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SUMMARY 

The problem of mass transport across the free surface 

of both laminar and turbulent liquid films has been studied. 

The apparatus used in this work consisted of a plate 

inclined at an angle of 5° to the horizontal. This resulted 

in a more hydrodynamically smooth interface than normally en¬ 

countered in other apparatuses used in studies of this kind. 

A technique was developed whereby representative samples 

of the liquid film could be obtained at various locations down 

the inclined plate. The system studied was water-carbon 

dioxide. 

In laminar flow it was found that data obtained could 

be predicted by a molecular diffusion model suggested by 

Pigford. 

In the turbulent region, three models are suggested 

which describe the possible transport mechanisms. Since all 

three models depend on experimentally determined parameters, 

it was not possible to determine which mechanism was more 

likely. However, numerical values of the parameters together 

with the relevant model should allow a prediction of mass 

transport for similar gas-liquid systems over the Reynolds 

number range of 4,500-7.,500. 

The transition from laminar to turbulent flow was found 

to occur at a Reynolds number of 4,500. No correlation was 

found between the visual, state of the interface and the trans¬ 

port mechanism involved in the various regimes. 
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SE CT ION I: INTRODUCT ION 

An investigation was conducted by Perciful(29) to 

further the understanding of mass transfer across a gas- 

liquid interface,, This work was part of a long term in¬ 

vestigation of mass, momentum and heat transfer across fluid- 

fluid interfaces. 

The simplest interface system to study experimentally, 

is that of a gas-liquid system because of the well defined 

phase change. Work, in this area, has been mainly confined 

to wetted wall columns. However, when a liquid flows down 

a vertical surface under gravity, there is a tendancy for 

elements at the surface to break away and fall faster than 

the bulk of the liquid. This phenomena produces surface 

mixing which cannot be controlled. Ideally a planar surface 

Is required so that side effects, such as surface mixing:, can 

be eliminated, 

Perciful (29), therefore, constructed an inclined 

plate channel with a narrow slot inlet section. Water was 

passed down the plate and carbon dioxide absorbed across the 

interface, over a range of Reynolds numbers from 19f?l to 32l}.2, 

Higher or lower Reynolds numbers produced a non-planar inter¬ 

face, The ripples on this interface appeared to come from 

the inlet section. The results of the mass transfer work 

indicated that molecular diffusion was the controlling factor 

and no transition' to turbulent flow had occured. 

Consequently a similar apparatus was constructed with 



an improved inlet section and capacity to study a larger range 

of Reynolds numbers.. 

2 

Film thickness data was collected up to a Reynolds 

number of 18,000 and mass transfer measurements were collected 

up to a Reynolds number of 7s.i+00« 

The final design of the apparatus used in the study 

consisted of a plate 9 ins0 wide, 38 ins. long, inclined at 

5° to the horizontal with a 6 inD long adjustable parallel 

plate entrance section. 

The system studied was CO2 - water after Perciful 
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SECTION II ; THEORY 

LAMINAR FILM THEORY 

An understanding of fluid dynamics is required in order 

to fully describe mass transfer in a dynamic system,, 

The equation of motion for an incompressible fluid, in 

terms of shear stress for the z-eomponent of rectangular co¬ 

ordinates is: 

+ \/x 
*^\T- 

^ +H + TI) 
+ /° 

For the liquid film, shown in Fig„l, flowing down an 

(1) 

inclined plate at steady state, this equation reduces to: 

^Tv y* _ yO ^ S l/w C< (2) 



k 

Integration of Equation (2) yields? 

= />n 
5l/v^ CONST. (3) 

If zero shear Is assumed at the gas-liquid interface, 

const. = 0 and 

%* =m (k) 

For a liquid system such as water, Newton Vs law applies? 

($) 

A 

(6) 

Integration of this gives: 

% = 

ft 3L SU^oi 2. 
L <3   - ~L + CONST, 

At v£ = O i„e. the solid boundary 

Therefore const. 

yO ^ O< 

2 yA*- 

And Vz 

(7) 

(8) 

(9) 

The maximum velocity occurs at y = 0, on the free 

surface of the liquid, since the velocity profile is semi- 

parabolic. 
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Therefore Vz max - . n. ^ S l/v\_ 

2/^ 
do) 

The average velocity is obtained by integrating over 

a cross section of the film; 

Therefore 

rz av« 

"z ave 

w 5- 

II' Vg,■ ' Jx 

IT 

o o 

C)M • Jim 

= 
X 5i^°< 

3^L 

(11) 

Thus the maximum and average velocity in the film are 

related? 

V. z ave ~ 
_ 2 

y Vz max (12) 

The volumetric flow rate is given by? 

Q — Vz ave ' W' f (13) 

and the film thickness can be obtained by re-arranging 

Equation (ll)s 

\i/i / \'/3 

r ( 3/"<* Y 
* \/°3SWVOi / (14) 
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The Reynolds number for an open channel Is defined ass 

■4- <3 _ <4* ^ave 
(15) 

thus combining Equations (ll|) and (l£) s 

5 O’ Re 

o 5lwvo( 
(16) 

or (17) 

Equation (17) is known as the Nusselt equation 

(Ref.28) and £>* as the dimensionless film thickness. It has 

been shown to successfully predict film thickness for fully 

developed laminar flow. (Refs.1,9,16,18*19,21,2£). 

TURBULENT FILM THEORY 

Turbulent film theory has not been developed to such 

a large extent as laminar film theory. However, a number of 

correlations do exist for predicting velocity and film thick¬ 

ness. Most of them have been based on turbulent flow in pipes. 

The 1/7 - Power Law for turbulence in pipes is based 

on the Blasius formula, which is an empirical formula for the 

frictional resistance, X> in smooth pipes: 

(18) 



where cH is the pipe diameter. Schliehting (3U) in 

substituting y, the distance from the pipe wall, arrives at: 

7 

r* \ \> 1 
(19) 

(S) Bird v;?/ using a different constant in the Blasius 

equation shows Equation (19) as: 

V+ =8.5 b(%+yh (20) 

Integration of Equation (20) over the film thickness 

yields: 

V£ ave 

V* 

Substituting V# 

“ 7 49 (O 
t\'/7 

(21) 

If and X " Q 5i~ * ' * •n 
into (21) gives: 

(22) 

A similar treatment with Equation (19) gives: 

i7/l2- 

= o 
(23) 

(34) Schliehting states that Equation (23) holds 

when Re ^ 100,000 for flow in conduits. 

Dukler and Dukler and Bergelin ^7) made use of 

von Karman’s expressions for velocity in pipes: 

+ 
(^+ ^5) (24) 
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V+ =- — 3.OS + S.o ^-g+ (s<a+<3oJ 
(25) 

*+ = 
5,£ + 2.5^g+ (30<^<i"') 

(26) 

+ __ 
where ^ ~ 

v2- 

V* 
(27) 

and — (27a) 

By definition Vave 

', ff ■ si 
0 

(28) 

^ave ^ = Ji) v+J/ (29) 
0 

/ 
Therefore Re 

= f 
(30) 

o 

Substituting Equations (24), (25) and (26) into 

Equation (30) and performing the three step integration 

yieldsi 

=3.oS1’+2.5r+^£+- £4 (3D 

Deissler*s C12)&(13) expression for turbulent 

velocity profiles may be modified for film thickness pre¬ 

dictions t 

v+ = (^+<5) (32) 

   

I 4. v+^ A - [- ~V ) (33) 

^s<-a+ <xb) 
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v+ = 2.7S L + 3.8 04) 

n was determined experimentally by Deissler to be 0.121}. for 

flow in pipes at Re^ 20,000. 

Equations (32), (33) and (31}.) can be integrated to 

obtain a result similar to Equation (31)‘ 

26 

In order to solve Equation (35), Equation (33) must 

be numerically integrated. These Equations (32-31}-) have 

been solved and presented in graphical and tabular form by 

Bird 

For any assumed value of , Re. may be found by 

graphically integrating under the prepared v+ versus y+ curve. 

(i^) 
Dukler v ' presented a theoretical study of flow and 

heat transfer in thin liquid films.. He utilized the 

expression proposed by Deissler for eddy diffusivity and eddy 

thermal conductivity (see Equation 72), and developed 

equations for velocity and temperature distribution in thin 

vertical films. These results could be used to calculate 

local film thickness as well as local heat transfer co¬ 

efficients. Solutions to these equations are shown graphically 
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. However, it must be recalled that Deissler’s 

expressions were only valid for a Reynolds number greater 

than 20,000. The work of Dukler actually agrees with 

the Nusselt Equation (17) at low Reynolds numbers. Ho sudden 

transition is predicted between laminar and turbulent flow 

and it may be purely coincidental that any agreement is 

obtained at low Reynolds numbers. 

TRANSITION PROM LAMINAR TO TURBULENT PLOW 

The transition to turbulent flow is somewhat difficult 

to ascertain for flow of liquids down verticle surfaces and 

as a result, the well established transition Reynolds number 

(9) 
of 2,100 for flow in pipes has been taken for granted . 

Rothfus, Archer, Klimus and Sikchi (^3) further 

analysed published data and prepared plots of Vave/Vmax versus 

Re. for parallel plates, up to a Reynolds number of 1,000,000. 

Tentative values are shown in the transition region, although 

almost nothing is known about the transition behavior of 

fluids flowing between parallel plates. The curves of 

Vave/^max 81,0 ma<^e consistent with laminar flow theory, which 

they claim, should be maintained up to a Reynolds number of 

5,600. The transition region being between Re. of 5,600 and 

7,000. 

These values were theoretically predicted from tube 

flow velocity measurements. They are applied to other geo¬ 

metries by the choice of an ’’equivalent" tube with which to 
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compare the non-circular cross section. 

LAMINAR MASS TRANSFER THEORY 

Fick*s first law of diffusion ^ states: 

= « -n r-7 - 
3^ = “* DAB V C.A (36) 

for the system which will he experimentally considered. 

A = C02 

B = H20 

= flux of GO2 

"Cft = concentration of C02 

Written in terms of molar flux relative to stationary 

co-ordinates, Fick*s law appears as: 

fS/A - ^s) - c DAB Vx:A (37) 

In the experimental work, the gas phase (A) was 

saturated with water (B) and thus there was no flux N^: 

NA (i -**)= -<- IV (38) 

Making a mass balance on an element of fluid of 

dimension Ay byZ\z (see Fig.l), the following equation 
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is obtained: 

i ^NAZ 

^1 
•* + 

b £ 
= O (39) 

The component of flux in the y-direction can be 

written as: (Prom Equation 38). 

