Cll. = 1.270
Tube surface = Plain

Pure water

Liquidwed

1

Liquid distributor used overflow
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(a)
, —
I~ i Reynolds i Vs Ny x 10
5 v number f /3 4 . 2
(cm' /sec.) (Re) , ([:)(hp) ; (gm. fem-sec.)
0.6585 294 I 0.298% ! 14.86
0.8191 365 0.3183 15.40
0.97886 437 0.%360 16.09
1.1380 L 507 0.3515 16.74
1.2980 i 579 0.3655 17.30
1.4560 649 0.3787 17.81
1.6140 720 0.3901 18.34
1.7760 792 0.4014 ! 18.91
| 1.9440 865 0.4140 : 19.39
: ]
| 2.1020 937 0.4245 ! 19.98
L 2,26%0 1009 0.4350 { 20.35
L
(v)
v =
= i A
< v) '(hn) i
0.6585 3,351 3 6.730
0.8191 3.142 ; 6.485
0.9788 2.977 [ 6.220
1.1380 2.845 f 5,970
1.2980 2.73%5 % 5,780
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(b) contd.
; {+ ; L 1 x104 5
| ()3, () g }
1.4560 f 2.640 5.618
1.6140 2.564 ! 5.450 §
1.7760 ! 2.491 g 5.290 ;
1.9440 | 2.417 l 5.160
| 2.1020 § 2.355 § 5.005 §
oo | o s

Reynolds numbers have been given in Tabie 3.21 (a) in
order to give an easy reckoning of the flow condition. Kramers
et al. (15) have given Reynolds number 1200 as the transition
point of.laminar to turbulent flow. It is seen from the table
that the liquid flow was well within the laminar region.

1
According to Eqn.(3.23), then, if (r;)l/s.(he)-g is plotted
against N,, a straight line should be obtained. Fig.B.Zl(a)
gives such a plot. It is seen that the experimental results
do not fit the line of Egn.(3.23). There seems to exist some
sort of a barrier to absorption.

As has been discussed in Chapter I, many authors suggest

the existence of an interfacisl resistance to absorption.
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Danckwerts and Kennedy (46) correlated their results by assuming
an interfacial resistance 1/k,9 where k. = 0.11 cm/sec. Higbie's
(29) measurements of C02— wat:r also indicated a surface resis-
tance of this order of magnitude. It was, therefore, decided
to compare the results obtained in this work with the results
of Danckwerts and Kennedy. For this purpose, an expression
of the mass transfer Eqn.(1.41) in terms of transfer resis-
tances was obtained as follows:

Egn. (1.41) can be written as,

N, = cx (C = nd C. = C*)
A= —_— o= zero, .nd O, =

1
fer
where 'l/, ' is a diffusional resistance to mass
L

transfer. If 'l/L_' is an additional resistance
i

to mass transfer, then, the transfer rate would be

given by,

C*
N, = —

A
l/kL+ I/Li

oo (3.26)

1/ 1
or =
Ny ¥

{l/kL + 11{___} e (3.27)

i
When the values of physical constants used by

Denckwerts and Kennedy (46) (D = 2.02 x 10_5cm?/sec.

A Y

Ci = 1.488 x 107 gm./cm?, k; = 0.11 cm/sec. at 25°C }

are used, Eqn. (3.27) becomes,
1/y . 1.88 x 104

- + 0.611 x 104 ... (3.272)
A RN
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Eqn.(3.27a) has been plotted in Fig.32%b)along with the
experimental results. The experimental values for the para-
meters are given in Table 3.21(b). It is seen that there is
complete agreement of the experimental results with the theory,
and therefore the results of the author are identical with the
findings of Danckwerts and Kennedy. (There is one difference,
however; in that Danckwerts and Kennedy A&id not correct for the
exit-end effects, while in this work, corrections have been
made. Probably the hydrodynamics of the exit-end of the film
in their rotating-drum method might be different and a correc-
tion may not be necessary).

The above findings will now be confirmed by studies at
various heights of the wetted surface, different temperatures,
and with/without the addition of surface active agents to water.

Lbsorption at Various Heights of the ‘Vetted Surface
with Pure Waters
When the height of the wetted tube was more than 10.0 cm.,

rippling started on the film. Absorption rates obtained at
such heights were much higher than those predicted by Eqn.(3.27).

Results of a few runs are given in Table-3.22.

Table-~3.22

Temperature of the system, °c

25
Diemeter of the wetted tube, cm. = 1.270

Tube surface Plain
Pure water

Liquid used
overflow

Liquid distributor used
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N | - é l/(t;)l/3-(h:)~%; 1/NAX 1074 |
{cm.) ; f !
14.1 § 0.6585 4,222 % 8.500

' 0.6191 5947 1972

" 0.9788 3.735 { 7.551

" 1.2980 3,421 f 7.022

d | 1.6140 | 3.196 L 6.672

. ' 1,9440 [ 3,007 i 6.410

" " 2.2630 2.861 | 6.210

n § 2.4230 i 2.796 j 6.010 |
15.0 | 0.3200 i 5,465 . 9.380 |
" { 0.6390 4,400 ! 7.780
" | 0.9570 3.870 L 7.251

! § 1.2730 3.530 6.930

. L 1.5870 | 5.006 6.755

" | 1.8920 3.122 6.590
" 2.2200 2,971 . 6.355
" 2.5300 2.845 ? 6.060
" 2.8460 2.735 i 5,890

1 3.1616 2.640 . 5.680
18.0 0.6%90 4.835 ; 6.890

" 0.9570 4.248 f 6.665

L 1.2730 L 3,870 o 7.680

" 1.5870 3,613 7.610

" i 1.8920 3,420 ; 7.280

kgn. (3.27a) was obtained by using the physical con-
stants of Danckwerts and Kennedy. The values of physical

constants used in this thesis, however, are those given in
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Art. 3.1, When these values at 2500 were substituted in Eqn.

(3.27) the following equation was obtained,

4 4
1/ . 1.99% x 10 10 . (3.270)

= +
N, (I‘,',)VB.(},O)-VE i, % 01495

The data given in Table-3,22, as well as the data for
h = 9,1, from Table-3,21(b), howe been plotted in Fig.3.22. The
dotted line represents Egn. (1,412), which is without an inter-
facial resistance. The best line passing through the experimental
points and parallel to the dotted line gives the value of ki =
0.15 cm/sec. at 25°C . It is seen from the graph that experi-
mental results agree with the theoretical line with interfacial
resistance, at liquid flow rates when there is no rippling. When
rippling is present the experimental points are widely scattered.
It is seen from Fig.3.,22, that for each height of the wetted tube,
the break of the experimental points from Eqn.3.27(b), which shows
inception of rippling, is different. As the height of the wetted
tube increases, the degree of divergence from the theoretical
curve increases. It is interesting to note that, at h = 18.0,
with the rippling film, the absorption rates, at.f; = 0,6390 and
0.9570, are higher than the absorption rate, at r; = 1,2730.

Because of the complications caused by rippling, the infer-
ences drawn above have to be substantiated further. The presence

of interfacial resistance will now be confirmed by elaborate
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studies on non-rippling films (using a surface active agent).
Absorption Results on Water Containing
a Surface Active Ageni:

The presence of a surface active agent in water was found
to eliminate rippling on the film. The absorption results

obtained were accurately reproducible. Absorption results with

either an overflow or an annular distributor were found to be

identical for the same_height of the wetted wall . Therefore,

no distinction will be made in the results of either distributor
from now on.

In order to find an optimum concentration of the surfaée
active agent, absorption results were obtained at concentrations
of 0.001%, 6.005%, 0.01%, 0.02%, 0,05% and 0.,07% by volume of
Lissapol NX. As the concentration of the agent was increased
above 0.01%, a 1-3% decrease in the absorption rate was observed.
Also, at these concentrations foaming took place in the liquid
receiver. Below 0.01% concentration, the results were not reprod-
ucible. Therefore, a concentration of 0.01% Lissapol by volume
was chosen to be the most suitable concentration. Further on,

a use of 0.01% concentration of the surface active material will
be de2oted by 'SAM'.

Table~3.23% contains the absorption results obtained on a
wetted wall height of 15.0 cm., with and without the addition of

SAM. These results have been plotted for comparison in Fig,3.23.
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Table~3,23%
Temperature of the system, °c = 25
Height of the wetted tube, h, cm. = 15.0
Diameter ' " n n ",ooem. = 1,270
Tubs surface = Plain
Pure Water Water with SAM
1 1 " 1 1 -l
ry 77 a7 | §o* 0 77 o7 wx 10
(F) 73" 72 | "A (1) 73.(ho)” 73 "A
0.3%200 5,465 9,380 | 5.230 11,000
0.6390 4,400 7,780 4,340 9.170
0.9570 3,870 7.251 3,835 8.070
1.2370 3,530 6,930 3,510 7.380
1,5870 3,296 | 6.755 3,283 6.975
1.8920 3,122 6,590 3,117 6,705
2.2200 2.971 6.355 2.970 6. 440
2.5300 2,845 6.060 2.845 6.130
2.8460 2.7%5 5.890 2.735 5.890
23,1616 2.640 5,680 2,640 5.720

As seen from Fig.3.23, the results with SAM at all the liquid
flow rates lie on the line of Eqn.(}.Z?b) when ki is of the same
order of magnitude as in Fig.3.22, i.e. k, = 0,75 cm./sec. The

results for pure water also agree with this line for liguid flow

rates at which there is no rippling. In the rippling region the

results with pure water diverge considerably from the theoretical

because of the presence of rippling, A comparison of Fig. 3.22
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and Fig.3.23 indicates that the surface active material does not

introduce any additional resistance to mass transfer but that the

interfacial resistance already exists in the case of pure water,

Different temperatures and wetted wall heights: Tables~3.2L, a,
b, ¢, and d, record the absorption data at different heights for
temperatures of 20, 25, 30,and 3500 respectively. These have
been plotted respectively in Figs. 3.24, a, b, ¢, and d. From
these plots, the following observations are noted-
Fig.3.2hka, 20°¢ 3 There is excellent agreement of the
experimental points with the theoretical line for inter-
facial resistance, when ki = 0.16 cm/sec.
Fig. 3.2hb, 2500 s The agreement with theoretical line
for interfacial resistance is again very good. The value
of ki is found to be as, 0,15 cm./sec.b
Figs.3.2l4c and 4, 30°C , 35°C ; The agreement with the
theoretical linesfor interfacial resistance (Eqn.3.27 )
is satisfactory. The scatter of some points around the
linesis due to the fact that the liquid flow was slightly

unsteady at these temperatures. The values of ki calcu-

lated from the graphs are O.14 and 0.13 cm/sec.respectively,

It was desired to obtain a gencral relation of mass transfer

which could predict the transfer rates based on the assumptidn of

interfacial resistance. For this purpose, an expression for

\-
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the variation of the coefficient ‘ki' was derived in terms of

a physical constant. This was done as follows:

(a)

Table. 3.25 contains the values of the saturated
concentrations 'C*! and the coefficients 'ki' derived
sbove. C* x 10° was then plotted against 'k * (see

Fig. 3.25). A straight line was obtained through the

points which intercepted the ki—axis, for C* x 'lO3 = 0,
at 0.068, Therefore the required expression for 'k, '
was obtained as,
k; = 53.3 C* + 0.068 oo (3.28)
When Egn.(3.28) is substituted in Egn. (3.26),
Table-3.24
Diameter of the tube, cm, = 1.268

Tube surface Plain

il

Liquid used water with SAM,

Temperature = 20°%

h! 1 1 -4

e . o /5y 2 | T "
17.45 0.9245 L,200 8.140

L 1.2360 3.830 7,480

n 1.5510 3.575 6.930

" 1.8470 3. 394 64560

" 2.1650 3,228 6.250
15.45 0.6124 4. 480 8.725

" 0.9245 3,943 7.740

1.2360 3, 60U 7.110




Table~3,24 - contd.
(a)

Temperature = 20°%¢

.

. -
cz. Iy (r;;lfs.(ha)-l7§ ﬁl X 107

15.45 1.5510 34360 6,640
" 1.8470 34193 6.315
" 2.1650 3.038 6.030

12,45 0.6124 L, 156 7.990
n 0.9245 3,664 7.125
" 1,2360 3.353 6.510
" 1.5510 3,130 6.140
L 1.8470 2.975 5.880
" 2.1650 2.833 5.590

11.45 0.6124 3.805 7.490
u 0.9245 34365 6.680
t 1,2360 3.101 6.120
" 1.5510 2,885 54750
" 1.8470 2,746 5.560
" 2.1650 2,615 5.300

(b)

Temperature = 2500

17.45 0.9581 L.145 8.660
n 1.2750 3.790 7.950
" 1.5900 3.545 7.445
" 1.8950 3.364 7.065
n 2.2220 3.203 6.710

15.45 0.6403 4,410 9,201
" 0.9581 3.892 8.212
" 1.2750 3.560 7.495




zgple—3.24 - contd.

(b)

99.

Temperature = 2500

15.45 1.5900 34330 7.050
" 1.8950 3,164 6.720
" 2.2220 3,014 6,440

13.45 0.6403 4,091 8.590
" 0.9581 3.620 7.650
" 1.2750 3.315 7.050
" 1.5900 3,105 6.650
" 1.8950 2.950 6.390
Al 2.2220 2.811 6.090

11.45 0.6403 3,748 7.870
" 0.9581 3,325 7.080
" 1.2750 3,070 6.390
n 1.5900 2.860 6,040
" 1.8950 2,721 5.750 '
" 2,2220 2,595 5,630 g

(¢) Temperature = 3006

17.45 0.9731 4,125 9.400
" 1.2930 3.775 8,600
n 1.6110 3.531 7.975
" 1.9390 3.340 7.785
" 2.2530 3,184 74340

15.45 0.9731 3.871 8.765
n 1.2930 3,544 8.105
" 1.6110 3.320 7.490
" 1.9390 3,142 7.230
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Table"}.au - Contdu

(c) Temperature = 20°¢C

15,45 2.2530 2,997 7.020
13.45 0.6592 4,050 9.300
" 0.9731 3,600 8.390
n 1.2930 3,300 7.750
" 1.6110 3,094 7.170
" 1.9390 2.929 6.940
" 2.2530 2.795 6.770
11.45 0.9731 3,308 7.530
n 1.2930 3,054 6,740
" 1.6110 2.850 6.380
" 1.9390 2.702 6.174
" 2.2530 2.580 5.930

(3) Temperature = 25%

17.45 1.0040 4,084 9,950
" 1.3350 3.736 9,180
" 1.6430 3,507 8.520
" 1.9770 3.315 8.200
n 2.27h40 3.175 7.900
15.45 1.0040 3,830 9.730
" 143350 3.510 8.700
1 1.6430 3,298 8.240
" 1.9770 3,120 7.938
" 2.2740 2.983 7685
13.45 0.7695 3,946 9,780
n 1.0040 3.560 8.920

" 1.3350 3,266 8.170 -
" 1.6430 3,072 7.750
" 1.9770 2.908 7.410
| " 2.27h40 2.787 7.070
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Table ~3.25
£ °c 20 25 30 35 J
c* x 10° 1.722 1,498 1.315 1,170
gm./cm. >
X,
i 0.16 0.15 0.1k 0.13
cm/sec.

the following general expressions for mass transfer are obtained,

N, = cr
A~ 1 + 1 e (3.29)
i * 155.5 0+ 0.069)
or NA = C* (kL +(53.3 C* + 0.068)> e (3.210)

Eqn. (3.29) is a general equation for the prediction of
absorption rates. All the theoretical curves drawn for inter-
facial resistance in the previous work are represented by
Egqn. (3.210).

Conclusions:

(1) Surface active material does not introduce any additional
resistance to absorption.

(2) Interfacial resistance to absorption is a dynamic property
of the system and exists even in absorption into pure water.

(3) Egn. (3.29) can be used for the prediction of mass transfer

rates.
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CHAPTER IV,

ABSORPTION INTQ FALLING LIQUID FILMS
AT TURBULENT LIQUID FLOW RATES

Art.4.1. - General

In order to investigate the mass transfer phenomena at high
ligquid flow rates of the falling film, the hydrodynamic properties
of the system should first be understood. The hydrodynamics of the
laminar falling liquid films, discussed in the last chapter, were
assumed to be explained by Nusselt's theory (2). No such theoret-
ical analysis is available for flow rates in the turbulent region
(Re >1200). As has been discussed previously, the liguid film
thickness is the most important parameter of the falling film.
Several different approaches have been reported in the literature
on the measurement of this quantity for a long wetted wall column
with a wavy ligquid film at turbulent flow rates. There is not a
single study reported for a short wetted wall column, where the
film has a smooth surface. An attempt was, therefore, made by the
author to measure the film thickness for short columns at turbulent
liquid flows.

Art. 4.2, - Measurement of the Film Thickness

The different methods of measuring film thickness have already
been discussed in Chapter I. A method of silhouette photography

was developed as an improvement on the method used by Brauer (16).
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The photographic method has the advantage of leaving the flow

undisturbed and is independent of such ellusive factors as influence
the drainage type of measurements. He took high speed photographs
of the column with water flowing and compared them with photographs
of the dry column. A planimeter was used on the enlarged photographs
for the linear measurements. He realised the limitations of his
method and took great care (seven photographs of the wet column for
each value of the Reynolds number) to obtain the best possible
results. Two different cameras were used, one each for the dry and
the wet tube, and the photographs were enlarged to exactly the same
magnification. This operation introduced several sources of error,
as enlarging the photographs to the same magnification ratio would have been
very tedious, and then the two cameras used might have had different
optical errors giving slightly different images. There were so many
steps to be employed, with their individual errors, before the final
measurement was taken, that the accumulated percentage error must
have been high.

Most of the above-mentioned sources of error were eliminated
in the technique u~~d by the author. It consisted in a double ex-
posure of the photographic plate for a small exposure time, first
for the dry tube with front lighting, and second for the wet tube
with back lighting. The silhouettes of the thickness of the film

obtained on both sides of the tube were measured directly from the

plate under a travelling microscope.
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Details of Method

The front door of the perspex air-bath as well as the
Quickfit glass section of the absorber ,were removed (see inside
cover photograph). Deaerated water was used to form the film as
the dissolved air was found to give rise to small bubbles in the
film which distorted the interface. The photographs were ‘taken
with a still camera having bellows extension and mounted on a sturdy
stand. The wetted tube was rigidly fixed in the heavy absorber
assembly and there was no danger from small mechanical disturbances.
The tube was wetted by the use of the annular distributor which was
aligned to give a uniform width of annulus. F.P.3 (glass) half-plate
(43/4" x 61/2”) was used and developed in D163 developer at 1:3
dilution in a 2-minute constant agitation.

The dry tube was first exposed with two 1000-watt lights
rrojected on to the tube from the sides. The background of the tube
was covered by a dark screen in order to reduce light being reflected
from behind the tube. This gave an elevation image of the dry tube.
The tube was wetted at a particular flow rate and temperature. The wet
tube was then exposed on the same plate with the light projected from
behind the tube through a slit (1.5" width). This exposure gave a
silhouetted elevation of the wet tube superimposed on the image of
the dry tube. The slit was used in order to minimise dispersion of

light at the edges of the tube. A few plate contact prints of the
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photographs taken are shown in Figs.4.21a and b. The liquid film

cross-section is clearly seen on both sides of the tube. A suitable
exposure time was found by trial and error as being 1/500th of a
second at an aperture of 8., The magnification ratio of the image on
the plate was always nearly 2.

Calculation of the film thickness: Lines perpendicular to the edges
of the dry tube were drawn at 1 cm. distances along the length of
the tube on the emulsion-side of the pvhotographic plate. Four read-
ings were taken along each line under the travelling microscope, the
plate being illuminated from below, as (1) R1, left wet boundary,
(2) R,, left dry boundary, (3) RB, right dry boundary, (4) R, right
wet boundary (see Fig.4.21a(i)). The actual diameter of the dry tube
was measured accurately with a micrometer screw gauge. The calcula-

ions were carried out as follows:

actual diameter of the dry tube, cm. = d,
diameter of the dry tube on the plate, cm. = RZ-RB’
. . magnification ratio of the image on (R.-R.)
the plate, x, = T2 "3,
d
. . . (R,-R,)
actual film thickness on the left side, cm. = 12
X
. . . . (R,-R,,)
actual film thickness on the right side, cm. = 3 4
X
height of the tube on the plate (from the
distributor cap downwards) = H
. . actual height of the tube (from the 1/

cap downwards) = 'x
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Both the dry tube and the annular distributor were assumed
to be perfectly round. Therefore, even when (Rq'Rz) was not equal
to (R3—R4)’ an arithmetic mean of these two quantities gave the film
thickness that would have been obtained on both sides of the tube if
the distributor annulus were perfectly uniform.

In order to visualise the cross-sectional profile of the
falling film, (R1'R2) + (RB—RH)/Z was plotted against H, as shown
in Fig.hk.22. It contains such plots at various liquid flow rates.
Only one measurement of thickness was carried out in thelaminar
region (see photograph in Fig.4.21b(iii)). The value of the thickness
obtained was nearly identical with the prediction of the Nusselt
theory. The films obtained in the turbulent region were smo;th
without any wavy or turbulent disturbances on the interface. Visually
the pattern of flow seemed to be similar to that observed in the case
of laminar films with surface active agent added. It is seen from
the graphs in Fig.4.22 that the film thickness decrecases déwnwards
from the distributor cap. It was observed even in the case of
laminar liquid films when the overflow distributor was used that
these tapered downwards. In order to obtain an average film thick-
ness, taking into account the shape of the profile, the area under
the curve at each flow rate, Axy’ for x = orand y = o7 waas divided
by x.H. Therefore,

A

the average film thickness = —ﬁzﬁ—

The value of the film thickness given by the above equation,
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however, depends on the height H. It wag difficult to use this value
of thickness for the absorption studies described later., The limit-
ing value of the film thickness is reached when H>12.0 cm. (see
Fig.4.22), and is only slightly different from the average value.

The extra thickness due to the curvature in graphs was, therefore,
neglected. The limiting values, bi, at different flow rates are
given in Table-4.21.

Table-4,21.

Temperature of water, °c = 25.

_ ; i

2"’ 3,240 | 4.420 | 5.570 | 6.824 }8.058 9.600
cm./sec.

5 0.0502 | 0.0604 0.0640 0695 {0.,0760 | 0.0831

cm. $0.00697]

Values of the film thickness were also determined at
different temperatures for a constant flow rate (4.420 cm%/sec).
(R,-R,) + (R3_R4)/2 has been plotted against 'H' in Fig.h4.23. It
is seen from the graphs that the variation in the thickness with
temperature is very small and that the limiting values of '6i' are
almost overlapping.

It was assumed in the estimation of the film thickness that
the limiting value was independent of the width of the annular gap.

This assumption was justified by the fact that the absorption results
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on films, using different widths of the annulii, showed nearly
identical rates of transfer. Alsoc it is corroborated by the find-
ings of many workers, who observed no change in the value of the
avcrage thickness by varying the width of the annulus,.

Correlation of Results

When a liquid falls as a thin film in isothermal streamline
flow down a vertical wall, it is retarded in its motion by its
internal fluid friction and the resistances prevailing at the two
boundary surfaces, If it is flowing in a stationary gas medium,
then the resistance at the gas-liquid boundary can be regarded as
negligible, At a stnady state of motion, the acceleration due to
the force of gravity becomes balanced by the retardation due to the
frictional resistance. By applying these cpposite forces to a thin
laminar layer of the film and integrating the result for the entire
film layer, an equation can be obtained for the film thickness 'd',as,

[ g %_(_211:“ / ]1/3

Voyd” /8P

’ -V, - /
E2v ﬁ;%j-Q:ii)} /é)1 > ane (B.21)

where v, and Voy, are the interfacial and average velocities

on
f

as given in Chapter I.
When the liquid is in laminar flow, the velocity distribution

in the film is semi-parabolic and therefore vi/v = 3/2. When the

ave.
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liquid is flowing in the turbulent region, the bulk of the liquid
film will be turbulently mixed and therefore the velocity profile
will be flat except in a very thin layer next to the wall. Assume
that the whole of the layer, from the wall to the gas-liquid interface
is flowing in this fashion with the same velocity at every point in
a horizontal plane. In this case 'vi‘ would be equal to ‘vav ',

Substituting vi/vav = 1 in Eq.(4.21)

5 = [?“' fE/g.]1/3 oo (La22)

Bq.(4.22) obtained above is semi-theoretical in nature as
is evident from its method of derivation. The photographically
determined values of 'Bi' given in Table 4.21 are plotted for
comparison with Eq.(4.22) in Fig. 4.24. The agreement of the experi.-
mental points with the equation is rather poor. The consistency of
Eq.(4.22) has been verified in Fig.4.25, where it is plotted as 'v'
vs. Bi. The limiting values of '61' have been taken from Fig.k4.23.
The scatter of experimental points has the same range as in Fig.h.2h.
For reasons of its simplicity, however, this equation will be used
for the film thickness in the turbulent region and in the derivation
of a relation for the transfer coefficient to be described below.

Art. 4.3, - Absorption Results for Turbulent
Flow of Liquid Film

The only change in the apparatus assembly, from that used in

the last chapter on laminar films, was the introduction of a small
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centrifugal pump in the liguid line of feed to the absorber. Flow
rates as high as 9.600 cm%/sec.(Re = 4280) were used. Experimental
absorption rates were calculated from Eg.(3.21), using values of
'd,' obtained from Fg.(4.22) instead of 'd°'.

Correlation of Results

The equation for predicting the value of the mass transfer
coefficient for a laminar film has been derived from the penetration

theory as Eq.(1.47)., When the value of v, = fi is inserted, it
o)
can be written as,

D -1/
kT: =2 ‘/ nr; .(6) 2 ses (4031)

When the ligquid flow is turbulent, the semi-theoretical equation
derived previously (Zq.(4.22)) for the film thickness, in the tur-

bulent region, d,, is substituted for '3' in Eg. (4.31), giving,

1/ 1/ V. =
K =2 00 2 (g ) A TR O 2

The molecular diffusion coefficient, 'D', has been substi-
tuted by a mixing coefficient 'M'. When the flow is turbulent, mass

is transferred both by molecular diffusion and eddy diffusion. Ther:r -

fore,
M =D +&

where € = Tddy diffusion coefficient, cmo/sec.
'D' is a constant and depends only on temperature but the
value of 'g ' would depend upon the intensity of turbulence also.

For those hydro-dynamic systems where the intensity of turbulence
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changes with the flow rate, the value of 'M' would vary with the
flow rate. Eq.(4.32) should not hold for such cases.

When 'k[' is substituted for 'k;' in Bq.(3.210), it is
obtained as,

T A . . 3
Ny = o L fap + [G3.30% + o.o68)$ ves (4,33)

Experimental absorption rates were plotted as 1/NA against
1/({;)1/3 in Fig.4.31. Table-4.31 contains the numerical values
of the plot. A straight line could be drawn through the points
passing through the intercept given by Eq.(4.33). The line, there-
fore, represents this equation. From the slope of the line, the
value of 'M' was calculated as 3.175 x 10—5. A constant value of
'M' indicates that the intensity of turbulence is independent of
the liquid flow rate for a short wetted wall column. Eq.(4.33) can,
therefore, predict the transfer rates in any similar hydro-dynamic

system. This equation will be used later in comparing the hydro~

dynamics of the turbulent films falling on rough and vibrating sur-

faces.
Table ’4-31 .
Temperature of the system, ¢ = 25
Height of the tube, cm. = 15.0
Diameter " " " " = 1.27
Liquid used = Pure water*
1 "1/ ‘
& 10 [ /)73 LT VT 10~
3,240 6.75 17,48 5.720
L, 420 6.09 18.87 54300
5.570 5.64 20.2k 4,940
6.824 5.27 21,47 4,660
8.058 4,99 22.35 L, 492
9,600 k71 24,11 4,150
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* Addition of surface active agent did not affect
the rate of absorption at turbulent flow rates.

In order to compare the degree of intensification of
absorption obtained with such turbulence promoters as surface
roughness and surface vibration (Sec. 2 and 3), the results will
be plotted as '(;' vs. 'NA'. When the results for a smooth sur-~
face, in the absence of turbulence promoters, are plotted as
—~ VS. NA in Fig.h4.32, the points seem to lie on a straight line

Iy

giving an intercept equal to 'NAC‘. 'NAC' is the value of the

absorption rate predicted by Eq.(3.29) for the laminar region at
the critical flow rate (Re = 1200). Therefore an empirical equation

can be derived for the turbulent region (Re > 1200), as,

N‘A = O-sl‘l's E + NAC LR (4.3"“)
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SECTION 2.

GA3S ABSORPTION INTO LIQUID FIIMS FALLING OVER

ARTIFICTALLY ROUGHENED SURFACES.
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CHAPTER V

INFLUENCE OF WALL ROUGHNESS IN TRANSPORT OPERATIONES

Art.5.1. Momentum Transfer

Considerable work has been done on the influence of rough=-
ness of the wall in promoting turbulence, ranging from the effect
of cylindrical rough elements to point-like elements, and randomly
distributed roughness elements. Generally speaking, the presence
of roughness favours transitign to turbulence in the sense that
fully deveioped turbulent flow is developed on a rough wall at a
lower Reynolds number than on a smooth yall. That this should be
so follows clearly from the theory of stabj:iity° The existo-nce of
roughness elements gives rise to additional disturbances in the
laminar stream which have to be added to those generated by tur-
bulence already present in the boundary layer. If the distuxbarces
created by the roughness elements are bigger than those due to
natural turbulence, we must expect that a lower degree of hmpli-
fication will be sufficient to effect transition. On the othe:-
hand, if the roughness elements are very small, the resulting
disturbances should be below the threshold which is characteristic
of these generated by the turbulence of the free stream. In this
case the presence of roughness would be expected to have no effect
on transition. The preceding considerations show complete agree-

ment with experiment. When the roughness elements are very large,

transition will occur at the points where these &re precent.
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Experimental evidence has shown that the effect of wall
roughness on turbulence flow pattern is negligible if the relative
roughness is sufficiently low. There is a minimum height of thégse
elements below which no influence on transition exists (critical
height). In the case of sand-roughness, it may be deduced from
Nikuradsds(14) experiments, as,

w*. %y <5
where u* =‘/?;;7; denotes the friction velocity and/ Toe:is the
frictional stress at the rough wall :'e’is the height of the rough-
ness elements.
Equivalent Sand Roughness: The number of parameters describing
roughness is extraordinarily large owing to the great diversity
of geometric forms. If we consider, for example, a wall with
identical protrusions, we must come to the conclusion that its
influence on frictional drag will depend upon the density of
distribution of the roughness, i.e., on the number of protrusions
per unit area as well as on their shape and height, and finally,
also, on the way these are distributed over the surface. It took,
therefore, a long time to formulate clear and simple laws which
describe the flow of fluids through rough pipes. It was found
that the nature of roughness can be exXpressed by means of a single

/

parameter, € D, the so-called "relative roughness', where 'e' is
the height of a protrusion and 'D' denotes the diameter of the

tube (or the hydraulic diameter). The resistance coefficient
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of flow could be described by a relation containing this para-
meter for roughness.