NAV = *A NA3 - 4 d-j 

Since there is no convection in the y-direction: 

% = - 

3 

(1+0) 

0+1) 

Diffusion in the z direction is negligible, relative 

to the convective flux: 

|\/A,= XA[Ma? + WI*J = tA v,ta) (42) 

Substituting these expressions into Equation (39) 

gives Fick*s Second Law of Diffusion: 

v.(a)^ - ^ ft 
dz- oyf 

For laminar flow, it was shown on p.4 that the 

expression for Vz is semi-parabolic in form, thus: 

% (2) ' VH ntt* ^ I p. j 

(43) 

(44) 
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Pigford ^30) soiVed Equation (J4.3) with the parabolic 

velocity profile and the following boundary conditions: 

2=0 , cA = c0 3 (45a) 

O II r
*
 z >° (45b) 

- -y d > 
- 0 z >0 (45c) 

Where C0 is the initial concentration of component A 
■* 

and G is the interfacial saturation concentration, Pigford*s 

solution was: 

£ _ | - 0.76feex/»(-5*4^»>) “ 0.) *x/>   (46) 

Ct - C0 
where E = Absorption efficiency 

^ — Penetration parameter 

C* - Co 

IDAS 6W 

CL = Concentration of component A at Z = L 

& ave = Average contact time = L/V, ave 

(22) 
Hatta v , assuming a constant velocity profile 

throughout the film equal to 2/3 Vraax^ obtained a solution 

for Equation (43) and (45): 

£ - J - 0.8| | (-2.4^>) - O.o^oZ (-21-*^) (47) 
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Pigford has shown that when E Z 0.5, or in the case 

of short contact times, where the penetration does not reach 

the wall, Equation (46) will reduce to: 

E ' /iF £or ^ °‘£>) (48) 

and for long contact times: 

p = |-0.7S6 (49) 

/-(£■ > °-s) 
Hatta*s equation can he given a similar treatment: 

and £ = I - 0-811 tx^ 

(£ > os) W 

Heartinger (^3) showed numerically that these equations 

approximate the rigorous solutions within 1%. 

Beek and Bakker ^ solved Equations (43) and (45) 

with the assumption of Couette flow: 

va c-a) = vs - vs^ 
r 

The solutions were: 

(52) 

E 

E 

+ ^ (*><**) 

0.3i|^/3+ O '67 8 

(53) 

(54) 

and 



The general form of the flux across the planar inter¬ 

face of a liquid in laminar flow is given by: 

N* 
75C 

= I. v*. .£. (**-'.) 
L 

(55) 

The expressions for the flux at the interface for the 

previous developments are summarised as follows: 

Long Contact Times 

Pigford 

Hatta 

IV, 
*/ y=o 

= V„I (c*- C=)(| - 0.786 e*/> 

fyl 0 ■- Vftvf I (c*-c.)(l-o.«ll «|»£*4 V|) 

geek & Bakker |\^| VA„I (c*-C.)(o.678 °'5i| ^ 

(56) 

(57) 

(58) 

Short Contact Times 

Pigford 

Hatta 

Beek & Bakker 

IN/J -vw£ (c-.c.) 
1 i. 

NS 7 

where 

y*1 
a 

z J^AB L 
S 

(59) 

(60) 

(61) 
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TURBULENT MASS TRANSFER THEORY 

General Equation for ^Turbulent” Maas Transfer 

Mass Transfer in a fluid flowing in turbulent motion 

is considerably more complex and has not been studied either 

experimentally or theoretically to the extent of laminar mass 

transfer. 

Before the specific case of mass transfer across the 

free surface of a fluid in turbulent flow is considered, the 

equations describing mass transfer within a liquid flowing in 

turbulent motion will be considered. 

The equation of continuity for component A in a 

binary system with constant density and diffusivity is; 

Thus, dividing Equation (62) by M^ and combining 

it with Equation (63) gives; 

(62) 

The equation of continuity for the mixture iss 

(63) 

(64) 



17 

If there is no reaction occuring, = 0. The 

following quantities are introduced? 

= C„ 4 <=A 

/ 

V£ = V2 + V2 

(65) 

(66) 

where is the time smoothed value of and C ^ is the 

turbulent fluctuation, therefore 

3 cA 

(67) 

The laminar flux term J^^has already been shown to 

be given by Fick*s Second Law of Diffusion? 

T=® _ v 
J A (68) 

A similar expression can be written for the turbulent 

flux . However, experimental work by Deissler (12) (13) 

has shown that this term, D^g^or 6, is dependant upon y. 

Thus ? 

(69) 

Considering the one dimensional case of Equation (67) 

and substituting the expressions given by (68) and (69)? 

^
CA = Jp+efe)j\^ + ^ 

3>* (70) 
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At steady state, this can be written as: 

v.fe) ^ = rp+e&rt ^ (71) 
■il L 3-a 

With appropriate expressions for Vz (y) and £(y) 

this equation could be solved numerically, given the necessary 

boundary conditions. 

Expressions for Eddy Diffusivity 

Several semi-empirical expressions are available for 

the turbulent mass flux which could be used in Equation (67). 

( TO } 
Deissler v obtained data in the region near the 

wall for a system of very high Reynolds number (Re. = 20,000). 

The following expression fitted the data very well for tubular 

flow and a value of y+ not greater than 26: 

(72) 

Von Kerman* s expression ^6)^ When Uged away from the 

wall, predicted correct velocity profiles in pipes for Reynolds 

numbers greater than 20,000: 

where K^ is an empirically determined constant, obtained from 

velocity profiles. This "Universal Constant" is taken 
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as O.lj.0, or 0.36 by others. 

By assuming that eddies move around in a fluid very 

much as molecules move about in a gas, Prandtl ^1) developed 

a theory in which the mixing length., 1, is analagous to the 

mean free path in kinetic theory: 

cA 

^ (74) ■31 
& _ _ t d v2 

d^j 

Simplification of General Equations for 
"Turbulent; Mass Transfer** 

If the specific liquid film shown in Figure 1 is 

considered in turbulent motion, Equation (71) would provide 

a solution for the concentration of component A at any point 

in the film. However, numerical techniques would be required, 

together with applicable expressions for £ (y) and Vz (y), 

in order to provide a solution. 

It would, therefore, be useful if Equation (71) could 

be simplified so that an analytic solution is possible. 

As a first approximation consider the eddy diffusivity 

and velocity to be constant. Equation (71) is greatly 

simplified to: 

(750 
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It is also reasonable to suggest that the value of 

^ >> Da Therefore, Equation (76) s 

^cA 
u (76) 

should represent a first approximation to Equation (71). 

Boundary Conditions 

In order to solve Equation (76) for mass transfer 

from a gas phase into a film in turbulent flow down an in¬ 

clined plate, three boundary conditions would be required: 

1) The initial condition is t =0, CA = C0, y> 0 

where C0 is the inlet concentration. 

2) At the solid interface, 

flux crossing the boundary. 

, r‘=° 

there will be no 

t > O 
j 

NOTE. If the film were of infinite thickness, this condition 

would be: ra - c* r C0 -£ > O 
a J n > 

3) Several boundary conditions could be used at 

the gas-liquid interface and, depending upon which 

one is used, a different solution is obtained. Three 

possible boundary conditions will be discussed and 

labeled 3A, 3B and 3C. The resulting models, with. 
x 

their solutions, will be referred to as model A, 

model B and model C. 
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3A) In this model it is assumed that an eddy 

reaching the interface instantaneously attains 

the saturation concentration. This model is a 

case of unsteady state diffusion. 

The boundary condition will bes 

y = 0, cA— c*, z?o 

Solution to model A isf 

* 
C CA 

c x I 
4“ 

7v(2"\+l) 

re* ( 2^4 l)a€ 

? 4 J 2* (77) 

The flux across the interface is obtained 

by differentiation and multiplication by the eddy 

diffusivity with y = 0. 

= £ 
n\zO 

(2 
(78) 

If the point flux in Equation (78) is plotted against 

time for any particular set of conditions with 6: as a para¬ 

meter, it will be noticed that the flux is virtually in¬ 

dependant of time for low values of & (i.e.£ A. 0.01). 

However, for higher values of <E , there is a very marked 

dependance of flux on time. 

The fact that it is rather unlikely that all eddies 

will attain saturation concentration led Danckwerts to 

propose a modified theory. 



3B) Danckwerts suggested that the average rate 

of mass transfer depends upon the distribution 

of the elements of surface among the various 
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"age groupsThe average absorption rate is 

found by multiplying the fraction of surface 

which has age Q by the instantaneous absorption 
rate for a surface of that age, and then summing 

this expression for all elements of surface,, 

Danckwerts proposed a distribution function 

such that the fraction of surface having terminal ages 

between <9- and <9+<i6Lls4>(<9) 

The instantaneous rate of absorption per element is 

given by the Higbie Penetration Theory! 

so that the instantaneous rate for all elements of age 

between <9-and (9-+d.<2is {p(s£)(c*-£0 ^.Summing this over 

all ages, an expression for the instantaneous rate per unit 

of interface area is obtained! 

The distribution of ages can be represented by? 

(79) 

(80) 

cHB) r 5 • e-xj> (rs &) (81) 
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in which S is the fractional rate of renewal of surface 

(dimensions of reciprocal time)# 

Combining Equations (80) and (8l), then integrating? 

Nj = (?*-C')Jjp 

The constant S must be found experimentally. 

Higbie»s penetration theory Equation (79), was 

based on the assumption that all eddies which reached the 

interface have the same exposure time. 

Toor and Marehello numerically determined the 

mean mass transfer rates as a function of time for the Higbie 

and Danckwerts theory. They showed that the two models are 

numerically indistinguishable. 

However, from physical reasoning it would seem more 

likely that Danckwerts model would apply because it is 

doubtful that all eddies would remain at the surface for the 

same length of time. 

Danckwerts model can be incorporated into the 

boundary condition of model B, thus? 