In many other varieties of roughness, the height of the
protrusions alone cannot describe the roughness, as far as the
effect of frictional drag is concerned., The contribution of the
form drag to the tatal drag might be more prominent. In order to
predict the value of "relative roughness' in such cases, Nikuradse
(14) measured the friction factors of flow for different values of
'e/D' in pipes, by glueing sand grains on to the wall., He prepared
charts of friction factor 'f' versus 'e/D', from which the relative
roughness can be read off directly., This value is called the
"equivalent sand roughness' of the pipe. It can also be defined
as that value which gives the actual coefficient of resistance
when inserted into Eqn.(5.2) given later (;fter Colebrook's (58)}.

Chisholm and Laird (59) studied the dynamics of two-phase
flow in rough tubes. Pressure-drop and saturation data were
obtained for the flow of air~-water mixtures in a smooth tube and
several rough tubes, all of approximately 1 in. bore. The tube
surfaces tested were as follows:

(a) Smooth brass tube, bore, 1.062 in., e/b, 0.000.

(b) Commercial galvanised tube, bore, 1.043 in., e/D, 0.068.

(c) Brass tube with concrete internal surface. The con-

crete was applied to the tube with an internal thread

(tube diameter). An irregular finish was obtained;

bore, 1.059 in.,/D, 0.037.
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(d) Brass tube with internal thread (W -cut), bore,

1.077 in., measured e/D, 0,028, apparent e/D, 0.037.

(e) Sand distributed non-uniformly in the brass tube,

bore, 1.0%2 in., e/D, 0,045,
(£) Sand distributed uniformly on the galvanised tube,
bore, 1.018 in., e/b’ 0.068.

Shellac was used to glue the sand to the tube wall. With
the exception of the threaded tube, no direct measurements of
surface roughness were made. The values quoted above are values
from a Moody (60) chart (equivalent sand roughness) extrapolated,
where necessary, corresponding to a measured friction factor in
the region of complete turbulence. The results obtained on satu-
ration and pressure-drop could be related to surface roughness by
means of an equation accurate to I o,

Art.7.2. Heat Transfer

Although the effect of wall roughness on fluid friction in
pipes has received extensive study, investigations of the corres-
ronding effect in heat transfer are comparatively few. The field
has been broadened, and new data includes the effect of turbulence
promoters and surface area extenders also.

When the magnitude of roughness is small, i.e. u*e/v(s,
the influence on the turbulence flow pattern will be negligible
and hence the mode of the transport process will be the same as

for a smooth tube, except perhaps a slight effect associated with
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the increased surface area of the wall., With increasing rough-
ness (for sand roughness), such that 5< u* e/b.<35, there is an
increasing effect on flow pattern; among other things the effece
tive thickness of the viscous sub-layer decreases. This decrease
affects the transport process across the boundary layer, for the
rougmhgéegause disturbances in the viscous sub-layer which promote
turbulent transport. In other words, the roughnessesincrease the
activity of the viscous sub-layer, already present in the case
of a smooth wall. If the roughness is so great that u*e/v:>55
(the numerical value again refers to sand roughness), the effec-
tive thickness of the viscous sub-layer is zero. The flow resis-
tance then becomes unaffected by molecular transport of momentum,
i.e., by viscosity; it is, consequently, independent of the
Reynolds number. It seems reasonable to expect that a transport
of heat or mass will alsc be unaffected by molecular transport,
and so will also be independent oﬁégzinolds number. However, the
transport of heat and mass need not follow the same pattern as
the momentum transgport. It is known from heat transfer measure-
ments on cylinders and spheres exposed to a uniform flow, that
the Nusselt number remains a function of the Reynolds number even
when the resistance coefficient is already independent of the
Reynolds number., Hence, if we consider the roughness elemé;ts
to‘be small bodies attached to a smooth wall and exposed to a

turbulent stream, in analogy to the above we may -expect an effect
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of the Reynolds number on the heat transfer from the wall to

the fluid at any value of the Reynolds number, although these
effects may perhaps be smaller than they would be for a smooth
wall.

The first experiments deliberately made to study the
effect of wall roughness on heat transfer were those by Pohl
(61) on heat transfer to fluids flowing through rough pipes.
These,however,were made with values of u* &/v smaller than 123
so they lead to no conclusions with respect to questions raised
above.

Cope (62) carried out experiments with three different
pipes, their internal surfaces being artificially roughened by a
special knurling process which produced a series of pyramids
geometrically similar in form but varying in absolute size from
pipe to pipe. The roughness ratios (radius of pipe/height of
pyramid) were approximately 8/1, 15/1, and 45/1. The working
fluid was water and the Reynolds numbers ranged from 2,000 to
60,000, The results indicate that, when fully turbulent condi-
tions are established, the roughness has very little effect on
the heat transmission coefficient ,jbut that,in the tramsition
region between the laminar and fully turbulent flow, the rough-
ness may increase that coefficient to a considerably higher

value than its value for a smooth pipe. The heat transmission
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graphs for the three pipes are in better agreement if shearing

- 1/
force velocity {u* =(:_q% 21 is used instead of the mean
Y

velocity for forming the non-dimensional parameters for plotting

purposes. The broad conelusions, from a practising engineer's

standpoint, were stated as below:

"1, For a given pressure drop across a heat transmission
apparatus, more heat will be transmitted if the pipes
be smooth than if they be rough.

2. The smooth pipe is more efficient if the comparison is
made on a basis of heat transmission for equal power. !

Apparently the form drag caused by mechanical roughness

projections produces an inefficient type of turbulence from the

heat transfer point of view. However, it has been found from
several studies that the shape and configuration of the rough-
ness projections are as important as the height of these projec-
tions in determining their effect on fluid friction and heat
transfer., Colburn (63) and later Pratt (64) analysed data of
metallic turbulence promoters placed within pipes to show that,

in certain instances, the heat transmission performance for a

given power loss 7a$increased by such promoters.

The same is true of the extensive measurements made by

Smith and Epstein (65) on heat transfer and fluid friction for

air flow through a smooth copper pipe (Dia. = 0,6 cm.) and six
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other commercial pipes (Dia., = 0.3 to 0.9 cm.), with roughness
ratios D/e = 640 to 64, and Reynolds numbers of 104 to 8 % 104.
Correlation of rough pipe data was achieved by means of Cole~

brook's (58) equation for sand-roughened pipes in the region

between laminar and completely turbulent flow,

D
=Ll-lOg (D/e)+2.28__410864’067 /e>
Re/ £

*e (5‘&1)

1
/T
Some increase in heat transfer coefficeint with increas-
ing roughness was observed but,even with the roughest pipe,the
fully rough wall condition, as it applies to momentum traﬁsfer,
was hardly reached at the highest Reynolds number.
More conclusive are the results of experiments carried
out by W. Nunner (66). The artificial roughnesses applied to
his copper tube (D = 5 cm.) by means of rings, had equivalent
sand roughnesses up to’e’= 2,28 cm, The Reynolds numbers were
sufficiently high to obtain a large turbulence where the fully
rough wall condition (friction factor 'f' indppendent of Reynolds
number) occurred. Nunner was able to obtain a (Nu, Re) relation
for each roughness condition. He concluded from his investigations
that the effect of wall roughness on heat transfer Y?Ssimilar to
the effect that may be expected from a variation in the Prandtl
number. He used (Pr. f/ﬂD) instead of Pr’in Prandtl's relation,

fo being the friction coefficient for a smooth pipe.
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Turbulence Promotaers

A number of methods have been devised for reducing the
thickness of the laminar film andj?ﬁgnsition layer which separate
a heat exchanger tube from a turbulent core of fluid flowing
within the tube, thereby extending the region of turbulence.
Various types of turbulence promoters, such as, coiled wires,
spirals of various pitches, propeller-shaped baffles, have been
reported. The pins, sometimes used to extend heat exchanger
surface area, also serve a similar purpose. The applicability
of such devices depends upon a three-way balance between reduc-
tion in investment in heat transfer area, increase in investment
and maintenance due to turbulence promoters themselves, and the
net change in power consumption for the same heat transfer per-
formance.,

A typical work on the effect of turbulencc promoters has
been reported by Kays (67) who measured the heat transfer and
friction on surfaces ecquipped with circular pins. It was recom-
mended to stagger the pins and demonstrated that very compact
heat exchangers were obtainable with this geometry.

Art. 5.3. Mass Transfer

There is almost no literature available on the effect of
wall roughness or the effect of turbulence promoters on mass
transfer, In fact the role of the solid wall in most of the mass

transport processes is not very prominent. However, in mass
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transfer operations, such as, dArying, gas absorption in packed
columns, and distillation in wetted wall columms, where transfer
takes place from wetted surfaces, the investigation of the wall
effect would be interesting.

The investigation described in this thesis was carried
out to otudy the possibilities of intensification of mass
transfer in packed gas-liquid absorption columns. Studies were
carried out on the effect of surface roughness and surface tur-
bulence promoters on COZ-gas absorption into falling liquid
films at relatively short exposure times (simulating the conditions
in packed columns). A survey of literature revealed no very rele-
vant work, however, the following studies are of interest:

1. Stephens and Morris (68) sought to develop a laboratory
column fos}p%ediction of liquid film coefficients, as an improve-
ment on the wetted wall column, For this purpose, the liquid
film was interrupted at short intervals during its descent, thus
simulating the conditions of flow over a packing. They carried
out the preliminary experiments with notched wetted wall columns,
These were constructed from short thick-walled cylindrical sections bev=-
elled at edges so as to form notcheg/S" deep. Columns were con-
structed with notches 1" and 4" apart respectively. It was found
that the effect of the column length on the liquid film coefficient

was satisfactorily eliminated. This type of column was abandoned
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for the following reasons:

(a) The limiting velocity was substantially lower than
that for a normal wetted wall column, being less
than 5 ft/sec. at high liquid rates for a column
of 1/2" diameter with 1" pitch notches.

(b) The gas-film coefficient was increased by the rough-
ness effect produced by the variation of the thickness
of the liquid film in the neighbourhood of the notches.
It was considered that, with columns of small diameters,
this effect would vary with the physical properties of
the liquid so that prediction of the gas film coeffi-
cient would be inaccurate.

A brief mention of the effect of surface roughness on absorption
into a disc column is made by Taylor and Roberts (69). These
authors repeated the work of Stephens and Morris (68) on a disc
column, obtaining the data from a calibration point of view. In
order to improve the wettability of the discs, these were roughened
systematically by putting a series of criss-cross cuts on the faces
and the rim. The cuts were scored with a knife-needle file (Grade
2), 20 cuts per inch in each direction and approximately 1/50 -
1/100 inch deep. It was also expected that this would create
further turbulence in the liquid film and consequently higher

coefficients would be obtained, In fact no increase in coefficients
was obtained, but the wetting of the discs was so improved that

these were wetted completely at flow rates below 45 1lbs/hr.ft.
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CHAPTER VI.

ABSORPTION STUDIES INTC LIQUID FILMS FALLING

OVER ARTIFICIALLY ROUGHENED SURFACES

Art.6.1. - Apparatus and Measurements

Absorption studies on the influence of wall roughness were
carried out in short wetted wall columns. As has been discussed
previously, a short wetted wall coluwm was chosen because it appears
to represent the mode of absorption in a packed column. Various mag-
nitudes and shapes of roughnesses were produced artificially on the
surface of the column.

Fabrication of Roughness

Stainless Steel tubes of 1/2" 0.D. were used, and the rough-
ness was fabricated at the outside surface. The roughness charac~
teristic of a pipe wall is described by the dimensionless quantity,
e/D, called the relative roughness. Here 'e' is a measure of the
absolute roughness, and for simplicity is taken as equal to the height
of the roughness elements, and 'D' is the diamter or the hydraulic
diameter. In fact, the height of the roughness elements alone does
not fully describe the roughness characteristic, and in some cases,
shape of the elements is more important. There seems to be no such
numerical method of describing the roughness of surface for the wetted
wall columns. It can either be represented by only the height of the

elements 'e', or the film thickness 'd' might be used in place of
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'D' (compare the derivation of Reynolds number for the falling films).
If 'e/b' is taken as the relative roughness it would be variable with
the liquid flow rate and therefore unsuitable for use.

The roughnesses used in the present study were of two types —
(i) engravings on surface, and (ii) protrusions on surface. In earlier
work, the height of the roughness elements was small compared to the
thickness of the liquid film, but later the height was increased to
become comparable or even more than the film thickness. The latter
type of roughness elements were thus similar to the turbulence pro-
moters used in heat transfer work. The protrusions used were spherical
glass beads, graded sand, and wire helix. Sixteen surfaces were fabri-
cated on stainless steel tubes. The characteristics of these surfaces
are given below. Roughness is described by the product of its linear
dimension and its frequency on the surface.

(i) Engravings on surface.

Surface 1 (Fig.6.11) - There arc eight diametric grooves per

inch length éf the tube, the depth and width of the grooves

being 1/1000" each. The cutting tool used was V-shaped. A

50-times magnified sectional view is shown in the diagram
1 1

(x = magnification ratio). Roughness = 8 x 5T5L% 7005 * 2.54
= 0,008 cm.

Surface 2 (Fig.é.11) -~ The number of diametric grooves is

16 per inch, the depth and the width being 2/’IOOO” each.
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. 2/
Cutting tool was V-shaped. Roughness = 16 x ~/1000 = 0,032 cm.
Surface 3 (Fig.é.11) - The grooves are diametric and 32 to

4 1000" each. The cutting

an inch. The depth and the width is
tool was again V-shaped. Roughness = 32 x 4/1000 = 0,128 cm.
Surface 4 (Fig.6.12) - The surface has a screw thread having

1/4" pitch. The dimensions of the groove are 1/32” depth and
1/16" width. The cutting tool was rectangular. Roughness =

4 x ’l/32 = 0,125 cm.
Surface 5 (Fig.é.12) - There are 30 longitudinal grooves per

inch of circumference. The depth and the width are 4/1000"

It

each. The cutting tool was V-shaped. Roughness = 30 x 4/1000

0.120 cm,

Protrusions on surface.

Surface 6 (Fig.é.13) -~ Graded sand particles of an average
diameter of 0.075 cm. are pasted on the tube surface in close
packing. The cementing was done with a dilute acetone solubion
of transparent 'Bostik'. The tube was wetted with the solution
and particles sprayed on to it. Care wgg taken %p avoidl
double-mounting of particles. The adhesion of the particles

to the surface was made stronger by spraying 'Bostik' solution
on to the particles after the initial set. The cementing thus
obtained was sufficiently strong to withstand traction of

the liquid.
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The concentration of the particles is about 650 per sq.inch.