The solution to this model is more complex than model A 

and it is best to re-define the equation and boundary conditions 
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in terns of the following dimensionless groups; 

* ”* CA Vs "3 
3 J 

-fr' = Id 

J4 

The equation to he solved then becomes; 

fC 
sy1 St' 

with boundary conditions; 

(i) 
t'-0 , d = o 

(ii) V = 1 If! = 0 

(iii) If o
 

"SC s JLd 

where r 5 jjfej 

The solution to this equation is given by Carslaw 

and Jaeger ^ % 

©O 
cos (*j'- \)pN ««/■ (-pi t j 

c.s/3„ 

where the positive roots of *■ c-ct|S = S are denoted by 

A physical interpretation of this model can be 

explained by considering the various regions of Figure 2„ 

(83) 

W 

Figure 2 
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Between y — 0 andj',> mass transfer takes place 

according to Danckwerts model, i.e, eddy*s are randomly 

replaced. The thickness of this region is of the order of 

the eddy size. 

Prom y = a turbulent core exists in which 

eddy diffusivity is of great magnetude and constant through¬ 

out the region, 

A laminar sublayer between y — $ and £a adjacent to 

the solid wall where mass transfer is controlled by mole¬ 

cular diffusion and , The amount of transfer in 

this region is small compared to the rest of the film, 

A different solution is given by Carslaw and Jaeger 
to \ 

' ' for the case where boundary condition is y , Gh= C0: 

s (a?) 

Tl h 
Note that when £ is large and Hiir is small 

Nyly*o = ^ (C*~ c°) (86) 

which was the Danckwerts model, 

30) A similar type of model has been proposed 

by Whitman (37) (38) # The whitman "film 

theory" assumes a steady state diffusional process 
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exists across the interface and in the thin 

stagnant layer of y “ 0 to5’/ adjacent to the 

interface (see Fig02). The transport in this 

region is solely controlled by molecular 

diffusion. This could be expressed ass 

whereSl
 is the thickness of the stagnant film. 

Thus boundary condition 30 becomess 

d 

The solution to this, after it has been cast in 

dimensionless form, would bes 

^ i 0 ' V to* (V'l)/5* ^ ^ 
(£*+1+^*) c^ pN (8Q) 

which is similar to Equation (83) except that here 

I <T 

?'* e 

For the case of an infinitely thick film or y 

C = C . the solution would bes 
A o* 
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/ \ 

Toor and Marchello pointed out that the penetration 

theory and the film theory are not totally different, but 

just limiting cases. The penetration theory applying to 

young elements because the penetration has not reached the 

outer edge of the elements. When the penetration just reaches 

the outer edge of the element, a short finite time will be 

required before the concentration profile reaches its steady 

state. In this region, neither model B or C would hold. 

However, when steady state within the element is attained 

the film theory would apply. (See Pig,3). 

In the area 
between B 
and C neither 
theory applies. 

EFFECT OF SCHMIDT NUMBER 

(7) 
Bird v , using Deissler’s expression for eddy dif- 

fusivity, shows concentration profiles in turbulent tube 

flow for Sc. = 9!?2 with Re. — 20,000. 

The Schmidt number for the system carbon dioxide 

and water at room temperature is about 600 and can be better 

compared with the case of Sc, = 9f?2. In this case the con¬ 

centration is plotted in the form 0+/C+CQn^er versus 

Y+/Y+centeri. 
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A value of C+A^center - 1 is given for all values 

of Y+/Y+ center (Y* ^ across the tube with a considerably 

different profile given for low Sc, with C+/c+center ’ harely 

approaching one at the center of the duct. This would imply 

a high value of <£ over most of the region with molecular 

diffusion controlling in the laminar sublayer (or y+-4 5) 

and therefore there is a possibility of no concentration 

gradient existing in the bulk of the fluid. 

If this is, in fact, the case then the equations and 

boundary conditions could be simplified to a greater extent 

because it would be no longer necessary to mathematically 

describe any concentration changes in the y-direction. These 

simplifications and their application to experimentally 

determined quantities are shown in the following pages, 

APPLICATION TO EXPERIMENTAL WORK 

In experimental work the point rates of transfer, 

which have been referred to thus far, are of less interest 

than the average rate. Therefore, the values of S from 

model B and S' from model C must be calculated from an average 

expression for flux, since experimental work will actually 

be measuring the average concentration changes. 

The average flux across an interface, N^y , is 

derived belows 

(90) 
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Integration between Z = 0 and Z = L gives the 

average concentration over this distances 

"dc, w 

c*-e0 
^2* = 

w LMS 

Q 
(91) 

Therefore S = - Q 
u 

C* - CAl> 
1 z 

c* - ct 

for model 3B (92) 

or for model 3C (93) 

The groups and 

Q F' 

would be approximately constant for any particular value 

of Q if the value of<£ is large and the transport is 

governed by one of these models. 

The average flux is obtained by re-arranging 

Equation (91), thuss 

C*- 4- c0 C0 (94) 

1 (95) 

The expression for average flux over any length, 

L, is given bys 

a 
j_ w 

C 
°) (96) 
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Combining Equations (95>) and (96) gives? 

NA y 
for model 3B 

and \\lfry 
for model 30 

I - Q ( °X C°) [u-fcick f-i-wjWs j 
T'O ~~L^ [ \ Q / 

= Q — C0) p | __ ^xj> ^ 

Vs0 ~~L^J L V Q V / 

(97) 

(98) 

(99) 
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SECTION III s EXPERIMENTAL APPARATUS 

The main pant of the apparatus is an inclined plate 

absorption unit and it is this that will be described in most 

detail. The equipment serving the absorption unit consists 

of a water supply and a carbon dioxide supply, A schematic 

diagram of the apparatus is shown in Pig, 

The water leaving the absorption unit (1) flowed from 

the outlet through into a receiving tank (2), Prom this tank 

it was possible to, either discharge the water to a drain by 

means of centrifugal pump (7), or to recycle the water back 

to the absorption unit via centrifugal pump (8), The re¬ 

cycling system was necessary because it was first felt that 

the maximum volumetric flow rate that could be obtained from 

the Houston water supply alone would be insufficient for the 

study of high Reynolds numbers. 

The data to be collected could be classified as film 

thickness and mass transfer measurements, 

Por the film thickness measurements, a constant water 

flow rate was supplied from the centrifugal pump (8) and the 

apparatus when run in this manner with valve (13) closed was 

referred to as "closed circuit operation," 

It was possible to supplement the water flow rate from 

the pump alone by adding to it the water from the Houston water 

supply, A limitation in that, however, was that the flow 

rate from the city was subject to slight fluctuations. The 
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pump on its own was capable of supplying a Reynolds number 

of about 10,000 without major fluctuations in the supply,, 

The water flow onto the plate was regulated by two 

control valves, one coarse (l£) and one fine (16), 

The desired flow rate was set by one of two rota¬ 

meters (£) and (6). Rotameter (5>) catered for flow rates 

up to a Reynolds number of 000 and rotameter (6) could 

cater for a Reynolds number up to 20,000. The rotameters 

were mounted in parallel in the system so that the flow could 

be switched to either one by appropriate arrangement of 

valves (17), (18), (19) and (20). 

Water flowed onto the plate by a distributor (21), 

which consisted of a 3/4" copper pipe extending from the two 

ends of a tee fitting. The pipe had evenly spaced holes 

drilled at an angle so that the water was directed to the 

lower rear comer of the inlet section. 

Temperature of the water was measured by mercury 

thermometers(14) mounted in the inlet and outlet streams. 

The gas was taken from a commercial carbon dioxide 

cylinder (10) and was substantially pure C02» The regulator 

valve on the cylinder was used to control the gas delivery. 

The CO2 was heated (11) and saturated with water (12) before 

entering the absorption unit. The same gas inlet equipment 

f29) 
was used as described by Perciful ' „ 

The absorption unit is shown in Fig.5. The plate 

was constructed from 1/2" thick 304 grade stainless steel 
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mounted on an angle iron frame„ The frame was hinged at 

one end and could be set at any desired angle by adjusting 

long screws on which the other end was supportsd8 

The sides and ends were made of 1/2" thick "Plexiglas” 

and were held on the plate by groves milled into the plate 

and sealed with aquarium cement,, The aluminum top formed 

a gas tight seal by use of rubber gaskets and clamping rods, 

which held the top firmly in position. 

The water flowed from the distributor over a wier 

and under a 6" long calming section. 

The calming section was a piece of flat surface ground 

and hand polished 30ij. stainless steel which could be adjusted 

to any required height above the inclined plate. Small "wings" 

formed a tight seal with the "Plexiglas" sides and rubber 

gaskets glued above the wings formed the gas tight seal for 

the rest of the absorption unit. Once adjusted to the 

required height* tie rods could be tightened to pull the 

"Plexiglas" firmly against the rubber gaskets, 

A screw and dial indicator above the inlet section 

was used to record the height of the calming section above 

the inclined plate. Guide rods outside the "Plexiglas" 

insured that the calming section remained parallel with the 

inclined plate. It was necessary to release the tie rods 

in order to take the pressure off the rubber gaskets before 

the section was moved into the required position. 
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Sample holes were drilled in the inclined plate, the 

locations of which are shown in Fig.5, and plugs made of the 

same material were inserted in the holes. The surface over 

whi6h the water would flow was surface ground and hand polished. 

The sample plugs were carefully marked before removing them* 

so that they would always be replaced in exactly the same 

location. 

A sampling probe was made to fit these holes (see Fig.6) 

so that it could be inserted in any location and a sample of 

liquid film withdrawn. Knife edges were made for the purpose 

of "cutting" the film sample away from the bulk flowing down 

the plate with a minimum of disturbance. A pinch clamp on 

the clear "Tygon" tubing, attached to the lower end of the 

sampling tube, was used to maintain the level of the liquid 

sample. 

Water temperature could be measured by thermometers 

placed in both the inlet and outlet streams. Gas temperature 

was measured at the inlet and by a thermometer mounted through 

the lid of the absorption unit. 

The pressure of the carbon dioxide could be measured 

by two water manometers (ij.) mounted at either end of the unit. 
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SECTION IVA s MEASUREMENT OP FILM THICKNESS 

Two methods of measuring film thickness were used, 

the micrometer and the capacitometer0 

(1) MICROMETER 

(29) 
The micrometer was identical to that used by Perciful 

and consisted of a vertically mounted screw micrometer mounted 

on a cross piece of aluminum,, The aluminum had groves milled 

into it so that it could slide along the "Plexiglas" upper 

edges to any desired location. The micrometer slide has holes 

in it at one inch intervals so that film thickness measure¬ 

ments could be made at several positions across the plate, 

(2) CAPACITOMETER 

The capaeitometer was constructed in a similar manner 

only out of an insulating material, micarta, A vertical 

rod /had a copper probe mounted in it so that the probe could 

be raised or lowered to any known location above the plate. 

The height of the probe above the plate was measured by a 

dial indicator with divisions in thousandths of an inch., 
i 

A micarta slide also allowed the probe to be moved up 

or down the plate, or from side to side, A wire leading up 

the center of the vertical rod was attached to the electronic 

part of the capaeitometer system. The capaeitometer circuit 

is fully described elsewhere 
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The principle on which the capacitoraeter operates* 

is that the air gap between the probe and ground has a fixed 

capacitance,, A change in thickness of the air gap produces 

a corresponding change in capacitance. This change can be 

measured as an output voltage0 Thus, when the probe has 

been calibrated in any one position by the dial indicator, 

a liquid film flowing under the probe and acting as a 

ground, will produce a change in output voltage depending 

upon the film thickness. The film thickness can be obtained 

by recording the output voltage at any time and reading the 

corresponding film thickness from the calibration plot. 

The capacitometer technique did not meet with much 

success and thus all readings reported were obtained by the 
\ 

micrometer technique. 

Before describing, in detail, the method involved in 

obtaining the film thickness data, it is useful to look more 

closely at the final design used to obtain a planar interface. 

The stainless steel plate, that formed the upper part 

of the inlet section between which water flowed, was made so 

that it could be removed and another plate of different 

material or different geometry substituted. 

The first design was shown in Pig.7 with rubber gaskets 

between the "Plexiglas" and metal, forming a water (and gas) 

tight seal 
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There were two faults with this design? 

(a) The rubber gaskets caused ripples of 

very large magnitude to propogate from the 

sides of the inlet section and cover the whole 

plate within only a few inches of the inlet- 

section. 

(b) The radius at the downstream end of 

the inlet section caused a large hydraulic 

jump. The jump was enhanced because water 

tended to cling to the l/lj." radius by surface 

tension. 

These factors led to a final design of this very 

critical region. This consisted of a flat stainless steel 

plate with a sharp 4£0 point at the outlet to the absorption 

unit. This aleviated the problems mentioned in (b) above. 

"Wings" were milled l/l6" thick along each edge so that the 

plate could be raised or lowered smoothly against the 

"Plexiglas" sides. The rubber gaskets were fitted above 

the "wings" to make the absorption unit completely gas tight. 

This design aleviated the problems mentioned in (a) above, 

since the surface of the liquid only contacted one material, 

i.e. the metal. 

Some preliminary film thickness measurements were 

taken with the inlet section set at various distances above 

the plate. Prom this survey, which was conducted at a 

constant flow rate giving a Reynolds number of about 3*000* 

the following observations were made? 
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(1) When the inlet section was set slightly above 

(approx. 0.010") the average film thickness half way 

down the plate, air was carried under the calming 

section with the water, providing very rough uneven 

waves on the surface of the water. Measurements 

of film thickness were inconsistent. 

(2) When the inlet section was set either at, or 

a few thousandths of an inch below, the water film 

thickness recorded down the plate, a hydraulic jump 

lasting for about 3 inches was measured immediately 

following the inlet section. There was a hold-up 

of water to a height of approx. 1/2 to 1 inch be¬ 

hind the inlet section. The film surface was 

planar with some very small ripples occuring at the 

sides. These were present because the "Plexiglas" 

presented a drag on the fluid immediately adjacent 

to it, different from the drag caused by the 

polished metal. However, the magnetude was in¬ 

sufficient to cause them to propogate to the central 

part of the plate. 

(3) When the inlet section was set slightly below 

(approx. 0.010") the average film thickness half 

way down the plate, a very smooth surface appeared 

all over the plate. A hold up of 2 or 3 inches of 

water was noted behind the inlet section. This 

was the pressure drop in travelling through the 6 

inch long inlet slot. However, the hydraulic 
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jump, that oceured as soon as the water emerged 

from between the parallel plates, was large and 

lasted for a greater distance than in Case (2). 

The value of the film'thickness 18,T down the 

plate was the same as that recorded in Case (2). 

The obvious choice was, therefore, to set the height of 

the entrance sections, at approximately the measured film 

thickness, half way down the plate. This was done at each, 

flow rate and in every instance the water hold up behind the 

inlet section was 1/4 to 3/4 inch. 

To begin an experimental run, the water was turned on, 

allowed to flow for several minutes, and then turned off. If 

the surface did not remain evenly •’wet” the plate was cleaned 

by hand polishing with a wet crocus cloth. The metal surface 

was also polished if any air bubbles adhered to it. 

Once sufficient water had been added, the system was run 

for at least one hour on closed circuit in order to allow the 

temperature to come to steady state0 Some film thickness 

measurements were then taken using the micrometer about half 

way down the plate and the inlet slot gap was set accordingly. 

Film thickness measurements were then taken on the center 

line at one inch either side of the center line at the 

following distances from the entrance sections 1, 2, 3, 6, 

9, 12, 1^» 18, 21, 24, 27, 30, 33, 36 inches. 
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In order to determine the liquid film thicknesses* the 

micrometer slide was securely positioned above the required 

point at which the measurement was desired. The micrometer 

was then slowly screwed down until the tip met its reflected 

image at the water’s surface, thereby causing a disturbance 

on the planar surface. The reading was recorded and then the 

micrometer was screwed down until it just touched the plate. 

This reading was recorded and the difference between the two 

readings was the film thickness. The aluminum shaft was 

then dried and the measurement repeated. If there was a 

difference between three successive readings several more 

were taken and their values averaged. Once a consistent 

result had been obtained, the slide was moved to another 

position. 

When the ripples appeared on the surface at higher 

Reynolds numbers, an attempt was made to measure their mag- 

netude. The micrometer head would be screwed down about 

0. 001 inch at a time and left in that position for a few 

moments. Eventually a position would be reached when the 

crest of an occasional ripple would just touch the micrometer 

tip at random intervals. This position was recorded (X), 

The micrometer head would then be wound down until a con¬ 

tinuous disturbance on the water’s surface was observed, 

1. e. the troughs of the ripples would not break away from the 

micrometer tip. This position was recorded (Y). Again the 

micrometer was screwed down until the tip touched the metal 

plate (Z). The positions recorded are shown diagramstically 

in Pig. 8, 
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Sr MICROSHAFT TIP. 

Figure 8 

At low velocities any drop of water on the micrometer 

tip would tend to cause a surface tension effect and draw 

the bulk of the water up to the tip, thus causing a reading 

larger than the actual film thickness,, It was, therefore, 

not possible to record the height of the ripples observed 

further down the plate at the lower Reynolds numbers# 

However, at higher Reynolds numbers, when the film 

surface had ripples on it, any drop of water on the micrometer 

tip was dragged away by the bulk of the fluid because of the 

high velocities. The average velocity first encountered 

with rippling was 18.78 ins./sec., although the surface 

velocity is suspected to be different to this value. It 

is assumed that the effect of surface tension is negligible 

under the conditions# 

The temperature of the water was recorded at the 

entrance and exit# The amount of water flowing down the 

center two inches of the plate was weighed during a specified 

time interval# This measurement was repeated several times 

and consistent results were always obtained. 



The central two inches were chosen so that side 

effects would be at a minimum and also the samples would be 

withdrawn from the center when making mass transfer measure¬ 

ments. 



SECTION I?B : MEASUREMENTS OP MASS TRANSFER 

The flow rate and height of the inlet slot were set 

in the same manner as described previously. After the 

plate had been checked for bubbles and dirt, as before, the 

lid of the absorption unit was clamped firmly into position. 

The water outlet drain valves were then closed and an air 

vent, at the upper end of the unit, opened. The absorption 

unit was then completely filled with water thus displacing 

all the air. This also served as a convenient way to 

ascertain if there were any leaks around the lid. 

The CO2 inlet regulator valves were then turned on 

together with the gas heater. The water outlet valves ■ 

xtfere opened sufficiently so that a positive gas pressure was 

always maintained in the unit as the water was drained out. 

Eventually, by careful adjustment of the outlet valves, a 

steady state situation was obtained, such that a pressure 

of 2 inches of water above atmospheric pressure was main¬ 

tained in the unit and only small amounts of CO2 free gas 

were carried out in the outlet water. It was noted, as 

would be expected, that there was also an' extra 2 inches 

head of water build up in front of the inlet section. 

The unit was allowed to run for V~> - 20 minutes in 

this manner. This ensured two things. Firstly that steady 

state operation was in fact taking placej if this was not the 

case, it was soon noticed by a change in pressure in the unit 
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Secondly, if the incoming gas stream was not already saturated 

with water on entry into the unit, then it would soon 

become saturated by mass transfer from the liquid to the 

gas phase. 

The inlet gas stream was heated by passing it through 

a tube in which nichrome wire had been coiled in the annular 

space around a glass rod. The gas was then bubbled through 

warm water to saturate it, and then through a condensate 

trap into the absorption unit. The temperature to which 

the gas was heated was such that when it entered the absorp¬ 

tion unit the gas and water phases were essentially the same 

temperature. 

After steady state had been confirmed, one of the 

sampling plugs was withdrawn and the sampling tube (see Pig,6) 

was inserted. The clip on the Tygon tubing attached to the 

probe was slowly adjusted until no noticable disturbance was 

obtained on the surface of the water in front of the probe. 

It was also important that no free gas was allowed to escape 

with the water. After a little experience in this, the 

method of sampling was fairly easy to manipulate. The 

sample was received in a 2^0 ml, standard flask to which a 

known volume of N/10 NaOH had been added to hold the C02 in 

solution so that no CO2 would escape into the atmosphere. 

Samples were taken from the inlet at 3", 18" and 36" 

points. At least two samples were received at each, points 

also one sample was taken from the drain of the unit. 
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The flasks were stoppered and immediately on the 

completion of a run (which took about one hour), they were 

analysed for CC>2 content in the manner described in section 

rvc0 

The lid of the unit was then removed and the procedure' . 

repeated in preparation for another run at higher Reynolds 

numbers. 