Roughness = %ég—ﬂjz x 0.075 = 7,56 cm.
2-5

Surface 7 (Fig.8.13) - A copper wire of 0.080 cm. diameter is
wound round the tube in the form of a helix, having a pitch

of 0.15 em. The wire is soldered to the tube surface at both

A
0.15

Surface 8 (Fig.5.13) - Glass beads of an average diameter of

ends to keep the helix intact. Roughness = 0.08 x = 04533 cme.
0.117 cm. are cemented to the tube surface in the same fashion
as the sand in surface 6 with 'Bostik' solution. The concen~

tration of the beads is about 58/cm? Roughness = 58 x 0.117
=0+679-cie 6'j)§
Surface 9 (Fig.é.14) - Four vertical chains of glass beads

(dia., 0.117 cm.) are cemented on the surface, diametrically

opposite and 1 cm. apart vertically. Roughness x 0,117

4/nx1.27
O¢117 Cllle

Surface 10 (Fig.8.14) - Two vertical chains of glass beads
(dia., 0.117 cm.) are cemented on the surface, diametrically

x 0117

1}

opposite and 1 cm. apart vertically. Roughness 2/wx1 29

0.058 cm.
Surface 11 (Fig.€.14) - One vertical chain of glass beads is

(dia., 0.117 cm.) cemented to the wall 1 cm. apart vertically.

Roughness =II/% x 0.117 = 0,029 cum.

x1.27
Surface 12 (Fig.é.15) - Four vertical chains of glass beads

(dia., 0.117) are cemented to the surface diametrically opposite
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and 2 cm. apart vertically.

Roughness = 2/n x 0.117 = 0,058 cm.

x1.27
Surface 13 (Fig.é.15) - Pour vertical chains of glass beads

(dia., 0.117 cm.) arc ccmented to the surface diametrically
opposite and 0.5 cm. apart vertically.

Roughness = 8/n x 0,117 = 0.234 cm.

x1.27
Surface 14 (Fig.é.15) - Eight vertical chains of glass beads

(dia., 0.117 cm.) are cemented 2 cm. apart vertically,

Roughness = 4/n x 0.117 = 0.117 cm.

x1.27
Surface 15 (Fig.8.16) - Eight vertical chains of glass beads

(dia., 0.117 cm.) are cemented to the surface, 1 cm. apart

vertically. Roughness = 8/ x 0.117 = 0,234 cm.

nx1.27
Surface 16 (Fig.é.16) - Eight vertical chains of beads

(dia., 0.117 cm.) are at 0.5 cm. apart vertically.

Roughness = 16/nx1 x 0.117 = 0.468 cm.

27
Art.6.2. - Bvaluntion of Results

A height of 15.0 cm. of the wetted wall tube, with a particular
roughness on the surface, was used for absorption at all the sixteen
surfaces described above. The liquid flow rates used were both in
the laminar and the turbulent (Re>1200) regions. The results for
each region of flow will be discussed separately. It was observed
that the inception of rippling was helped by the presence of roughness

at small flow rates in the laminar region. Absorption results were
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obtained both for the rippling film as well as,the smooth film
obtained by the use of surface active material in water. . The
presence of surface active material did not affect the absorption
results at turbulent flow rates. Therefore only results for pure
water are reported here for this region of flow.

Results at Laminar Liguid Flows (Re €1200)

(i) Engravings on surface.

The experimental absorption rates were calculated from
Eq.(3.21). These are contained in Table 6.21 for both pure water,
and water containing SAM. It is seen from the results for pure
water that absorption rates were increased by a maximum of 3% at
small laminar flow rates by the use of rough surfaqes. When ';;'
was more than 1.5870, rippling practically disappeared on the
height of the wetted tube considered. The absorption results above
this flow rate are, therefore, similar for both smooth and rough
surfaces (within the range of experimental error).

Rippling was present in the case of both smooﬁh and the rough
surfaces when T <1.5870. The slight increase in the rate of absorp-
tion on rough surfaces is attributed to two factors, (a) the zone
of rippling is slightly higher, (b) the presence of roughness elements

improves the mixing action of the ripples.



Table 6.21

Temperature of the System, °c = 25
Height of the wetted wall tube, cm. = 15.0
Diameter 1] it 1 n 1t 1 = 1.270
Fmooth Surface Surface 1 Surface 2 Surface 3 Surface 4 Surface 5
*PJW, 1 SAM P.W. SAM P.W.| SAM p.V. SAM6 P.W.é SAM ’ P.w.6 SAM ‘
r; NAX1O6ZNAX106 NAX106 NAX1O6 NAx106 NAx'IO6 NAx‘lO6 NAX1O NAx1O NAx1O NAx1O NAx1O '
0.63691 12,85 10.91 }12.88 [10.92 | 13.15 | 11.03 {13.19 {11.01 | 13.23 | 11.11 13.18 | 11.00
0.9570] 13.79 12.42 [13.81 {12.43 | 13.98 }12,50 {13.90 {12.52 }13.92 | 12.58 | 13.90| 12.52
12730 | kb2 | 13458 14.40 113,57 | 14056 {13,061 {14.58 [13.61 | 14.60 | 13.67 | 14.52 | 13.61
| . :
| 1.5870 | 14,80 | 14.32 (14,82 {14.30 |[14.89 [14.36 114,92 [14.33 | 14.93 | 14.36 | 14.89 | 14.32
‘1.8920 15.18 | 14.92 115.20 {14.98 }15.25 |15.10 |15.23 |15.08 {15.21 | 15.20 | 15.24 | 15.13
{2.2200 15.74 | 15,53 [15.72 [15.54 15.76 }15.61 115.75 15.60 15,74 15.65 15.72 15.60
L ,
* P,W. = Pure water.
SAM = Vater containing surface active material, Lissapol,0.01% by volume,

‘64l
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When the surface active agent was present iﬁ water to give
ripple-free films, the rate of absorption was not affected by the
nature of the surface. The small variations at different surfaces
are within the range of experimental error. An interesting obser-
vation in this study was the fact that, although the interfacial
areas at Surfaces 3,4, and 5, were considerably higher than those
at the smooth surface, the rates of absorption were almost equal.
Especially at Surface 4, where the depth of groove was more than
the thickness of the film and the interface assumed a corrugated
shape, a rough estimate from the height and the number of corrugae
tions present showed that the increase in interfacial area was
about 25%. The only explanation that can be given for this behaviour
is that the interfacial velocity must have decreased proportionately.
The latter quantity is solely responsible for the rates of absorption
by molecular diffusion. The following possible reasons are suggested:
for a decrease in the interfacial velocity from that of a smooth
surface.

1. The liquid film thickeuns round the roughness elements, which
means that the average thickness of the liquid layer increases.

This affects the average velocity of the film which decreases.

The interfacial velocity is proportional to average velocity

(v:.L = 3/2 vav.) which also decreases.
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Another reason for the increase in the average thickness of
the film on rough surfaces is the increased area of the solid
surface., It has been discussed previously that the thickness
of the film is determined by a balance between the downward
forces of gravity and the upward forces of internal fluid
friction and the frictional resistance at the wall. This
balance is disturbed by an increase in the frictional resis-
tance at the wall due to roughness elements. The film becomes
thicker in order to increase the downward gravity forces
proportionately.

2. When the interface is irregular in shape, the local point
values of the interfacial velocity would vary. The values
of 'vi' at crests and troughs would be 'Sin @' times the
values at a vertical surface. The average value of the inter-
facial velocity would, therefore, be less for an irregular
interface as compared to a smooth one.

3. Presence of roughness elements increases the total ‘periphery
of the tube. [;, which is the volumetric flow rate per unit
periphery, decreases. As 'vi' is proportional to 'Y;'

(vi = B/é Ii ), its value decreases.
d

The above observations were later confirmed from studies of

absorption on surfaces with protrustions and mechanical vibrations.



152.

Finally it can be concluded, for non-rippling fiilms, that the increase

in interfacial area due to the presence of roughness elements does not

increase the absorption over that for a smooth surface and that the

mode of absorption remains essentially as molecular diffusion. When

the film is rippling, the presence of roughness intensifies the transfer

rate.
(1i) Protrusions on surface.

Absorption results were obtained on surfaces with protrustions
(Surfaces 6-16). These were similar to the results obtained on

'engravings'.

Temperature of the System, °% = 25
Height of the wetted tube, cm. = 15.0
Diameter 11} " it " 1" = ’] ‘270
Smooth Surface Surface 6 Surface 7 i Surface 8
[; P.W. . SAM P.W. SAM | P.W. SAM P.W. SAM
6 6 &l é 6 6 6 6
: 1 4
NAx1O NAx1O NAx1O <NAx1O NAx1O NAx1O NAx 0 NAX 0]

f 0.6369 12.85| 10.91| 13.28 | 11.05 | 13.24 [ 11.02 | 13,28 | 11.06

| 0.95700 13.79; 12.42113.91 | 12.51 1 13.90 |12.53 | 13.91 | 12.56
1.2730 14,42} 13.54 | 14,60 | 13.61 | 14,63 |13.64 | 14,65 | 13.62
1.5870, 14.80' 14.32 | 14.9% | 14.36 {14.85 |14.35 | 14,84 | 14,33
i 1.8920‘ 15.18! 14.92 | 15,21 | 15.04 |{15.25 {15.93 | 15,04 | 15.18
; 2.22000 15.741 15.53 | 15.80 | 15.58 115,73 [15.69 | 15.57 | 15.66

!

Table 6.22 contains the data on three representative surfaces having

protrusions of different shapes and heights. The increase in inter-

facial area was estimated as 18-27% as compared to a smooth surface.
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The absorption rates given in the table for the rough surfaces are
almost identical with those for the smooth surface. With pure water,
rippling on the film was observed, as before, up to a liguid flow
rate 'r;' of 1,5870. This confirms the observations made previously
in connection with studies on 'engravings'. It was suggested there
that the decrease in the interfacial velocitywag due to the thickening
of the film. A double exposure photograph taken for the thickness

of the film on Surface 11 is shown in Fig.6.21. The average film
thickness was found to be higher than the thickness of the film on

a smooth surface. A front view of the same surface is shown in Fig.
6.22. This photograph shows the distortions of the interface in the
presence of protrustions. TFig.6.23 gives a view of the whole absorp-
tion column with the liquid flowing at Surface 12.

The conclusions drawn below from the study of absorption on

surfaces with 'protrusions' are similar to those for 'engravings'.

1. The rate of absorption of a gas to a ripple-free falling
liquid film in the laminar region of flow (Re<1200) is
independent of the roughness of the surface.

2. The mixing action of the ripples is slightly higher for
a rough than/gcghooth surface.

Results at Turbulent Liquid Flows (Re >1200)

(1) Engravings on surface.
When the dimensions of the grooves were small (Surfaces 1 and

2), the visual appearance of the film was similar to that for a
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smooth surface. The interface assumed a corrugated shape (criss-cross
corrpgations) at Surfaces 3 and 5. The dimensions of the corrugations
were more prominent at these flow rates than at laminar ones. Reynolds
numbers as high as 4280 ((; = 9.600) were used. The absorption results
have been calculated from Eq.(3.21), using value of 6i given by
Eq+.22. The results are contained in Table-6.23. The absorption
rates on all the rough surfaces are equal (within the range of
experimental error) to the rates at a smooth surface.

Similar general conclusions to those derived on the effect
of roughness in the laminar region of flow may be applied_here.
It appears that the presence of these roughness elements does not
bring about any intensification qf interfacial turbulence. The
interfacial area was seen to be about 20-35% higher at Surface 5
as compared to a smooth surface; This means that the interfacial
factors responsible for absorption decrease proportionately as the
area increases so that the rate of absorption remains the same as

for a smooth surfacec.



Table 6.23

Temperature of the System, °% = 25
Height of the wetted tube, cm. = 15.0
DiMeter 11 11 " 1t " = ’| .27
Smooth Surfacd Surface 1 Surface 2 Surface 3 Surface 5
P.W. SAM P.W. SAM P.W. | SaM P.W. | SAM P.W. SAM !
e NAx10e NAX1O6 NAx1O6 NAx1O6 NAx1OG NAx1O6 NAx1oﬁ NAx1O6 NAX1°6 NAx1o6 #h
%
3240 | 17,511 17,48 | 17.52 | 17.46 | 17.55 | 17,54 | 17.56 1 17.52 _ 17.64 | 17.62
4,420 | 18,871 18,82 |18.86 { 18.86 | 18.89{ 18.88 | 18.91 | 18.89 { 18.92 | 18.95
5.570 | 20.24 | 20.20 | 20.26 | 20.27 | 20.31]20.26 |20.30 {20.26 | 20.41 |20.35
6.824 | 21,47 21;46 21.49 | 21.44 | 21.51 { 21.48 {21.48 [21.48 | 21.56 [ 21.50
8.058 | 22.35| 22.40 |22.40 | 22.37 | 22.39 |22.41 |22.37 {22.50 | 22.46 |22.51
9.600 | 24,11 {2418 }24.20 | 24.18 | 24,20 [ 24,25 |24.30 {24.271 | 24,34 124,30

*LGL
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(ii) Protrusions on surface.

Table €.24a contains the absorption results at Surfaces 6, 7
and 8. Difficulty was experienced in obtaining the results at these
flow rates because of the entrainment of gas in the liquid receiver.
A conical brass ring was mounted on the tube inside the receiver so
that the falling liquid from the wetted wall passed through an
annular channel., This arrangement greatly reduced the error due to
gas entrainment. Blank experiments were carried out with air-water
system, where the water was saturated with air, to determine the
extent of gas-entrainment. The correction was found to be between
1 and 3%. This correction was applied at the corresponding flow
rates and the surfaces.

As seen from Table 6.24a, dbsorption is greatly intensified
at rough surfaces as compared to the smooth one. The increase in
the rate of absorption is as much as 130%. Sand roughness gives the
highest increase. In calculating the absorption rates it was assumed
that the increase in interfacial area was not responsible for the
increase in absorption., Justification for this assumption has been
discussed previously. The increase in absorption is, therefore, only
due to increased interfacial turbulence. It is seen from the results
that the presence of surface active material does not affect the rates
of absorption appreciably. Further results on roughness, therefore,

will be reported only on pure water.
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Table 6.24a

Temperature of the System, °¢ = 25
Height of the wetted tube, cm. = 15,0
Diameter " " " " "= 1,270
Smooth Surface| Surface 6 |Surface 7 Surface 8
0 P.W. | SAM P.W. | SAM | P.W. [SAM | P.W. i SAM
L6t 6 UNIDN < I BAN < N DY <Y D SN . TN TP <1 BN T <
NAX1O !NAX1O NAx1O NAX1O‘ NAx1O NAX1O NAx1O NAX1O
i
|
3,240 17.51 | 17.48 25.35 1 25.10 22.65) 20,24 28.,20f 28.12

4.420 1 18.87 : 18.82 31.20 | 31,00 28.60] 28.53 30.53| 30.46
5.570 | 20.24 | 20.20 38,15 § 38,12 | 33.50! 33,41 3%,80] 33%.62
6,824 21.47]21.% Lz,30 1 43,05] 33,70 38.44 38.91 37.85
8,058 {22.35 | 22.40 | 48.10 {L7.70| 43.70) 4369 U45.30[ 45.13
9.600 214.11524.18 55.80 ! 55,201 50.80 50.621 50.48{ 50.56

i

! : ;

The absorption results in Table 6.24a have been plotted for
comparison with Eq.(4.33) in Fig.6.24k. The variables of this plot
are given in Table 6.24b. It is seen from Fig.6.24 that the pattern
of the results does not follow the behaviour of Eq.(4.33). They seem
to diverge from the line of the equation since a line drawn through
the results does not pass through the intercept predicted by the
equation. This means that the value of 'M' varies with the flow rate.
It is also seen that the behaviour of Surface 8 is quite different
from the behaviour of the other two surfaces, The photographs of
the falling film with protrustions on surfaces (Figs.6.4l, 6,22, 6.23)

show that the pattern of turbulence varies with the height of the tube.
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Table 6,24D.