49 

SECTION IVC : CHEMICAL ANALYSIS 

The total carbon dioxide content in the water sample 

may be in the form of carbonate and bicarbonate ions and 

free carbon dioxide. 

TWO. 

1 10* Kw' 
A + lo £K*J ~ crt r K 

0.721+0.7^ gj *1+ <U
H3 

| + 2Ki H K, 
[H+] 

10 
1 rr*\ o' 

y 4^(1°°) 

The constants 0.721 and 0.733 are merely stoichio¬ 

metric relations and A is the alkalinity. 

Chemical equilibrum constants were defined as follows* 

K 

K [HCO;] 

rm] [OH-] 
HHiOj 

(101) 

(102) 

(103) 

Data for the variations of these equilibrum constants 

with temperature was taken from Ref. (29), over the range 

10°C to 35>°C. Using the method of least squares, a curve fit 

was obtained for this data. 

The IBM 1620 computer was utilized to obtain the 

best curve fit in each case, using the method of least squares 
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KX x 10? = 2.6215716 + 0.83078i).lT - 0.00011985961T2 

- 0.000010935214.3^3 

Maximum deviation of 0.197% occured at l5°C. 

K2 x 1011 = 3.3889375 - 0.114.733006T + 0.018419782T2 

- 0.00057788119T3 + 0.00000639821020^ 

Maximum deviation of O.35?o occurecPat 15°C. 

Kw x lO1^ = - 0.02614.232 + 0.04333914-214.T - O.OO2021I1.7OI4.T2 

+ 0.0000929214-58T3 . 0.00000060626398T^ 

T being the temperature in °C. Maximum deviation 

of O.ii-Cl/o occured at 20°C. 

The deviation at 25°C, the temperature at which, most 

titrations were conducted, was less than 0.05/Q in all cases. 

PROCEDURE 

Free C02 is undesirable in the sample because it can 

be easily lost in handling. The amount of free CO2 becomes 

negligible if the pH of the sample is greater than 8. A 

known volume of 0.1N sodium hydroxide solution was delivered 

to the sample flask before the sample was taken. The only 

effect this had was on the calculation of alkalinity. 

A - (Normality Acid) (Volume Acid) 
(Volume Sample) 

(10k) 

(105) 

(106) 
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or A = (Normality Acid) (Volume Acid) 
(Volume Flask - Volume Base) 

Any free CO2 was therefore converted to carbonate ions. 

Samples were received in 2£0 ml, volumetric flasks 

with ground glass stoppers. Analysis was performed immediately 

following the 'sampling. 

The contents of the flask was transferred to a ij.00 ml, 

beaker and the pH recorded using a Beckman "Zeromatic'1 pH 

meter while stiring the sample gently with a magnetic stirrer. 

The flask was then rinsed with distilled water and the rinsings 

added to the beaker. This was not done earlier in order to 

avoid dilution affects on the pH. 

0,050 Normal Hydrochloric acid was then added while 

continuously stiring the sample and measuring pH. The end¬ 

point was reached when the value of pH reached lj.,2. The 

temperature and volume of acid were then recorded. 

The pH meter was standardized at a pH value of 7.0 

before and after analysis of a complete batch, of samples. 

Equation (100) was programmed together with the poly¬ 

nomials for the K value. Volume of acid and base, pH and 

analysis temperature were read into the IBM 1620 and the 

concentration of CO2 in each sample was computed. 

The use of the computer for this calculation was 

extremely helpful, in so far as several rather long calculations 

could be done extremely rapidly with a high degree of accuracy. 
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SECTION IVD : ERRORS INVOLVED IN TAKING MEASUREMENTS 

When large numbers of measurements are taken, it is 

possible that certain random errors can be made in taking 

individual readings. 

The following sections show the order of magnetude of 

these errors, if they exist: 

(1) Reynolds Numbers 

In order to compute the Reynolds number as: 

Re = 

it was necessary to measure the flow rate and temperature of 

the water. 

The flow rate was found by making several weighings 

of the amount of water leaving the outlet section in a given 

time. On an average, two successive weighings would be 

within 10 grams of each other. The average of several 

weighings was used in the computation. 

The temperature of the water was measured by a Centi¬ 

grade thermometer graduated in 0.5>°C. It was possible to 

4* 

measure this within _ 0.1°C of the actual value, 

W = constant 

0 ss (Measured flow rate, gm/min) 
(60,0) x (Density at T°C) 

IlQ, 
WV> 
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t) = ^Tat T°C 
y° 

Therefore ■Re = 4- v Measured flow rate 
60W at T°C 

Thus Re Measured flow rate 

And Re o( 1 
/+- 

Now 
' rr 

Therefore Re T, and Measured flow rate. 

Thus the maximum error is when both temperature and 

flow rate are either over estimated or under estimated simul¬ 

taneously. Should one be over estimated and the other under 

estimated, the error would be greatly reduced. 

e.g. The calculated maximum error that can occur at a 

Reynolds number of I4.,2+60 is 0.5%) • 

(2) Film Thickness Measurements 

The measurement of film thickness by the micrometer 

technique was a direct measurement involving only the accuracy 

with which one could read the micrometer. 

The micrometer was graduated and could be read with 

accuracy to 0.0001 inch. This presents a negligible error 

in film thickness between 0.03” and 0.15”. 

(3) Mass Transfer Measurements 

The computation of total carbon dioxide in solution is 
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glven by Equation (100). Because of the complex nature of 

this equation, it is difficult to access exactly what effect 

an error, in making a given measurement, will have upon the 

final concentration of carbon dioxide. In order to do this, 

therefore, reasonable errors were fed into the computer and 

their individual effect upon the CO2 concentration noted. 

It is estimated that the analysis temperature could be 

read within £ 0.1°C, the volume of sodium hydroxide and 

hydrochloric acid within - O.Of? ml. and the pH within £ 0.02. 

An over estimate of volume of sodium hydroxide and 

hydrochloric acid produced an increase in CO2 concentration, 

while an over estimate of analysis temperature and pH tended to 

produce a decrease in CO2 concentration. The factor causing 

the largest error was pH. For example, consider a pH of 9*70 

giving a CO2 concentration of 4*428 x 10“^ (gmols/ml). An 

over or under estimate of the value of pH by plus or minus 0.02 

caused a change in concentration to 4*400 x 10-8 and 4*455 x 10”^ 

(gmols/ml) respectively. This corresponds to an error of - 0.6%o 

Knowing this fact, considerable care was taken to 

regularly standardize the pH meter against buffer solutions of 

known pH. 

The error that could occur taking all the variables 

such that they produced the maximum error, was 0.5/o. (i.e. 

an over estimate of volume of NaOH and HC1 and under estimates 

of pH and temperature). 

It Is, therefore, observed that the maximum estimated 

error oecuring in any of the measured values in this work was 

not greater than 0.8/o» 



SECTION V : PRESENTATION OP RESULTS 

In order to determine the Reynolds number and average 

velocity, it was necessary to know the flow rate and the film 

thickness of the liquid. 

Two rotameters used in this work were calibrated by 

weighing the amount of water which flowed down the center 

two inches of plate during a certain time interval. Several 

consecutive weighings were made at a particular flow rate 

and the average taken. These weighings did not differ by 

more than 1%» The temperature was noted at each weighing 

and a volumetric flow rate through the center two inches 

was computed and plotted in Graph 1, versus the rotameter 

reading. The floats of the rotameters were such that a 

change in viscosity did not effect the volumetric flow rate. 

The smaller rotameter readings are given the subscript 

A and the large rotameter readings are given the subscript B 

for identification purposes. 

The rotameters were calibrated by increasing the 

rotameter readings at even intervals and making the corres¬ 

ponding weighings at each point. 

When a run was performed at intermediate values, the 

flow rate was taken from the calibration curve. These 

graphically interpolated values are shown in Table 1 of the 

Appendix. 

The flow rate was periodically checked during mass 



transfer measurements to be sure that the interpolated flow 

rate was that actually oceuring0 

56 

The film thickness measurements along the center of 

the plate were plotted against length - Graph 2. When 

rippling flow commenced, the arithmetic average height of 

the ripple was added to the body of the film in order to 

obtain the average film thickness at any point. The 

micrometer method of measurement gave good reproducable 

results. 

The thickness of the film varied slightly across the 

plate when a planar interface was prevalent, but this 

difference was not detected with rippling flow. Tables 2A 

through P show this variation of thickness across the plate. 

It will be observed that the values of thickness, one inch 

from the center, tend to be either consistently high or 

consistently low. The values at the center approach a mean 

value of film thickness across the center two inches. As 

the adjustable inlet plate was raised or lowered to any 

position, a slight difference in the slot gap of 0.001" could 

sometimes be detected by feeler guages on either side of 

center. Thus the inlet section plates were not completely 

parallel and a slight distortion of film thickness across 

the plate would result. 

The average film thickness, <§" , in any region of the 

plate was obtained from? 

u 
L 

(107) 
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The integral f UL 
'■'b was evaluated by measuring the 

area under the curves, Graph 2, between 0 and 3", 0 and 18" 

and 0 and 36", using a planimeter. Thus the average film 

thicknesses over each region could be tabulated against 

volumetric flow rates, (see Table 3). This data was plotted 

in graphical form and the value of film thickness graphically 

interpolated at desired flow rates, since some of the mass 

transfer runs did not have experimentally determined film 

thickness data. 

The film thickness data is presented in Graph 3 in the 

, versus Reynolds 

At Reynolds numbers up to about l,f>00, ripples appeared 

at the lower part of the plate. The point at which these 

ripples commenced was termed "the Rippling Inception Point." 

They differed in appearance from the type of ripples that 

occured at higher Reynolds numbers because they had a long 

amplitude. The "Rippling Inception Point" was determined 

when consistent film thickness measurements were unobtainable. 

The height of these ripples could not be easily measured 

because the velocity of the liquid was small and drops of 

water tended to cling to the micrometer tip. 

number 

Re 

~~0 

At higher Reynolds numbers, the height of the ripples 
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was measured because the water velocity was so fast that any 

drop clinging to the micrometer tip was immediately torn away. 

The amplitude of the ripples at higher Reynolds numbers was 

observed to be considerably smaller than the ripples occuring 

below Re, of 1,£00. 

In order to compare the film thickness measurements 

obtained at Reynolds numbers greater than £,000 with those 

obtained by other techniques, Graph 4 was constructed. This 

shows the dimensionless film thickness over the last 12" of 

the plate plotted against Reynolds numbers between £,000 and 

l£,000. 