;1OE/ IVB Smooth § &wﬂmeﬁSm@m@?ISmﬁme85
r;_ Surface | ! l
=4
1/NAX1O 1/NAx1o‘” 1/NAX1O—4 1/1\1'4'3(104+

6.75 5.720 3,945 L 415 3,543
6.09 5.300 3.205 i 3.497 3,275
5.64 . b.oko 2.621 2.985 2,960
5.27 . 4,660 2.310 2.585 2,640
4,99 b, 472 2,080 2.287 2,210
b7l ha150 0 1,797 1.970 1.967

The variation in the number of projections per unit arca as
well as their arrangement was studied next. Glass beads were chosen
as the projections because these are available in/%Ore uniform size
than the sand particles. Surfaces 8 to 16 (Figs.6.13~6.16) represent
various patterns and frequencies of these beads on the surface. The
absorption results for Surface 8 have already been given in Table
6.24a. The results for Surfaces 9-16 are contained in Table 6.25.
The roughness recsults plotted in Fig.6.24 indicate no relationship
with Eq.(4.33). Therefore, the results for Surfaces 9-16 have been
plotted in Fig.6.25 as 'r;' vs. 'NA', simply to compare them with
the results on a smooth surface. The s0lid line through the results
for smooth surface is represcnted by Eq{4.3@. Dotted curves are
drawn through the results for each roughness. It is seen from these

. BN . s
curves that the absorption ratio NA (smOOtEVNA(Rough) increases



Table 6.25

Temperature of the &ystem, ° = 25
Height of the wetted tube, cm. = 15.0
Diameter " ¥ 1t i " = 1,270
Liquid used = Pure water.
Smooth Surface 9 | Surface 10| Surface 11]Surface 12 Surface 13}Surface 14] Surface 15} Surface 16
Surfacee 12100 N'x106 Nt 1o6 N? 1o6 N? 106 N 106‘ N! 106 N? 06
T; NAX1O NAx1O n 72X 2X 21X 2X X ‘ Ax1
4
3.2408 17.51 27.80 20.05 18.02 23.75 29.60 27.61 29.40 30.80
L.4201 18,84 30.45 22.60 19.96 25.55 30.05 30.28 30,20 31.64
5.570| 20.24 | 33,25 25.10 23,25 27.50 36.15 33.40 36.30 37.80
6.824] 21.47 37.60 33,25 28.95 32.80 39.10 37.40 39.05 L0.10
’8.058 22.35 L4 .50 39.70 33.95 L1.,40 46,30 Ly &0 L6,20 L7.,20
i9'600 2L, 11 50460 49,00 42,40 49.60 51.10 50.81 50.80 51.20
i ,

029L
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with the increase in flow rate. Surface 10, which has one chain

of beads, and Surface 11, which has twice the number of beads, do
nof give parallél curves., This means that the increase in absorp-
tion rate is not proportional to the number of beads. Surfaces

(9, 14) and (13, 15) have coincident curves, These pairs of surfaces
have the same concentration of protrusions (roughnesses 0.234 cm.
and 0,117 cms for each pair respectively) except that the arrangement
differs. The increase in absorption is therefore independent of the
arrangement. The curve for Surface 8, which contains closely packed
protrusions, also coincides with/gﬁf;e for the pair (5-9,14). The
curve for Surface 16 is the highest above the linc for a smooth
surface. This shows that optimum intensification of absorption is
reached at Surface 16 (roughness = 0,468 cm.) and that the closely

packed protrusions (roughness = 6,80 cm.) are less effective.

The two photographs in Fig.6.26 give an idea of the manner
of flow of the liquid film on rough surfaces. The‘following con-
clusions can be drawn from the study on surface protrusions in the
turbulent region of liquid flow.

1. The rate of absorption by a falling film increases
considerably (up to 130%) by the presence of protrusions
on the surface, The increase is due to the incrcase in
the mass transfer coefficient brought about by intensified

turbulence.
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2. The increase in the absorption rate is independent
of the manncr of distribution of the protrusions for
the same frequency.

3. There is anuoptimum frequency of these protrusions,
represented by Surface 16, which gives the highest
increase iﬁ absorption rate., If the frequency is

increased further, the absorption rate decreases.
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SECTION 3,

GAS ABSORPTION INTO LIQUID FILMS FALLING OVER

MECHANICALLY VIBRATED SURFACES.
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CHAPTER VIl

INFLUENCE OF OSCILLATIONS IN TRANSPORT COPERATIONS

Art. 7.1. General

Oscillations include vibrations and pulsations. They can
appear as steam or water hammer, reciprocating compressor pulses,
throttling noises, etc., or,more important to this discussion,
oscillatory motion can be imparted deliberately either to the
medium or to the surface. The terms vibration and pulsation are
often used interchangeably, although the latter is reserved for
periodicity as it appears in the flow of a liquid. Variables in
oscillation include frequency, amplitude and the manner of applic-
ation. The last variable refers to the direction of oscillation,
that is, whether the oscillation is longitudinal or transverse
relative to the transfer surface or direction of flow. This also
refers to whether the oscillation is applied to the fluid as with
sound waves or to the surface (as with a vibrator arrangement).
Although similar, these two are not the same. For the first
case, any attenuation of the boundary layer next to the wall
comes from without; for the second, from within. Under certain
circumstances, however, the differences are quite small,

The field of inducing or intensifying physical changes
by oscillations (infrasonics, sonics and ultrasonics) is of

growing interest in chemical engineering. The absorption of
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sonic energy has been found to improve the efficiency of transport
operations. Almost all the work dome in this field is essentially
of an empirical nature and ranges from the use of low energy pulsa-
tions (from 10 cycles/min.) to high frequency ultrasonics (several
mega cycles/sec.).

The influence of oscillations in transport phenomena is
limited to heat transfer and mass transfer, no independent study
being reported in the literature on momentum transfer, although
occasional references are found on the modification of flow pattern
due to vibration in connection with the former two operations,

Art. 7.2. Heat Transfer

One of the earliest references on the effect of vibrations
on heat transfer is that of Martinelli and Boelter (70). These
workers studied the effect of vibrating a horizontal heating element
immersed in a tub of water on convective heat transfer from its
surface. They observed an improvement in the transfer rate.

The German patent of Andreas (71) consisted in the mechani-
cal vibration of an entire heat exchanger. He recommended vibrations
with an amplitude of 1-5 mm. in the direction of the tubes with a
minimum frequency of 1500 cycles/min.

Marchant (72) carried out experiments on the cffect of pul-
sating flow in heat transfer to a fluid flowing in a tube when the
pulsations were of the order of 10-60 cycles/min. It was intended

to simulate the mechanism of heat transfer in an internal combustion
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engine. For obtaining a pulsating flow they used a reciprocating
pump giving a sinuscidal variation. Their observations are
recorded below:

1. "When the flow was laminar, the values of overall heat
transfer coefficients ware larger than those for non=-
pulsed flow.

2. The overall heat transfer coefficient was not affected
by pulsation of the water over the range of frequencies
investigated when the flow was turbulent,

3..The increase in the overall heat transfer coefficient
observed at low Reynolds numbers may be probably due
to the addition of forced convection to the two normal
modes (conduction and radiation) by meams of which heat
is transferred through what would correspond to the
inner surface boundary layer under steady flow conditions',

West and Taylor (73) reported work on similar lines as above,

hoping that pulsations would improve heat trgnsver in two ways ~
(1) the peak longitudinal flow would be increased, which would
decrease the thickness of the laminar film at the pipe wall;

(2) the subsequent minimum longitudinal flow should result in
radial diversion of much of the excess longitudinal kinetic energy.
High flow rates, of the order of Reynolds numbers, 30,000-85,000
(overall flow), were used because in a few parallel investigations,

where Re of 26 1o 1375 were used, no improvement in heat
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transfer was observed gontrary to the results of Marchant (72),
water film coefficients were found to increase up to 70%, with a
maximum increase in power consumption of 30%, which wgg a moderate
increase in power for the resulting improvement in heat transfer.

The study of Lemlich (74) was similar to that of Martinelli
et.al. (70), involving convective heat transfer from electrically
heated wires subjected to transverse vibrations in air, Marked
improvement in the coefficient of heat transfer was obtained by
using vibrations in the range of 39 to 122 cycles/sec., even to
the extent of quadrupling the coefficient. Holding all other var-
iables constant in turn, the coefficient was found to increase with
bobh amplitude and frequency. The direction of vibration was with-
out significant effect. In an effort to account for this latter
observation, the concept of 'a stretched film surrounding the
entire path of vibration|was proposed, The effect of vibrational
variables was correlated in terms of a vibrational Reynolds number (Rev)
defined as twice the product of amplitude, fréquency, linear dimen-

sion, and density, divided by viscosity, as,

Re = B
v M
where v = 2 x frequency x Amp,
D = linear dimension.

In terms of quantitative results among various studies,
some investigations report great increases in heat transfer coeffi-

cient from oscillations and others little, none, or even & decrease.
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This is not surprising, however, in view of the many possible
variations of the oscillatory variables, to say nothing of their
inter-action with all the usual convective variables, such as,
velocity, fluid properties etc.

A general theory and verified mathematical correlations
are lacking. The only correlation available for predicting the
transfer coefficient is that of Lemlich (75) for oscillations
of very low frequency (<20 cycles/scc.), and it is of limited
applicability. According to him, a system can be described as
non-steady after the critical frequency of 20 cycles/sec. With
the displacement amplitude held fixed, raising the frequency
above the critical level usually increases the heat transfer
coefficient. Each cycle of motion acts as a disturbance.
Increasing the number of such disturbances per second tends to
increase the overall effect on the boundary layers involved.
This is by no means a complete explanation, because cases where
the coefficient subsequently decreases with further elevation
in frequency are not unknown. This inverse behaviour has been
attributed to cyclic fluctuations in wall temperature. For a
constant wall temperature, such a decrease would not be likely
to occur.

The coefficient generally increases with displacement
amplitude for a fixed frequency above the critical level., At

low amplitude, this improvement is often too small to be detected
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but the coefficient rises at an increasing rate as the amplitude
is raised. At lower amplitudes, the usual forced or convective
currents predominate. Not until the amplitude is raised suffi-
ciently, do the disturbances produced become relatively signifi-
cant ~ usually at an accelerating rate. In some cases, however,
an upper limit to the particular mechanism may appear and decele=-
rate this rate, giving the curve of coefficlent vs. amplitude
something of an S-shape, or even a peaked appearance. The rela-
tive effect of increasing the amplitude at constant frequency,
generally equals or somewhat exceeds that of increasing the fre-
quency at constant amplitude.

Above the critical frequency, the relative effect of oscill-
ation, at fixed frequency and fixed displacement amplitude, is
usually greater at low flow Reynolds numbers than at high and for
natural convection than for forced. The reason is similar to that
presented above for the increasing slope as amplitude increases,
that is, when the disturbances produced by oscillation are rela-
tively significant compared with those otherwise present, the
coefficient of heat transfer is likely to increase.

For sonic vibrations applied to natural convection, improve-
ment in heat transfer coefficients has been credited to additional
currents of acoustical streaming. Such currents are produced even
under isothermal conditions when sound impinges on a solid body or

a body vibrates in an otherwise calm fluid.,
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When considering heat transfer involving a surface vibra-
ting in a fluid, care must be taken in extrapolating from the
converse case when the body is stationary and the fluid vibrates.
Despite certain similarities, the two situations are not quite
the same. With the first case, any alteration of the convective
bov'dary layer comes from within, while, with vibrating surface,
from without. Furthermore, with sound (the first case) the dis-
placement amplitude is usually relatively small while,with a
vibrating body such as a wire or a granule, amplitude can easily
exceed the diameter of the body.

In forced convection, axial flow through a tube is a very
important case. Oscillations of sufficient frequency and ampli-
tude can substantially lower the critical flow Reynolds number

and steepen the velocity profile near the wall. This amounts to

increasing the level of turbulence, and by analogy of heat transfer

to mass transfer, increasing the heat transfer coefficient. The
oscillations can be viewed as acting at least in part as a turbu-

lence trigger.

It has been proposed that appreciable improvement in coeffi-

cient occurs only when pulsation amplitude is large enough to allow

a momentary reversal of flow during each cycle. TFor acoustical

vibration, tuning the frequency to resonance so that standing waves

are set-up within the tube, gives greater hold up to acoustical

energy and larger amplitudes in the tube. This resonant effect
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is so0 marked that even a modest deturing may stop all measurable
improvement.

The heat transfer work carried out with vibrations has
consisted of either oscillating the fluid or the solid surface.
In the study described in this thesis on gas absorption, the sur-
face was oscillating longitudinally to the direction of liquid
flow. In heat transfer, the vibrating solid surfaces are usually
heating elements. The only heat transfer study in which the mode
of vibration was somewhat similar to the present studywe:s that
reported by Thompson (76). He stated that the turbulence induced
by acoustical vibrations raised heat transfer rates through the
laminar film on the water side of evaporators. The experimental
unit consisted of a 1-in. pipe (37 in. long) co-axial with a 3-in,
pipe. Water flowed continuously through the annular passage to a
cooling coil and back. Electricity flowing through the pipe wall
heated the 1-in. pipe. An oscillator and an amplifier powered a
vibrator which was fastened by a short rod to the 1-in. pipe. The
vibrator delivered energy to the pipe, creating turbulence in the
water film. The range of Reynolds nunbers investigated by them =t
various frequencies and amplitudes was 540-20,000. Some results

are tabulated as under:
Table 5.7

Freguency k2 cycles/sec. Azplitude (0,150 inch).

Reynolds numoer Incrense in coefficient

(%)
540 450
1,400 280
5,000 ‘ 115

12
13000 38
20,000 10
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From the foregoing results it can be seen that the lower the
Reynolds number is, the more effective are the vibrations. Also that
vibration helps heat transfer to some extent at all Reynolds numbers.
Report is also given of studies using three different arrangements
of imposing vibrations to improve heat transfer:

1. Transverse vibrations impressed directly upon the

water stream flowing inside a heated tube,

2. Longitudinal vibration of the containing pipe with no

vibrations impressed upon the water stream. |

3. Transverse vibrations of the containing pipe with no

vibratibns upon the water stream.

A very recent study by Mathewson and Smith (77) on the
effect of sonic pulsations on forced convective heat transfer to
air and on film condensation of isopropanol, is very illustrative
of the mechanism of increase in heat transfer. The interpretations
of this work can possibly be applied to an analogous case of mass
transfer. These authors studied the effect of very strong sonic
pulsations on the rates of heat transfer with the pulse generated
in the flowing stream. They used a co-axial heat exchanger,and a
flat-plate siren)set in the fluid inlet lin% served as a pulse
generator, Effect of the flow rate of the fluid was found to be
similar to that observed previously (72, 73, 75). Tﬁe changes in

amplitude had little or no effect on heat transfer coefficient.
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This was evidenced by the fact that operation at any of the
resonant frequencies gave the same results at closely adjacent
non-resonant fregquenciea. Also the resultsof Lemlich (75) for
the same frequency, and a much lower amplitude, were identical
with these authors' results. |
Effect of frequency: With a given flow rate and pulse amplitude,
the heat transfer coefficient increased rapidly with pulse fre-
quency. The following simplified model based on the penetration
theory of Higbie (29) was suggested as a means of correlating
the results. Application of this theory to heat transfer at a
solid surface yields the following equation for the heat transfer

coefficient of unpulsed air:

%0 ) —
. 2(/ po PoCPok.fo- 67.8 Pocpak.fo ses (7021)

where, h0 = heat transfer coefficient without
pulsation [(B .T.U, (Hr. }(Sq. ft. )] R

a g
]

o]
i

heat capacity, (B.T.U.)/(1b.)(F°),

thermal conductivity, B.T.U./Hr.ft.F .

e
[}

f
o

eddy renewal rate without pulsation, ol
Under the influence of pulsation, the frequency of surface renewal
becomes some new average value, fav , and the heat transfer coeffi=

cient is given by

h
p

67’8,/Pocpok.fav LR (7022)

where, hp = value of 'h' with pulsation.
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It is now assumed that the new frequency of surface renewal,
fav y 18 a weighted average of the natural frequency, fo' and the

pulse frequency, fp, that is,

cf + £
S ]

=

490 0.23)

av
* 1+ ¢

Weighting factor 'c' is assumed constant and independent of 'fo'

and ﬁfp'. If 'f ' is computed from Egn.( 21) and the measured

values of 'ho' and 'c! are computed from the results of at 1ea§t

one run with pulsations, then the effects of changes of flow rate

and pulse frequency may be predicted from Egns.(7.22) and 7 .23).
The.above egquations do not predict values of hp accurately

when the flow is laminar. Combining Egns. & .21), #.22) and (7.23),

and recognising that c¢<< 1, one gets,

h 2

c.f
'2'2" =1 4+ R see (7-2’4')
hO fO

Equation (7.24) predicts the effect of changing pulse fre-
quency 'fp' and of changing 'fo', the latter being dependent upon

2
the Reynolds number. These authors plotted { 'p_|vs. (53) with
h'O fO
da¥a, taken at various pulse frequencies and Reynolds numbers. The

straight line whose slope was equal to 'c' (cf. Eqn.(?.Z#))agreed
well,for turbulent flow,with the measured values.
A discussion of tr:> film condensation of isopropanol with

sonic pulsation, given by the above authors (77) is useful.



179
'iIsopropanol vapours were passed downwards through the central:
tube with countercurrent flow of water in the jacket. Vapour
condensed on the wall and a thin film of liquid isopropanol flowed
down the tube, Ileat transfer coefficients were measured from the
rate of condensate collection. As in the tests with air given
above, 'fo' in Eqn. ¢ .21) was found from the measured values of
'ho'. Factor 'c' in Egn. ¢ .23), dervied from the results obtained
when 'fp' was 300 cycles/sec. and the vapour rate as] .25 lb.moles/
hr., was calculated to be 0.011. From this value of 'c' and Equns.
¢ .22) and (7.23), the effect of changin§/¥ggw rate on ‘hp' could
be computed. There was fairly good agreement with the results
when plotted. The increase in heat transfer coefficient was
greatast at low vapour rates. The coefficient increased rapidly
as the natural turbulence in the system increased. In all the
runs the Reynolds number of the vapour was at least 30,000, and the
previous results with air alone indicated that pulsation had almost
no effect on transfer in such a turbulent vapour. Increases in
condensation rate musth?%:ul€ﬁfrom the effect of pulsation on the
condensate film, through the induction of waves at the surface or
turbulence in the body of the film. Since Egns.(7.22) and (7.23)
accurately predict the effect of changing flow rate, it appears
that pulsation induces turbulent eddies within the condensate

layer with a renewal freguency which may be estimated by Eqn,(7,23)

when 'fp' .3 held constant.
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With vapour flow rate held constant, application of a
pulae of any frequency between 50 and 330 cycles/sec., signific-
' antly increassed heat transfer coefficient. Within this rangé of
frequencies the increase was not strongly dependent on the fre-
quency. This did not agree with the results predicted from Eqns.
(7.22) and (7.23). The theory, as developed for air flow, predicts
a rapid increase in coefficient with frequency, while the results
obtained when isopropanol vapour was being condensed, indicate
only a slow rise. The effect of pulsation on the mechanism of
heat transfer under such conditions is probably different from
that postulated in developing Eqns.(7.22)‘and (7.23). Pulsation
indMces eddies in the condensate film with an average lifetime
different from that in an unpulsed system. This may be estimated
for a given pulse frequency from Eqn.(7.23). The increase in heat
transfer rate, however, probably results in large part from the
penetration of these eddies into the laminar portion of the con-
densate layer. The magnitude of the increase may depend chiefly
on the depth of penetration of the eddies and not on the renewal
rate. The penetration depth in turn may depend on the flow rate
and on the pulse amplitude but is apparently little affected by
pulse frequency.
Effect of amplitude: With any given flow rate there appears to be
a critical pulse amplitude below which pulsation has no effect on

the heat transfer coefficient., This critical amplitude increased
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with the vapour rate. At amplitudes just greater than the
critical value, the heat transfer coefficient increased rapidly
with amplitude; at very high amplitudes, the coefficient was
little éffected by changes in amplitude. The pulse was generated
in the vapour and must have been transmitted by the vapour to
the condensate before there was any effect on the heat transfer
coefficient. At low amplitudes the energy in the pulse is too
small to have a significant effect on the condensate film. At
the critical amplitude, depending upon the amount of natural
turbulence in the film, the pulse began to affect the liquid.
Higher vapour rates mean greater natural turbulence in the film,
and hence higher critical amplitudes. As the amplitude increases
beyond the critical value, the heat transfer coefficient would be
expected to rise and then level out as observed. The change in
heat transfer coefficient depends on a coupling between the pulse
and the natural eddies of the system. This coupling is greatest
over a limited range of frequencies and amplitudes. At high
amplitudes the natural eddies of the system no longer respond to
increases in pulse amplitude, and the excess pulse energy is dissi-
pated by other means.
Condensation of Isopropanocl in the presence of air: The increase
in heat transfer was somewhat lower than that found with isopropanol
vapour alone. As with pure isopropanol, the change in heat transfer

coefficient depends upon the vapour flow rate and almost not at all
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on the pulse frequency. Apparently the pulsation decreases the
thermal resistance of the condensate but does not affect the
transfer coefficient in the highly turbulent vapour stream. If
the vapour flow were laminar or in the transition region, appli-
cation of a pulse should significantly increase the heat or mass
transfer rates in a cooler-condenser.,"

Art.7.3. Mass Transfer

Most of the work done on the effect of vibration and pul-
sation in mass transfer has been limited to liquid-liquid extrac-
tion. A search of the literature revealed nothing for the case of
a vibrating surface in diffusional mass transfer of the kind des-
cribed in this thesis. The work of Lemlich and Levy (78) is the
nearest case involving natural convective sublimation of naphthalene
from the surface of a horizontal vibrating cylinder in still air.

As has been discussed earlier in this chapter, vibrating the fluid
with sound is not the same as directly vibrating the surface itself,
The streaming patterns for the two types of vibratory systems were
discussed by Fand and Kaye (79). Thus, at the present time, studies
with insonation are only capable of limited comparison with studies
involving heat or mass transfer from an oscillating surface. Lemlich
et.al. used rodé of 0.7-1.9 mm. diameter coated with naphthalene or
d-campho¥, vibrated at 20-118 cycles/sec.,with amplitudes of O.46~
7.66 mm. The effect of vibration was conveniently represented by

vib
the ratio of the coefficients, ke } { or the fractional increase

kg
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kG (Vibo ) . .
( »-=1) versus the vibrational Reynolds number, Re, =
kg
- - 2,F ’ . . s s
Dvp/u, where v = e cf. Art.,7.2). Increases in the coefficient

/

of up to 660% were reported. The effect of amplitude was found

to be somewhat stronger than that of frequency. The results were
related above Re  of 20 (critical region) by the equation,

g (vid) | g 117 Revo'85 ere (7.31)

kg
Both the mass and heat transfer results were related above the

critical region by analogous relations, as,

kg(vib.)_ 4 038 re 085, 507413 es (7.32)
kg
hp/ h0= 00038 Rev0-85 Pr?'13 see (7-33)

Gas Absorption

Zhavaronkov and Orlov (80) studied the effect of ultrasonic
vibrations on the absorption of CO2 by water, Theycarried out
preliminary experiments in a beaker which was filled with water

and exposed to pure CO Ultrasonic vibrations with a frequency

>
of 800 kcycles/sec. and an intensity of several watts per cm% were
introduced through the bottom of the beaker. It was found that
ultrasonic vibrations (which produced a water spout) increased

the absorption rate by a factor of 1,00 as compared to the usual
diffusionally controlled r.te, and by one order of magnitude in
comparison with the absorption rate observed when a four-blade

stirrer was used at 800-1800 r.p.m. Such an increase could be

attributed to a greatly increased area of phase contact, with the
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contact rapidly renewed due to the formation of spray and mist,
and also due to the vigorous stirring of the solution., It should
be observed that in spite of strong cavitation, no degassing of
solution was observed; within several minutes after the beginning
of the experiment, the concentration of 002 in wgter attained its
equilibrium value for the given temperature.

The experiments designed to study the continuous absorption
of CO, were carried out in two medium sized ultrasonic film columns,
(wetted wall columns) using open barium titanate cylinders as
emitters. The vibrations were applied perpendicular to the direc-
tion of film flow. The heights of the absorption columns were
14 cm, and 16 cm. and internal diameters 1.22 cm. and 2.3 cm.
respectively. Introduction of ultrasonic vibrations produced a
substantial change in the flow pattern of the liquid in the column,
Whereas in the absence of ultrasonic vibrations the liquid ron
down as a smooth (or occasionally rippled) film, in the presence
of the vibrations there ar0se a system of glittering, transverse,
standing waves. In experiments carried out with one column, the
waves were usually circumferential and regularly spaced at 3 mm.
intervals at 800 kcycles/s.frequency or at 1 cm. intervals at
100 kecycles/s. frequency. Experiments carried out in column 2
gave short irregular rippled waves at both frequencies, When a
50 keycles/s. frequency was used, there also appeared cavitation

of the film in the form of two bands facing towards the middle of
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the cylinder (length-wise). The flow rates used in these experi-
ments were of the order of f; = 0,54 - 1.15 cm%/sec.

The absorption rates were considerably increased by ultra-
sonic vibrations. At 50 kes. and an intensity of 1-2 watt/cm%,
a peak was obtained which was almost four times the unvibrated
relative increase in the concentration of CO2 in solution. The
relative increase 'Q' was defined as,

Q= cL*)
Cn*)

vibrations

no vibrations

equilibrium concentration, and

L}

whereo*

conc. at the outlet.

c

.At other frequencies the values of 'Q' ware found to range from
2 to 2.5. On the basis of the visual observations, it seems that
the increased interphase contact area, resulting from the wave
formation, was not large enough to account for theobserved increase
in the absorption rate. It seems that the increased 8bsorption
rate was mainly connected with the film turbulence caused by ultra-
sonic vibrations; evidently at 50 kcs. the film turbulence was
also helped by cavitation.

Shirotuska and Honda (81) reported the effect of pulsations
on COaabsorption in the following two types of systems :=-

1. A COa—air mixture in a wetted wall column with pulsed

gas flow : the overall mass transfer coefficient was

found to be increased with the intensity of pulsation.
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2. Pure CO, absorption in a perforated-plate column

2
with pulsed liquid flow : the overall capacity factor
was found to be increased with the intensity of pul-
sation and a maximum was obtained at a specific
pulsation intensity. They used pulsations of the
order of 80~300 cycles/min. and amplitudes of
0.3-1.6 cm. Some empirical relations were also
derived relating the effect of frequency and amplitude
to the capacity factor.

Bretsznajder and Pafiuk (82) carried out experiments in

a pulsed absorption column at room temperature. They pulsed the

liquid (water) and the gas used was both pure CO, and CO, in

admixture with air. The frequencies used were from low audible
sound range at amplitudes of 0.9 mm. to 8.3 mm. Considerable
intensification of absorption was reported. The absorption
occurred at the free surface of water. Fresh water was supplied

at the liquid surface and CO2 solution was discharged at the bottom.

On the basis of data obtained, a comparison factor 'I' was defined

as,

ki *
I = k""—:"A_ s (7.34)
SV
and was plotted against pulse frequency . Here,
k£ = mass transfer coefficient with vibrations, cm/sec.
A* = interfacial area with vibrations, cm%
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The experiments showed that pulsation imparted to the liquid

improved gas absorption at the liquid surface. The comparison
factor 'I' was found to attain a maximum of 76. The maxima
ware * thought to be related to a resonance phenomenon.

Mirev et.al. (83) studied the effect of sonic vibrations
on absorption from bubbles for solutions of KOH and KZCOB' Gas
waé bubbled through a layer of liquid which was being agitated
by a vibrating probe suspended in it. An intensification of
mass transfer'was observed. They also studied the absorption
of the oxides of nitrogen under the same conditions and ocbserved
similar effects.

A very interesting study of the effect of sonic vibrations
on gas absorption was carried out by Harbaum and Houghton (84).
Houghton had previously carried out extensive work on the improve-
ment of efficiencies of absorption in bubble-beds. Being led on
from his results of the influence of ultrasonics in improving
film boiling heat transfer, and noticing that a sound of audible
frequency was emitted in film boiling, he thought that the
influence of sonic frequency should be more pronounced than that
of ultrasonics. Similar audible frequencies were observed to be
emitted in bubble-beds during absorption, su these workers went
forth to investigate the effect of sonics. They used a counter-
current bubble-bed absorber in which the gas and liquid phases

continuously entered ang leftthe top of the column. The bottom
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of the column was fitted with a polystyrene piston that could be
vibrated electro-dynamically atvfrequencies in the range of
20-2,000 cycles per second. The amplitude of the piston vibra-
tions was measured microscopically as a function of frequency.
Comparison of absorption results showed that peaks in absorption
did not correspond exclusively to peaks in amplitude, and hence
oculd be attributed to resonance effects associated with frequency
alone. The maximum increase .in absorption was 70%. Vibrations
were observed to increase the number of bubbles, thus increasing the
interfacial area. The photographic measurement of the interfacial
area was not very reliable, therefore it could not be concluded
whether the increase in absorption was mainly due to the increase
in fnterfacial area or due to a modified mechanics of bubble
absorption. Their conclusions were as follows:

"Although the effects of sound in mass transfer in beds of

bubbles appear to result mainly from an increase in gas

hold-up, some effects with single bubbles have been

observed at higher frequencies in the range of 900-1100 ¢/s -

the sound causes the bubble boundary to break up giving the
bubble a frothy appearance. By slight variations in the
frequency, the frothy bubble could be helel up, or moved up

and down in the liquid, Eventually, the sound would cause

the bubble to disintegrate into a number of smaller ones
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which then rose to the liquid surface. Similar

effects have been reported by Gibbon and Houghton (85)

in boildng on a heated platinum wire under the influence
of sonic vibrations. However, when a large number of
bubbles were present in the liquid, frothy bubbles

were not observed, presumably because the sonic power
available was too small as a result of scattering
effects. Since ultrasonic sources could provide greater
power at high frequency, it might be possible to produce
an increase both in the mass transfer coefficient and

the interfacial area."
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CHAPTER VIII. '

ABSORPTION STUDIES INTO LIQUID FILMS FALLING
OVER MECHANICALLY VIBRATED SURFACES

Art.8.1. - Apparatus and Measurements

Vibration studies described here were carried out in short
wetted wall columns for reasons distussed in the last section. The
absorption apparatus used was the same as was used in the pre&ious
studies except that the base of the wetted wall tube was connected
to a 150W.moving-coil vibrator (Goodman's type 790). This was powered
by a variable gain 120W. audio amplifier fed by a calibrated audio
oscillator. The tube could be vibrated at sonic frequencies in the
range of 15-2000 cycles/sec. The highest amplitude of vibration.
obtained in the set-up was 0.1800 cm. It could bé varied at the same
frequency by varying the power output from the amplifier. Vibrations
given to the wetted wall were longitudinal, that is, in the plane of
the liquid flow. The tube was held in a vertical position, both near
its lower end and at the top end, between screw-triads. The tips of
the screws were holding on lightly to the tube and were made from
P.T.F.E. to reduce friction. The 'ermeto coupling' at the bottom of
the liquid receiver (see Fig.2.25) was replaced by a rubber bellows.