(O) ) 
Belkin*s v->/ ■' data is shown as a comparison. This data 

was obtained by photographic techniques for a directly lighted 

vertical rod with a falling liquid layer. There is a lack of 

good experimental data in this region. 

The amount of mass transferred across a gas-liquid 

interface depends on the amount of time an element of fluid 

is in contact with the gas. It was, therefore, necessary to 

measure the contact time. An attempt was made to float pieces 

of cork on top of the water and time their travel along a 

measured distance. Since the channel had only 38" of free 

surface, the times were naturally very short and this method 

proved unreliable as well as difficult to perform. Some 

stroboscopic technique might well meet with more success. The 

contact times were calculated in the following way 

Assume that the liquid is flowing in plug flow, the 

average contact time is given bys 
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= 2 
5" w 

where has been calculated by Equation (107) 

Now if some velocity profile exists, the surface contact 

time , will be directly proportional to the average contact 

time <9- , or s 

(9s = K &■ (108) 

It has been shown in the Theory Section that for a 

parabolic profile, K = l,5o Contact times calculated in this 

manner for the plug flow case, where K = 1,0 are shown in 

Table ij. in the Appendix, The values shown are those calculated 

for the 20 mass transfer runs. 

The flux across the interface was calculated for each 

run over the range? 0-3”, 0-18” and 0-36”, The flux is 

presented ass , , I 

The reason for dividing the flux by C-* - Co is to 

eliminate the slight changes that occur in inlet concentration. 

To complete this ratio, the following equation was useds 

Ntyj j 
' 

RVI|^50 

G* - Co 

A parabolic velocity profile was assumed, i0e. K = 1,5 

At lease two samples were taken from the inlet 3" point, 

18” point and 36” point. One sample was taken from the drain 
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tube at the exit of the unit. This latter sample checked 

to make sure the right order of magnitude of concentration 

was being calculated, since this sample was essentially a 

completely mixed sample, It will be noticed in the Appendix, 

Table 5, that this value is slightly higher than the 36” sample, 

The reason for this was because after leaving the end of the 

plate, the water flowed into a semi-circular outlet section 

and down a drain hole, During this time considerable mixing 

took place which would tend to make the concentration slightly 

higher. Also small bubbles of CO2 were occasionally carried 

out with the water and during the time together in the outlet 

tube more mass transfer would take place. This is in agree¬ 

ment to Perciful {29}, it can be assumed then, that the 

samples were actually bulk samples. Thus Co and are 

calculated from Equation (100). The calculation of <5 and 

(9- ave. has already been explained and C-x- is a known function 

of temperature, (see Appendix B, Table 6), 

The results are plotted ass 

versus 

(A parabolic velocity profile was assumed for the calculation 

of , i.e. K « 1.5). 
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SECTION VI: : DISCUSSION 

Capacitometer 

The capacitometer technique for measuring film thickness 

described by Dukler and Bergelln was found to be only 

partially successful# This method was abandoned in favor 

of the simpler, more direct measurement of the micrometer 

method. 

It was found virtually Impossible to obtain a consistent 

calibration curve for the capacitometer. The capacitometer 

probe would be raised by known increments above the stainless 

steel plate, and the corresponding output voltage would be 

noted. A smooth curve could be drawn through a plot of probe 

height above the plate versus output voltage. However, when 

these readings were repeated, an entirely different calibration 

curve was obtained. This could possibly be explained by 

the oscillator in the circuit being subject to drift. 

Film Thickness 

A plot of the dimensionless film thickness, S* , versus 

Reynolds number is shown in Graph. 3. A smooth curve can be 

drawn through the points, showing a change occuring at Reynolds 

numbers between and 6,000. This region could be termed 

"A Transition Region" because waves, propogating from the 

entrance region, were observed to commence at Re. = lj.,500 and 

their amplitude was large until Re. - 6,000 when a fully 
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rippling or "pebbled" surface became established. 

Up to Re. = 00 the experimental points follow the 

same form of curve as the theoretical Uusselt equation predicts0 

The points do lie slightly above the Uusselt prediction, 

however, this could be explained by the film not reaching its 

equilibrium value. The actual thickness of the film is 

decreasing slightly as the film flows down the plate which, 

would further emphasize this point. 

Perciful®s results lie above the experimental results, 

which again would indicate that his film had not reached its 

equilibrium film thickness. The discrepancy between the 

results obtained by Perciful and those in this work, is 

attributed to the type o'f inlet section used. Perciful 

used a thin orifice plate compared to a 6" long parallel plate 

inlet section which would tend to produce a more established 

film. This was proved by substituting Perciful®s orifice 

plate for the calming section in this work. Pour runs were 

made and the results conformed to those obtained by Perciful. 

The rippling inception point at:.lower Reynolds numbers was 

also observed to occur nearer the entrance region with the 

orifice plate. This indicates that, not only is a film 

produced where the thickness is closer to the equilibrium 

thickness with parallel plates, but also a more stable film 

surface is provided. 

It cannot necessarily be stated in all systems that a 

rippling surface is the criterion for transition from laminar 
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to turbulent flow. In wetted wall columns ^9) f rippling 

surfaces are obtained at Reynolds numbers as low as 25, 

however, in this work, which provides a better surface than 

that obtained in wetted wall columns, the surface at Re, 

6,000 did have a definite "turbulent" appearance, while the 

surface at Re, ^ 4,000 has a laminar appearance. Photographs 
(3) of water flowing down the outside of a verticle rod, 

show a very uneven surface at all Reynolds numbers, 

When the film thickness data obtained by the photo¬ 

graphic technique is plotted and compared with the data ob¬ 

tained in this work, a large amount of scatter will be noticed 

for the wetter wall column, Graph 4» Further, no distinct 

region is immediately obvious as a transition region on the 

wetted wall column. This would be because of the poor sur¬ 

face produced at the entrance of wetted wall columns. 

It will be noted from the photographs that elements of 

fluid tend to break away from the surface, and rush down the 

surface faster than the bulk of the liquid. This is most 

undesirable in interface mass transfer research, since any 

un-natural surface disturbance will tend to cause mixing and 

mask the transfer process that is actually occuring. 

An inclined plate shows more potential for the study 

of mass transfer and film thickness than a wetted wall column, 

simply because a more controllable surface is produced. 

The theoretical expressions given in Section II for 

the prediction of turbulent film thickness cannot really be 



applied to this system with confidence because they are mainly 

based on pipe flow. However, von Harman*s equations are 

shown in Graph 3 and the general form of the curve is followed 

by the experimental data, although the actual points lie 

slightly above it. Von Harman*s equations are shown by 

Rothfus and Monrad (32) apply to both tubes and parallel 

plates. 

The experimental system can be more favorably compared 

to parallel plates, although even here a gas-liquid inter¬ 

face is not expected to be as stable as a solid-liquid inter¬ 

face because of the presence of interfacial forces. 

Rothfus et al (33) suggested that the transition region 

from laminar to turbulent flow in parallel plates took place 

between Reynolds numbers of £>600 and 7,000, This was based 

on the transition Reynolds number of 2,100 in pipes. It 

agrees favorably with the transition occuring between Re. = 

4,£00 and 6,000 in this work. 

It seems probable that the transition from laminar to 

turbulent flow can be indicated more reliably by film thick¬ 

ness measurements and surface appearance in an inclined plate 

than in a wetted wall column or vertical plate system. 

MASS TRAHSEER RESULTS 

The experimental mass transfer results are plotted in 

Graph £ and 6. When comparing these results with theoretical 

predictions, equations for laminar flow with short contact 
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times have been used. This oan be easily substantiated as 

follows; 

C*-C„ ft 
will be recalled as 

the Pigford solution for short contact times providing the 

group is less than 0.5. If this group is greater 

than 0.5 the .equation for long contact times should be used. 

Equation (56). 

m order to compute a maximum value ofI y-rr , the 

maximum contact time has been used, (i,e. run 1, between 

0 and 36"). 

*> = 

]) = 2.03XI05 @ «Z6.4°C 
'A 6 

i — 0 - 076? c/w's 

— b • b 

Therefore j^V = 0.2.08 
v T Mfl* 

The maximum value of Jx? is well below 0»5> thus the 
T\ 

theoretical equations for short contact times are well 

justified as a basis for comparison for this particular work« 

profile can 

Pigford»s solution, which assumes a parabolic velocity 

be written in the form; y/y-o = 
[ TT J • * 
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Since /TT is a constant, a plot of Ng^/C# - Go versus 

the reciprocal of the square root of the average contact time 

gives a straight line. The experimental data, when plotted 

in this manner, with <9- based on a parabolic velocity profile, 

is shown in Graph £. 

In discussing this plot, it is convenient to divide 

the data into two classes as well as giving consideration to 

individual regions between 0 and 3”, 0 and 18" and 0 and 36”. 

Glass (a) Data obtained at a Reynolds 

number greater than £,000. 

Glass (b) Data obtained at a Reynolds 

number less than £,000. 

The general trend of Class (b) data is to follow the 

theoretical Pigford solution. Some scatter in the experi¬ 

mental points is obtained and this is especially noticable in 

the region 0 - 3". Since Pigford*s solution is followed, 

molecular diffusion controls the transport mechanism. 

Class (a) data shows a sharp increase in flux from the 

Pigford solution except in the region 0 - 3" where the tendancy 

is for the data to lie below that predicted by the laminar 

Pigford solution. The values of the flux are approximately 

the same at the 18" and 36" point for any Reynolds number. 

The visual report on the film surface, Page 77 in the 

Appendix, shows that the pebbled appearance had become 
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established at Reynolds numbers greater than 5,000 except in 

the region 0 - 3". This appearance was established at a 

slightly higher Reynolds number when film thickness data was 

obtained. The magnetude of the waves were also measured to 

be considerably less over the first three inches of the plate 

than elsewhere. 

In order to ascertain which transport mechanism best 

describes the class (a) data, it is best to look at the values 

of flux for 0 - 18" and 0 - 36". These values of flux are 

virtually independant of contact time. 

It will be recalled that for small values of^ , the 

flux is virtually independant of contact time, but for large 

values of ^, greater than about 0.01, there is a very large 

dependance of flux on time. This latter case would be con¬ 

trary to the experimental data and model 3A would definitely 

not be applicable to the transport mechanism. 