Frequencies of vibration were given by the frequencies of
pulses in the audio oscillator. Amplitudes were measured microscopi=
cally as a function of frequency. This was done by printing a hairline

on the lower end of the tube, which, when vibrated, was seen.as a band
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through the cathetometer. The width of this band minus the diameter
of the hairline gave the amplitude of vibration.

Art. 8.2. « Evaluation of Results

Absorption results with vibrations were obtained at two wetted
wall heights of 18,0 cm. and 15.0 cm. The rates were calculated, as
before, from Eq.(3.21). The value of the interfacial area was assumed
to be the same as for a smooth film. Justification for this assumption
has been discussed in Section 2.

The first investigation was carried out at a height of 18.0 cm.
with a rippling water film in order to study its absorption behaviour
as a function of vibration parameters. The height was increased to
18.0 cm. from 15.0 cm., the latter being the standard height used in
the studies on roughnesses, in order to obtain a longer region of
rippling. The 1iquid flgw_rates‘used_werc in the laminar region pf
flow (Re<11200). Other studies were carried out at wetted heights of
15.0 cm., both at the laminar and turbulent liquid flows, and with and
without the addition of surface active agent.

Results at Leminar Liquid Flows (Re<1200°

(i) Pure Water.

The absorption results obtained on an 18.0 cm. height of a
stationary wetted tube have previously been discussed (see Fig.3.22).
It is seen that the absorption rates are considerably higher than the
theoretical line of Eq.(5.210) because of interfacial mixing due to

rippling. The application of vibrations was found to intensify this
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mixing action, so that considerably higher absorption rates were
obtained. As has been discussed in Section 2, the increase in inter-
facial area due to the distortion of the interface is not responsible
for the increase in absorption. Increased absorption results only
from increased interfacial turbulence. Therefore, any intensification
of absorption rates due to vibrations will be considered as arising
only because of an increased interfacial mixing, and the rate will be
calculated on the basis of an unvibrated interfaciael area. When the
tube was vibrating, the liquid film appeared fuzzy when seen through
the microscope.

It was found difficult to keep the amplitude constant and vary
the frequency but the reverse was easy. From preliminary experiments
it was foundxthat the absorption rates suddenly shot up at certain
frequencies. These frequencies were the resonance frequencies because
the pitch of the sound emitted by the tube became more audible. The
absorption results given in Table-8.21 are those for a constant fre-
quency and a varying emplitude. The frequency of 35 c/s is  non=
resonating while 78 ¢/s is resonating. It is scen from the table that
a variation in the amplitude in the range 0.0868-0.0463 cm. at the
non-resonating frequency affects the absorption rate neligibly. The
rate of absorption is relatively more sensitive to amplitude at the
resonating frequency of 78 c/s. There is also a minimum amplitude
where the rate of absorption is not affected by vibration (Fy. = 35,

Am. = 0,0008).



Table 8.21

Temperature, ¢ = 25
Height of the wetted tube, cm. = 18.0
Diameter “ " " *oo" = 1.270
Liquid ysed = Pure water
159 cme/Sec. = 1.2730
Amplitudg
Frequency (Am.) | 0.095¢ 0.0868 0.0839 0.0814 0.0758 0.0463| 0.0125| 0.0058 |0.0008 |0.0000
?%y.) cim. g
35 ¢/s. NAxlO6 19.88 |[19.12 |19.36|19.18 |19.16 | 18.70| 17.88 }17.52 | 13.05| 13.02
Amplitudg : < .
Frequency (&m.) 0.0938] 0.0845}0.0732} 0.0589} 0.042410.0385 | 0.0267 | 0.0123 }0.0075 {0.0000
(%y.) e , -
78 ofs. Nyx 107 be.16 |26.20 [26.66 }|23.80 }22.40 | 21.64 {20.76 |18.98 | 17.62 | 13.02

*¢6L
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The behaviour of absorption was studied next with both
frequency and amplitude varying simultaneously at a constant flow
rate. The results are contained in Table 8.22. The measured ampli-
tudes are given along with the frequencies. The power output from
the audio oscillator was kept constant and the frequency varied.

The amplitude was found to decrease with an increase in thé frequency
for a constant power output. Two series of amplitudes (Am.(1) and
Am.(2)) at different power putputs are given in the table for the
first two flow rates. The amplitudes as well as the absorption rates
have been plotted against frequencies in Fig.8.21. It is seen from
the table that at small flow rates when the film is very thin

('m % 0.9570), a frequency of 100 c/s is the highest to affect
absorption rate. As the thickness of the film increases, absorption
rates are seen to be affected up to 150 c/s.

Fig. 8.21(a,b) contain five plots of absorption against the vib-
ration parsmeters at the five liquid flow rates used. Amplitude (Am.)
versus Frequency (Ey.) has also been plotted along-with, shown by
dotted curves. Am.(1) and Am.(2) are two series of amplitudes used
at the first two flow rates. A maximum of about 90% increase in the
absorption rate is observed. The variation in absorption with
vibration follows irregular patterns. There are peaks in absorption
at certain frequencies. However these pecks have no relation with

the peaks in the amplitudc. Also the peeks in absorption do not occur

at the same frequency for cach flow rate. This is explained by the fach



Diameter "

Temperature,
Height of the wetted tube, cm,

Liquid used

Table 8,22

i

o

C 25

18.0
1.2

i mu

1]

70

Pure water.
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iy = 0.6390 G = 0,9570 R./' = 1.273
) Fy. : Am N 106 Fy. : A N, x 106 Fy. : Am N, x 106
yn . . AX y. . Mae A yQ . . A
1) (1) (1)
0:0 14,52 0:0 14,99 0:0 13,02
50 : 0.0746 | 17.24 50 : 0,0746| 18.79 20 : 0.179% 15,70
52 : 0.0583 | 18,22 55 : 0,0432! 21,68 25 : 00,1629 18,08
54 1 0.0435 | 18.39 58 : 0.0403| 23.23 30 : 0,153 18,33
55 : 0.0422 | 18.85 60 : 0,0482} 23,18 25 + 0,1180 18,48
56 : 0.043%2 | 18.82 70 :+ 0,0234} 19,86 37 : 0.0964 18,18
58 : 0.0403% | 18.320 78 : 0.0182} 19.22 4o s 0.0813 18.17
60 : 0.0482 | 18.32 80 : 0,0112} 18.70 45 :+ 0.0823 18.14
62 : 0.0412 | 17.59 90 : 0.,0063} 17.11 50 : 0.0748 19,13
64 : 0.0382 | 17.34 100 : 0,0031| 15,34 52 0.058§ 20,45
70 : 0.0234 | 16.09 (2) 55 : 0.0434 21,30
78 : 0.0182 | 15.40 15 : 0.1362 | 18,06 60 : 0.0483 21,55
80 : 0.0112 | 15,00 20 : 0,1162| 17.99 62 : 0,0463 21.86
85 : 0.0093 | 14.53 25 1 0,1032 | 17.99 66 : 0.0384 23,23
90 : 0.0063 | 14.50 320 : 0,0983| 19.46 70 : 0.0234 23,90
(2) 35 : 0,0821} 19.94 72 : 0,0163 24,14
15 & 0.1362 | 17.13 Lo : 0.,0736 | 19.48 75 : 0,0173 24,42
18 : 0.1281 | 16.14 45 : 0.0686 | 18,84 78 : 0,018Y4 24,83
20 : 0.1162 | 16.46 50 : 0.,0621 | 17.85 80 : 0.0113 23,15
25 : 0.10%2 | 17.72 52 : 0,04%2 ] 19.18 90 : 0.0063 18,28
30 : 0.,0983 |17.13 55 : 0,0316 | 20.22 100 : 0,003% 15,18
25 : 0,0821 | 16,84 60 : 0.0313 | 20.40 150 : 0.0019 13,82
4O : 0.0736 {17.26 65 : 0,0213 | 19.87 200 : 0.0004 13,06
50 : 0.0621 {16.33 70 : 0,0185 { 17.85
55 : 0.0316 |17.90 80 : 0,0091 | 17.44
56 : 0.03%03 |18.23 90 : 0,0021 | 16,52
57 : 0.03%07 |17.90 100 : 0.,0013 | 14,91
60 : 0.0313 |17.84
70 : 0.0185 |15,02
80 : 0.0091 |14.84
90 : 0.0021 {14,517
100 : 0.0013 |14.56
" —
Fy. = Frequency, c/s.
Am. = Amplitude, cm.
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r“’ = 1.587 r“’ = 1,892
Fy. : Am. NAx 106 Fy. : Am. NAX 106
(2) (2)

0:0 13.16 0:0 1370
15 : 0.1362] 18,85 15 : 0.1362 17470
17 ¢ 0.1290f 15.85 20 : 0.1162 15.09
20 : 0.1162 15.75 25 : 0,1032 18.06
22 : 0.,1158] 15,83 30 : 0.0983 16.75
23 : 0.1152] 15,84 35 : 0.,0821 16489
24 : 0.1058] 17.58 40 : 0.073%6 17456
25 : 0.10321 18.75 4s : 0,0686 18.47
26 : 0.1018| 18.94 50 : 0.0621 18.95
28 : 0.098/| 18.12 55 : 0.,0316 17,42
30 : 0.0983] 17.30 60 : 0.0313 17.06
35 : 0.0821{ 16.52 66 : 0.0201 17.45
Lo : 0.0736] 17.88 68 : 0,0198 17470
42 :+ 0.0712} 18.91 70 1 0,0185 17.70
45 : 0.0686| 19.76 75 ¢ 0.0126 16,28
L6 ¢+ 0.0643| 20.13 80 : 0.0091 15.76
48 : 0.0628| 19.76 85 : 0.0036 15.74
50 : 0.0621| 19.56 90 : 0.0021 16411
52 : 0.0432| 17.93 100 : 0.0015 15.52
60 : 0.0313{ 19.08 120 : 0.0013 14,67
65 : 0.0213 1} 20.50 150 : 0.0011 13.78
68 : 0.0198 | 20.70
70 : 0.0185 | 21.25
75 :+ 0,0126 | 21.22
78 : 0.0108 | 20.77
80 : 0.0091 | 20.21
85 : 0.0036 | 17.13
90 : 0.0021 | 16.52

100 : 0.0015 | 14.15
120 : 0.0013 | 13.76
150 : 0.0011 | 13.64
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that the liquid film has a different hydro-dynamic stability at each

flow rate of liguid. The thickness of the film as well as the height
of the region of rippling varies with the flow rate, therefore, the
same amount of vibrational disturbance is expected to cause varying
degree of interfacial turbulence. Another reason for the unsystematic
nature of these results can be their poor reproducibility. It has
been pointed out in Section 1 that the absorption results obtained
on rippling films are not very reproducible. The variation was found
to be as high as 7%.
The following conclusions can be drawn from the above investi-
gation.
1. Absorption can be greatly intensified by applying
vibrations to the wall for rippling falling liquid films.
2. The peaks in absorption are independent of the peaks in
amplitude.
5. The most suitable frequencies, for intensifying absorption,
range from 40 to 80 c¢/s.
Varying liquid flow: The above investigation was concerned with
varying vibration at a constant liquid flow rate. The studies to be
described now investigate the behaviour of absorption with a varying
liquid flow rate at constant vibration. In the previous study it was
found that frequencies of 40-80 c/% were the most suitable for inten=-
sifying absorption. Thercforc absorption rates were obtained at fre-

quencies of 40, 50, 60, 70 and 80 ¢/s by varying the liguid flow rates
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Al
between 0.3162 and 2.8460 cmf/éec. at each. The results are given
in Table~8.23. Abgsorption rates without vibration are also given
alongside for comparison. The height of the wetted wall tube used

in this case was 15.0 cm.

Table-8.23
Temperature, v = 25
Height of the wetted tube, cm. = 15.0
Diameter " " " " "= 1.270
Liquid used = Pure water.
Fy.=0 Fy.=40 Fy.=50 Fy =60 Fy.=70 Fy.=80
Am.=0 | Am.=0.,0290 Am.=0.0225| Am.=0.0095]Am.=0,0041} Am.=0,0015
ro | wxo®| wmo® nao® | waos | wpact |wmo®
0.320Q] 10.66 | 15.58 15.52 14.43 13,17 12.42
0.6390] 12.86 | 21.60 20.71 22,32 21.80 20.78
0.9570] 13.78 | 24.16 23.92 25,31 25.07 25,20
1.2370] 14.42 25.46 24.64 25.22 26.18 26.48
1.5870] 14.81 25,62 26.16 25.75 25.80 27.53
1.8920{ 15.18 25.95 26.21 26.37 26,00 26.70
2.,2200| 15.74 26.96 27.20 27.97 26.40 27.06
2.5300] 16.50 | 26.84 26.90 27.30 27.05 27.30
2.8460] 16.98 27.98 27.32 27,50 27.62 27.85

From Fig.3.23, where the absorption results without vibration
are plotted, it is seen that there is no agreement of the experimental
points with the theoretical Eq.(3.210). It is, therefore, pointless to
compare the results of vibrations with the theory. The results in
Table 8.23 have been plotted in Fig.8.22. The scatter of points for

vibrations is so small that a single curve can be drawn through them.



x 10

<

N

32
30
28
26

|

22
20
18
16
14
12

10

201,

g, ,g_--.g___@__,ﬂ,_,?____' ;

F'Go 8'22

/
/
! o
y o
@
[ e Q=
) PR oa
B o
] Pid !
!
'/O OF' = 0((‘.6), Am. = U (Om-)
, A..o =40 4 . 0020
’ Vv =50 v = 0.0225
(% =60 4 - 0.0095
/] =7u 14 :000101
g...,, _80 , 00015
07 0% 08 08 10 57 9% e T uT T i



202.
Dotted curves have been drawn through both the results, with and

without vibration. It is seen that at small 1iquid flow rates
(f;ﬁil.OOO), the curve for vibrations tends to converge towards the
curve for no vibrations. This is just to be expected because when
the film is very thin its hydro-dynamic stability is high due to the
influence of the wall. The thinner it becomes, the less prone it is
to vibrational disturbance until at a certain limiting thickness the
effect of vibrations becomes negligible. The point where the two
curves secm to meet each other is a very small flow rate where the

liquid film is reported to become ripple-free and truly laminar in
nature.

When the flow rate of liquid is more than 1.0 cm%/sec., the
two curves in Fig.8.22 become almost parallel to each other. This
in"i-ates that the degree of intensification of absorption with vibro.
tion is almost constant. In other words it mcans that Nj(Vibration)
is a constant, being independent of the flow rate (f;? l.OOISTA for the
intensities of vibrations studied. The average value of this constant
is estimated from the curves as 1.73. Therefore, 'NA(Vibg/ﬁﬂz 1.73"
can be used to predict absorption rates approximately for rippling
falling liquid films for liquid flow rates, such that, 450%Re &1200.
(ii) Water Containing SiM.,

The absorption results for a stationary surface, with water

containing surfacec active material, have been discussed in Chapter III.
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Fig.3.23 contains the results for a wetted wall height of 15.0 cm.,
which agree very satisfactorily with the theoretical line for
Eq.(3.210). For the studies of abgsorption with vibration, which
are to be described now, the same wetted wall height was used. It
was found that the application of vibrations to the film, when
surface active material was present in water to eliminate rippling,
affected the rates of absorption very little.

Table B.24 contains the absorption results obtained with
the use of SAM. The results without vibration are also given along-
side. As these results follow the line of the theoretical equation
mentioned above, the results for vibration have also been plotted
in Fig.8.23 for a comparison with this theoretical line. Table 8.24,
therefore, contains both 'N,' and its reciprocal. The values of
'lfr}]l/? (he)-l/z' were taken from Table-3.23. The plots show
that the absorption results for frequencies 40 and 50, which have
relatively large amplitudes, seem to lie around line 'A'. The
results for frequencies 60, 70, and 80, which have small amplitudes,
lie around line 'B'. Both lines 'A' and 'B' are parallel to the
theoretical line. As seen from Eq.(3.27), both lines 'A' and 'B!
can be represented by the theoretical equation if suitable values

for the term '1/kil are assumed.
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Table~-8.24
Temperature, °¢ = 25
Height of the wetted tube, cm. = 15.0
Diameter " " " 1] n - 1.270

water containing SAM,
(0.01% Lissapol).

Liguid used

Fy.= 0 Fy. = 40 | Fy. =50

Am.= O Am. = 0.0290 _\ _ Am. = 0.0225
v 6 ol 61

mx0® |ty 1074 1 30° 1/ a0t | a0 | H/wont

0.3200; 9.09 i 11.00 9.96 | 10.04 10.09 9.91

7.72 13.00 7.69
7.01 14.31 6.99

0.9570| 12.40 8.07 12.96 |
1.2370{ 13.55 | 7.38 | 14.26
1.5870| 14.33 | 6.97 | 14.99 | 6.67 |14.79 | 6.76
1.8920} 14.92 6.70 16.12 6.21 15.72 6.%6

3
l
|
) l
0.6390} 10.90 9.17 11.39 ; 8.78 11.41 8.76
l
]

2.2200{ 15.53 6.44 17.16 5.83 16.80 5.95
2.5300] 16.30 6.1% 17.80 5.62 17.46 5.73
2.8460] 16.98 5.89 18.90 :  5.29 18.56 5.39
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(Table 8.24 - contd.).

Ty. = 60 Ty. = 70 Fy. = 80

k. = 0,0095 im. = 0.0041 im. = 0.0015
NAx106 ;l/NAx10-4 NAxlO6 1/NAxlo'4 ,1.0° %l/ﬁAxlO'4
9.31 | 10.74 9.36 | 10.68 9.32 10.73
11.24 8.90 11.12 8.99 |11.14 8.98
12,72 7.86 12.58 7.95  |12.63 7.92
13.92 7.18 13.93 7.18  |13.96 7.16
14.59 6.85 14449 6.90  |14.54 6.88
15.16 6.60 15.25 6.560 |15.13 6.61
15.92 6.28 15.86 6.30 15,74 6.36
16.78 5.06 | 16.65 .01 |16.62 6.01
17.48 5,72 17.20 5.1  {17.18 5.82
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Thus, the equation of line 'A' can be given as,

1
Vi -k P ‘%

L/ gme, vee (8.21)

1l

and for line 'B',

1 1
L %l/ ket 5g
1 1 .
= o% /kL * O°4765 oo (8.22)

It should not be understood from the derivation of the above
equations that the application of vibrations affects the magnitude
of interfacial resistance. The value of the interfacial resistance
has been chosen arbitrarily to fit the results. The two sets of
results obtained at the two vibration intensities indicate that there
is a critical amplitude above and below which the two respective
Eqs.8.21 and 8.22 hold, and that the frequency has no influence.

The critical amplitude should lie between 0.0225-0,0095 cm.

Results at Turbulent Ligquid Flows (Re>1200).

When turbulent liquid flow rates were used, the gas was seen
to be trapped in the liquid receiver as vibrations were applied.
This was similar to the entrainment of gas observed in studies on
rough surfaces. Blank experiments were performed to estimate the
error due to trapping on air-water system, with the water saturated
with air. Corrections were found to be a maximum of 3.9%, and were

applied at corresponding flow rates and vibrations.
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The absorption results discussed in the previous sections
indicate no influence of the presence of surface active material on
absorption in the turbulent region of liquid flow. In the applica-
tion of vibrations, however, it was observed that the absorption
results were considerably lowered when the surface active material
was present. The presence of SAM seemed to make the film more
tenacious so that the vibrational mixing was considerably reduced.
This observation is similar to those reported in literature on the
influence of surface active materials on the hydro-dynamics of liquid
systems. Thus the presence of SAM has been found to suppress the
internal circulation in drops such that they behave like solid spheres.

The increase in absorption with the application of vibrations
was found to be as high as 99%. The higher was the flow rate of
liquid, the higher was the percentage increase. This is because when
the film becomes thicker with the increase in flow rate, its hydro-
dynamic stability decreases resulting in greater vibrational mixing.
The results were obtained by varying the flow rate at a constant
vibration. The vibrations used were the same as were used at laminar
flows (40-80 ¢/s). The absorption results, for both pure water and
water containing SAM, are given in Table-8.25. It is seen from the
table that the percentage intensification of absorption increases with
the increase in flow rate. The results without vibration are also
given alongside for comparison. In calculating the absorption rates

the interfacial surfacc has been assumed as smooth. This assumption
has been Jjustified previously. The incrcase in absorption due to

vibrations is attributed only to intensified turbulence.
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Tablc 8.25
Temperature, O = 25
Dfiiiﬁir°5 the wettcd wall tube, cm. - 15:270
- T
hEnyx::o iﬁ: : g?ozgo ﬁg: _ 8?0290 g 8?0095
¥PW, | P.W., | SAM P.W. | SAM P.W. | SAM
(v NAX106 NA’xlo6 Hxxlo NA'xlo6 NAX106 Nix106 NAXlOG
3.240 | 17.52 { 28.60 {19.95 | 28.70 | 18.56 | 27.66 | 17.90
4.420 | 18.87 | 29.64 |26.80 | 29.50 [ 24.63 | 29.36 | 22.45 |
5,570 | 20.24 | 31.30 |29.42 32,10 | 27.52 32,44 | 24.16 !
6.824 | 21.47 | 37.60 {34.00 | 35.90 | 32.64 | 34.96 29.64
8.058 | 22.35 | 41.50 [41.08 | 38.35 | 38.24 | 37.20 | 33.95
9.600 | 24,11 | 48.20 |48.20 | 47.67 | 47.65 | 47.28 | 44.55
*

P.W. = Purc water.

SAM = Water containing surface active material (Lissapol 0.01%).




(Table 8.25 - contd.).
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Fy. = 70 Fy. = 80

Lm. = 0.0041 lm. = 0,0015
P'W'e S g.w.6 SiM 6
N, x10 N Axlo N Asdo N, %10
28.80 17.80 27.67 17.78
29,23 19.87 29,70 19.40
32,10 22.82 32,19 21.70
33,80 24.48 33,36 23,98
37.24 29.40 35,80 28,20
44.25 38,10 42.60 31.90
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The results were first compared with Eq.(4.33). This was
done similarly as for rough surfaces (discussed in the last section).
10 [1/%§]1/3 has been plotted ageinst l/ﬁi X 10'4 in Fig.8.24
for pur;.water #s well as weater containing SAM at two representative
vibrations. The paramctcrs of these plots are given in Table 8.26.
It appears from the curves obtained that the experimental results
bear no sembleonce to the line of Eq.(4.33). The value of 'M! is
therefore not constant and may be a compliceted function of many
variables. The dotted curves have been drawn through the experi-

mental points for vibration to show the trend of rcsults.

Iable-8.26
1/ Fy. = 40 Fy. = 60
o {1/&} 3 fm. = 0.0290 im. = 0,0095
' PGIWQ S.AIYI PoWo SAM:

1/NA'x 1074 1/ mi074 1/1<J'£;c10'4 1/NA'XIO'4

p
6.75 3.496 5.015 3,615 54590
6.09 3.374 3.730 3.405 4.450
5.64 3.195 3.400 3.084  f 4.140
5.27 2.66% 2.940 2.860 3,375
4.99 2.410 2.435 2,690 2.945
4.71 2,075 2.075 2.115 2.244

In order to discuss the results for vibration, the absorp-
tion rates in Table~8.25 have been plotted against the liquid flow
rate. These are plotted separately for each vibration in Fig.8.25a,

b, ¢, d, and e, to avoid confusion due to overlapping of results.
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The results without vibration are also plotted alongside. Dotted
lines indicate the pattern of variation. The following points are
1llustrated from these plotss

1. When these resuvlts are compared with the results of
vibration in the laminar region (see Figs.8.22 and 8.23
for pure water and SAll respectively) it is seen that the
absorption curves start becoming steeper as soon as they
enter the turbulent region. The critical value of liquid
flow rate has been taken as Re = 1200. This indicates
that the rate of intensification of absorption in the
turbulent region is much higher than it is in the laminar
region.

2. The curves for pure water are almost similar in slopes
and positions for all the vibrations. These curves start
in these graphs at values of abscissa where the curve in
Fig.8.22 has left off. Therefore these can be regarded
as extensions of the curve from the laminar region. The
fact that these curves are identical, is in agreement
with the observations in the laminar region. However
the value or Na (Vib.) is not constant but increases

A
with the flow rate.
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5. The curves for the surface active material can similarly
be regarded as extensions of the curves from the laminar
region. The slope of the curves in this case also
increases very steeply in this region of flow. At high
liquid flow rates in the turbulent region the curves for
SAM tend to converge towards the curves for pure water.
This is because the film becomes so thick that its hydro-
dynamic stability is 1little affected by the presence of
SAM. The intensity of vibrational turbulence, therefore,

approaches that of pure water.
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SYMBOLS AND NOTATIOQNS

Area of the liquid surface, cm?

Amplitude of vibration, cm.

Area under the curves in Fig.h4.22, cm?

Local concentration of the solute in the liquid, /cm?
Constant in Eq.(7.23).

Concentration of the solute in the liquid in equillibrium
with the gas, gm/cm?
3

Initial concentration of the solute in the liquid,gm/cm:

Concentration of_the solute in the liquid at the
interface, gm/cm?

Heat capacity, (B.T.U.)Alb.)(F°).

Coefficient of diffusion in the liquid phase, cm%/sec.
Hydraulic diameter of the pipe (Art.5.1), cm.

Height of the roughness elements, cm.

Fanning friction factor (dimensionless).

-

4

Eddy renewal rate without pulsation, secT
Average frequency of surface renewal, sec?q
Pulse frequency, secT]

Frequency of vibration, secT

Acceleration due to gravity, 981 cm/sec?

Height of the wetted wall column, cm.

Height of the wetted wall column effective in absorption,cm.
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ho’ hp’ Heat trgnsfer coefficients with/wéthout pulsation
respectively, (B.T.U.)/(Hr.)(Ft.)2(Fo),

hIJ Height of the stagnant-end effect in a wetted wall column,cm.

H, Height of the wetted tube on the photographs (h x magnifi-
cation ratio), cm.

I, Comparison factor (dimensionless).

J, Dimensionless factor.

k, Thermal conductivity, (B.T.U.)/(Hr.)(Ft.)(F°).

kG’ Gas film mass transfer coefficient, cm/sec.

ké(Vib), Mass transfer coefficient with vibrations, cm/sec.

k., k, Mass transfer coefficients lost due to interfacial

s resistance, cm/sec.
kL, Liquid film mass transfer coefficient, cm/sec.
(k) , Liquid phase mass transfer coefficient based on a log-mean
L°1l.m. . . s
concentration driving force, cm/sec.
Kps Film number defined in Eq.(1.31).
KG’ Overall mass transfer coefficient based on a partial
pressure driving force, cm/sec.
KL’ Overall mass transfer coefficient based on a concentration
driving force, cm/sec.
M, Mixing coefficient, cm%/sec.
N, Local rate of mass transfer, gm/sec.
NA’ Rate of mass transfer per unit area, gm/cm?sec.
NA, Mass transfer rate per unit area at turbulent flow of the
liquid film given by Eq.(4.33), gm/cnSsec.
NAc’ Mass transfer rate at the critical point of transition to

turbulence (Re = 1200), gm/cmSsec.

P, Partial pressure of the solute gas in the gas phase, atmos.
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p*,

pi’

Pr,
Re,
Rei,Rew,W

Rec,Rel,

222 -

Partial pressure of the solute gas in equillibrium with
the liquid, atmos.

Partial pressure of the solute gas at the interface, atmos.
Prandtl number (dimensionless).

Reynolds number (dimensionless).

Reynolds numbers at break points in the slope of the curve
of Re vs. Resistance number, for film flow as observed by
Brauer (27).

Vibrational Reynolds number (Art.7.2).

Fraction of area renewed per unit time as used in
Eqs. (1 .41"'""1 -4’]8).

Schmidt number.

Time of contact with the gas, sec.

Time required for absorption of a volume 'V' of a gas,sec.
Absolute temperature of the system, °a.

Absolute temperature at 0% y 273 4.

Friction velocity as defined in Art.5.7, cm/sec.
Root-meanesquare velocity of the gas molecules,cm/sec.
Average velocity of the falling liquid film, cm/sec.
Interfacial velocity of the falling liquid film, cm/sec,
3

Volume of gas absorbed, cm:

Distance from the interface inside the liquid film
(Bq.(1.419)), cm.

Magnification ratio on the photographs (Chapter IV).

Thickness of the hypothetical liquid film, cm,
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¥, Specific gravity of the liquid in Eq.(1.31).

z, Factor defined in Eg.(1.420).

o, Accommodation Coefficient (Eq.(1.424)).

8, Thickness of the falling liquid film, cm.

6i, Thickness of the falling liquid film in the turbulent

region of flow as given by Eq.(4.22), cm.

61,6t, Thickness of the falling liquid films in the laminar and
turbulent region respectively (Eq.(1.13,1.14)), cm.
€ Coefficient of eddy diffusion, cm%/sec.
ul Factor defined in Eq.(1.11),
u, Viscosity, gm/cm.sec.
Hgo Dynamic viscosity of the falling liquid as used in
Eq.(1.31), gm/cm.sec.
v, Kinematic viscosity (= u/p) of the liquid, cm%/sec.
P, Density, gm/cm?
D i 2
I ensity at N.T.P., gm/cm?
Tt Frictional stress, gm/cm.sec%
e, Time (as used in Eq.(1.414-1.416)), sec.
.. 2
& Surface tension of the liquid (Eg.(1.31)), dynes/cm.
[ Volumetric flow rate of liquid per wnit periphery,

cm?/cm. sec.
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