It is possible, however, that if <5. were sufficiently 

small then model 3A would be applicable to the experimental 

data. This would only be true providing ^ was always below 

about 0.01. Equation (78) shows that the flux is directly 

proportional to the eddy diffusivity, thus, if the trend of 

the experimental data were to continue with increasing 

Reynolds numbers, the flux would increase and correspondingly 

so would the eddy diffusivity. This would mean, that even if 

£ is small for this work, it could not be applied to a large 

range of Reynolds numbers because the size of & would even¬ 

tually be sufficient for the flux to be severely dependant on 
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time. This would immediately make model 3A invalid as a 

general theory for turbulent mass transfer, although, it could 

perhaps be applied over a limited range of Reynolds numbers. 

Prom Equation (91), it will be recalled that! 

for models 3B and 30 respectively. 

When the value of the left hand side is calculated, 

less than %% deviation occurs between values of L = 18** or 

L — 36" for any given flow rate. This would indicate that 

the values on the right hand side were constants, which, would 

be the case if either theory was obeyed. 

highest Reyiolds numbers are shown below. The six points 

chosen are those which show a steep break away from the Pig- 

ford solution in Graph 5» 

(109) 

The tabulated values of 

Re 

=L = 18” =L = 36" 

6007 

6230 

6935 

72^7 

7400 

0.00044 0.00046 

0.00053 0.00055 

0.00051 0.00052 

0.00059 0.00060 

0.00061 0.00064 

0.00063 0.00065 
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If 3B or 3C is obeyed, then diffusion across the inter¬ 

face controls the rate of mass transfer and 

Therefore, the concentration profile in the turbulent core is 

essentially flat which would again justify use of model 3B 

or 30. 

It will be recalled that both, models have an empiri¬ 

cally determined constant, S and ^* respectively. These values 

can now be calculated from the data. It Is not possible to 

determine which model holds at this stage without further work. 

The Danckwerts model predicted flux as proportional to DV^ 

while Whitmans model predicted that flux was proportional to D. 

If a further set of experimental data was obtained using 

components that have a different diffusion coefficient, then 

it would be possible to find which was the actual model being 

obeyed. 

The values of S and for the mass transfer runs, 

between Re. = 5>555 and 7,]|00 are calculated from Equations (92) 

and (93) ^ _ Q__ A /C*-CAj\ 

^ Vc*"Co / w 

/c* 

\ c* - c* I 

Re S(sec“l) (cms) 

5555 1.71 0.00360 

6007 3.08 0.00257 

6230 2.54 0.00279 

6935 4.20 0.00217 

7257 4.84 0.00206 

711-00 5.52 0.00189 
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EFFECT OF-SURFACE STABILITY 

The values of flux in the 0 - 3” region of the class (a) 

data do not show the marked increase in flux, Graph. 

There is also more scatter in this region than elsewhere,, 

This may be due to one or both of the following reasons? 

(1) The flow within the parallel plate inlet section 

is well established after 6" and consequently a 

fully developed parabolic velocity profile will 

be changing to a semi-parabolic velocity profile 

as the liquid emerges from inbetween the parallel 

plates. 

Velocity changes induce changes in film thickness. 

(2) A measured hydraulic jump occured in the region 

0 - 3". This would also cause the velocity to 

decrease in this region. 

Thus neither an established velocity profile or film 

thickness occurs in this region, although a somewhat unsteady 

situation exists which would account for the lack of con¬ 

sistency in the data. However, in spite of the unreliability 

in this region, all the experimental points, except one, fall 

below Pigford*s solution. To indicate that Danckwerts* or 

Whitman*s theory still apply in this region, a plot of c^~c0 
versus & has been made. (See Graph 6). 

The theoretical Pigford solution gives a rectangular 



71 

hyperbola, while taking the previously determined values of 

5 or &l, a line parallel to the x-axis is obtained. 

The contact time for the class (a) data between 0 - 3" 

is approximately 0.1 sec. It can be seen that at a value of 

6 =0.1 sec., the Danckwerts-' and Whitman*s theories lie 

below the PIgford solution. This confirms the experimental 

results and indicates that Danckwerts or Whitman*s theory 

applies to all the class (a) data in spite of the region 

between 0 - 3" having a planar surface. 

Since these theories are turbulent theories, it can be 

confirmed that the transition to turbulent flow had taken 

place above Re. =* £>000. This also shows that the change in 

the film thickness curve would indicate the transition to 

turbulent flow. 

It is interesting to mention here, that while a 

rippling surface does not always imply turbulence, i.e. wetted 

wall columns, neither does a planar surface imply laminar flow. 

A full report on the appearance of the surface appears 

on Page of the Appendix. 

EVALUATION OP MODELS B & G 

Three possibilities exist regarding the quoted values 

of S and S1 on
 Pag© 63s 

(1) The S values are correct. 

(2) The values are correct. 
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(3) Neither values are correct, but both, are 

of the right order of magnetude. (See 

Theory, Page 28). 

If the diffusion into the eddy is unsteady state, then 

(1) is true and model B holds. If the diffusion into the 

eddy has reached steady state, then (2) is true and model G holds. 

However, inbetween these two cases a region could exist in 

which neither theory holds and the only value that S and 8 * 

serve are to give an approximate order of magnetude. 

Toor and Marchello (36) made a plot of mass transfer 

coefficient versus Schmidt number. (The mass transfer co¬ 

efficient was in the form ). At high Schmidt 

numbers the exponent of the diffusivity was l/2 while at low 

Schmidt numbers it was 1. 

Prom this graph for our particular system, the dependance 

on diffusivity at Sc. = 600 would be D^/2 which, would indicate 

that model 3B would be the controlling one. However, in 

deriving this curve, Toor and Marchello had to assume a value 

of , or the thickness in which molecular transfer is con¬ 

trolling, and it cannot be firmly stated that preference 

should be given to 3B over 30 because of this. 
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SECTION VII : CONCLUSIONS 

1. Ia the laminar region of flow or when the Reynolds 

number is les3 than lj.,£00, mass transfer is molecular 

diffusion controlled and is described well by Pigford’s 

solution. For other work in wetted wall columns, Pigford’s 

solution has only been obeyed up to Reynolds numbers of 

approximately 2,000. 

2. At a Reynolds number of 1].,£00, a discontinuity in both, 

film thickness and mass transfer data was observed. It is, 

therefore, concluded that the transition from laminar to 

turbulent flow commences at Re. = in open channels. 

3. Mass Transfer across the free surface of a turbulent 

liquid film is controlled by molecular diffusion at the free 

surface. 

i|_. The experimental data for Reynolds numbers greater than 

4. £00 could be described by either Danckwerts or Whitman’s 

theory. Calculated values of S and S are given that will 

allow prediction of mass transfer in turbulent films for the 

range of Re. = £,000 and 7>£00. 

£. The inclined plate apparatus offers great potential for 

mass transfer research. A suitable design of entrance section 

was derived which produced a ripple free film for Reynolds 

numbers up to ij.,£00. The type of surface produced in such. 
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studies depends greatly upon the type of entrance region used. 

6. A planar interface can still prevail for a limited 

length after the entrance region, while the liquid film is 

in turbulent flow, when a long enough "calming" inlet section 

is used. 

7. The simple micrometer method of measuring film thick¬ 

ness can he used with good accuracy for the measurement of 

film thickness. At high Reynolds numbers, a good estimate 

of the wave height can also be obtained. 
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SUGGESTIONS FOR FUTURE WORK 

1. The same apparatus could be used with different 

components in order to determine the effect of rate of mass 

transfer on diffusivity. This would give a more definite 

indication as to whether Whitman*s or Danckwerts theory is 

obeypd. 

2. Now that the transition Reynolds number has been 

established, a similar apparatus could be designed specifically 

for the study of Reynolds numbers greater than lj.,500. 

3. Very little is understood regarding the effect of 

surface tension in interfacial mass transfer. The type of 

apparatus used in this work could be utilized to evaluate the 

effect of surface tension on mass transfer rates and thus its 

effect on values of S and 

Ij.. Further work could be conducted to determine more 

specifically the effect of ripples in turbulent flow on the 

values of S and 
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RE COMMENDATIONS OP APPARATUS AND TECHNIQUES 

1. The micrometer technique for measuring film thickness 

for a liquid flowing with a free surface is accurate and easy 

to perform without need of going to more complex methods of 

measurement. 

2. The channel through, which the water flows should be 

entirely constructed of one material, i.e. a 1/2" deep channel 

milled out of a stainless steel plate. The sample plugs 

should be firmly in position before final surface grinding is 

completed. 

3. The parallel plate inlet section could be extended in 

length. 

ij.. An ’’integral" sampling technique could be used in a 

sufficiently thick film. This method would envolve sampling 

at one location and moving the probe in or out of the liquid 

a known distance, taking a sample at each, position in the body 

of liquid. An integral concentration profile could be 

obtained in this way. 

5. The pH method of analysis proved very successful} it 

is suggested that for future work, burettes with automatic re¬ 

filling should be used. 



APPENDIX A 

VISUAL REPORT OP FILM SURFACE 
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VISUAL REPORT OP FILM SURFACE 

Run 
No, 

Reynolds 
Number Surface Observations 

1 492 Planar from 0 - 18". Ripples of large 
amplitude from 21" onwards. 

2 790 Planar from 0 - 21". Ripples of large 
amplitude from 24" onwards. 

3 1077 Planar from 0 - 24". Ripples of some¬ 
what smaller amplitude than before* 
starting at 27" onwards. 

4 1365 Completely planar. 

5 1611 Completely planar. 

6 2174 Completely planar. 

7 2756 Completely planar. 

8 2986 Completely planar. 

9 3277 Completely planar. 

10 3816 Disturbances in the form of small waves were 
prominent at the side of the plate. Only 
intermittent ripples propogated across the 
sampling points. 

11 4079 Transitional appearance more pronounced with 
waves of large magnetude, but low am¬ 
plitude crossing the sampling region more 
frequently. 

12 4355 As above. 

13 4890 Ripples more regular and of low amplitude 
and magnetude. A planar region was 
noted between 0 and 4"« 

Ik 5555 As no. 13 

15 6007 As no. 13 

16 6721 As no. 13 

17 7251 Planar appearance in the region 0-4" is not 
so obvious. This region tends to have an 
undulating appearance. 

18 6230 As no, 13 

19 6935 As no. 13 

20 7400 As no. 17 



APPENDIX B 

TABLES - 1 THROUGH 6 
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TABLE 1 s PLOW RATES PROM EXPERIMENTAL AND ROTAMETER 

CALIBRATION CURVE 

Plow Rate through center two inches 
of plate (c.c./sec.) 

?otameter Graphically- 
Reading Experimental Interpolated 

10A 541 5.1+2 
1$A 8.70 
20 A 11.83 11.83 
2$A 15.00 
30A 17.70 17.70 
35A 20.80 
1+OA 23.88 23.88 
4*A 27.00 
50A 30.31+ 30.31+ 
55A 32.80 
60A 36.00 36.00 
65A 38.90 
?0 A 1+2.01 1+2.00 
75A 1+1+0 90 
80A 1+7.70 1+7.70 
85A 51.00 
90A £3.92 53.92 
95A 57.35 

IOOA 61.25 61.25 
680B 66.21+ 660 21+ 
60 8B 71+.H 7l+o 11 
7.5B 80.02 80.02 
80 IB 86.51 86.51 
9 .OB 96.38 96.20 

10 0 OB 101+.01+ 101+.01+ 
110 OB 113.01 111+.00 
12 . OB 123.97 121+.00 
13.OB 131+43 13442 
li|.o OB 44.00 144.00 
15.0B 152.38 153.00 
16O0B 161.63 161.00 
17.OB 171+. 01+ 174.00 
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TABLE 2A : FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 10A 

Water Temperature (°C) = 34° 

Inlet Section Height (ins.) = 0.02£ 

Reynolds Humber = £80 

Position 

'^Across from 
_ side 
Down 

3i (ins) 4i (ins) & (ins) 
(left of center) (center) (right of center) 

(ins) 

1 0.0340 0.0348 0.03££ 

2 0.0308 0.0313 0.0320 

3 0.0300 0.0304 0.0310 

6 0.0298 0.0298 0.0300 

9 0.0299 0.0299 0.0299 

12 0.0301 0.0308 0.0295> 

l£ 0.0298 0,0296 0.0298 

18 0.0312 0.0310 0.0314 

21 RIPPLING INCEPTION POINT 
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TABLE 2B ; FILM THICKNESS MEASUREMENTS 

Rotameter Reading “ 20A 

Water Temperature (°G) “ 34-5 

Inlet Section Height (ins,) = 0.036 

Reynolds Number “ 1267®3 

Position 
*—..^cross from 
DOOTT^'V^ side 

3i (ins) 
(left of center) 

bk (ins) 
(center) 

5i (ins) 
(right of center) 

(ins) 
1 0.0465 0.0439 0.0421 

2 0.0448 0.0430 0.0422 

3 0.0410 0.0^03 0.0400 

6 0.0372 0.0372 0.0380 

9 0.0388 0.0374 0.0381 

12 0.0372 0.0368 0.0368 

15 0.0357 0.0370 0.0367 

18 0.0365 0.0362 0.0360 

21 0.0362 0.0362 0.0360 

2b 0.0362 0.0366 0.0365 

27 0.0362 0.0362 0.0367 

30 RIPPLING INCEPTION POINT 
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TABLE 2C : FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 30A 

Water Temperature (°C) = 34*5 

Inlet Section Height (ins) - O.040 

Reynolds Number = 1938„2 

Position 
'■^Across from 
Dom\side 

3s (ins) 
(left of center) 

(ins) 
(center) 

5s (ins) 
(right of center) 

(ins) 

1 0.0500 0.0498 0.0495 

2 0.0490 0.0484 0.0481 

3 0.0475 0.0471 O.047I 

6 0.0451 0.0442 0.0446 

9 0.0432 0.0430 0.0428 

12 0.0421 0.0420 0. 411 

15 0.0417 0.0424 0.0412 

18 0.0410 0.0410 0.0418 

21 0.0411 0.0410 0.0413 

24 0.0410 0.0410 0.0413 

27 0.0412 0.0411 0.0412 

30 0.0428 0.0410 0.0412 

33 0.0426 0.0407 0.0418 

36 0.0430 0.0406 0.0421 
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TABLE 2D S FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 40A 

Water Temperature (°C) = 34»5 

Inlet Section Height (ins) = 0.045 

Reynolds Number = 2558.0 

Position 
■^Across from 

Po^>^3lae 
3ir (ins) 

(left of center) 
4s (ins) 
(center) 

5i (ins) 
(right of center) 

(ins) 

1 0.0501 0.0507 0.0510 

2 0.0498 0.0504 0.0508 

3 0.0504 0.0506 0.0508 

6 0.0472 0.0488 0.0490 

9 0.0457 0.0478 0.0490 

12 0.0452 0.0468 0.0476 

15 0.0440 0.0466 0.0472 

18 0.0415 0.0462 0.0458 

21 0.0415 0.0461 0.0460 

24 0.0428 0.0444 0.0450 

27 0.0409 o.o445> 0.0451 

30 ' 0.0410 0.0442 0.0448 

33 0.0416 0.0449 0.0448 

36 0.0424 0.0433 0.0440 
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TABLE 2E t FILM THICKNESS MEASUREMENTS 

Rotameter Reading 

Water Temperature (°c) 

Inlet Section Height (ins) 

Reynolds Number 

50A 

35>oO 

0.0^0 

3286.8 

Position 
■^Across from 

Do^r^^slde 3i (ins) 
(left of center) 

4s (ins) 
(center) 

5s (ms) 
(right of center) 

(ins) 

1 0.0553 0.0568 0.0573 

2 0.0539 0.0549 0.0561 

3 0.0533 0.0552 0 0551 

6 0.0510 0.0536 0.0551 

9 0.0512 0.0516 0.0551 

12 0.0498 0.0508 0.0532 

15 O.Ol;88 0.0506 0.0533 

18 0.0469 0.0510 0.0520 

21 0.0437 0.0496 0.0522 

2k 0.0446 0.0481 0.0503 

2? 0.0455 0.0475 0.0498 

30 0.0465 0.0470 0.0485 

33 0.0451 0.0461 0.0458 

36 0.0460 0.0462 O0O460 



TABLE 2F i FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 60 A 

Water Temperature (°C) = 34.0 

Inlet Section Height (ins) = 0.057 

Reynolds Number = 3689.3 

Position 

-^Across from 

D^\^side 
3i (ins) 

(left of center) 
4ir (ins) 
(center) 

51 (ins) 
(right of center) 

(ins) 

1 0.0634 0.0645 0.0632 

2 0.0620 0.0620 0.0621 

3 0.0620 0.0620 0.0620 

6 0.0615 0.0620 0.0617 

9 0.0594 0.0592 0.0592 

12 0.0569 0.0565 0.0571 

15 0.0550 o„o555 0.0551 

18 0.0541 0.0539 0.0538 

21 0,0530 0.0529 0.0529 

24 0.0490 0.0519 0.0511 

2? 0,0498 0.0499 0.0499 

30 0,0500 0.0500 0.0500 

33 0.0501 0.0502 0.0501 

36 0.0491 0.0491 0.0491 



85 

TABLE 2G % FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 70A 

Water Temperature (°C) = 34->5 

Inlet Section Height (ins) = 0.062 

Reynolds Number = 4497O6 

Position 
•^^oross from 
Dom-^4ide 

34- (ins) 
(left of center) 

4i (ins) 
(center) 

5i (ins) 
(right of center) 

(ins) 

1 0.0660 0.0665 0.0665 

2 0.0653 0.0653 0.0653 

3 0.0632 0.0639 0.0650 

6 0.0628 0.0636 0.0641 

9 0.0626 0.0627 0.0631 

12 0.0626 0.0629 0.0629 

15 0.0589 0.0611 0.0615 

18 0.0596 0.0597 0.0697 

21 0.0581 o.o585 0.0583 

2k 0.0520 0.0568 0.0590 

27 0.0540 0.0545 0.0541 

30 0.0530 . 0.0544 0.0565 

33 0.0541 0.0540 0.0571 

36 0.0549 0o0545 0.0555 
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TABLE 2H : FILM THICKNESS MEASUREMENTS 

Position 
down 
plate 
(ins) 

small 
RR-80 

small 
RR=90 

small 
RR=100 

large 
RRS6.0 

large 
RR=6.8 

large 
RR=7.5 

nxy 
yz 

.0000 

.0755 
.0000 
.0801 

.0000 

.0840 
.0000 
.0870 

.0000 

.0935 
.0000 
.1040 

yz 
.0000 
.0747 

.0000 

.0790 
.0020 
.0860 

.0040 

.0900 
.0030 
.0925 

.0020 

.1060 

oxy 
yz 

.0000 

.0746 
.0010 
.0790 

.0040 

.0840 
.0030 
.0870 

.0030 

.0920 
.0020 
.1050 

yz 
.0055 
.0720 

.0070 

.0790 
.0040 
.0860 

.0040 

.0880 
.0030 
.0940 

.0020 

.1030 

oxy 
yz 

.0085 

.0720 
.0120 
.0750 

.0040 

. 0860 
.0050 
.0880 

.0035 

.094£ 
.0040 
.1020 

i2xy 
yz 

.0200 

.0675 
.0130 
.0750 

.0050 

.0860 
.0070 
.0880 

.0040 

.0950 
.0050 
.1000 

i^y pyz 
.0330 
.0610 

.0120 

.0760 
.0060 
.0880 

.0050 

.0920 
.0055 
.0960 

.0050 

.0980 

I8xy 

yz 
.0350 
.0675 

.0120 

.0800 
.0050 
.0890 

.0070 

.0910 
.0050 
.0975 

.0060 

.1000 

.0300 

.0610 
.0090 
.0780 

.0090 

.0850 
.0070 
.0855 

.0050 

.0920 
.0070 
.0915 

a# 
.0290 
.0520 

.0110 

.0750 
.0090 
.0810 

.0060 

.0840 
.0080 
.0910 

.0060 

.0915 

27X7 

'yz 
.0330 - 
.0530 

.0080 

.0750 
.0100 
.0800 

.0090 

.0830 
.0070 
.0890 

.0080 

.0935 

30X7 

yz 
.0320 
.0530 

.0100 

.0740 
.0100 
.0800 

.0110 

.0840 
.0090 
.0890 

.0050 

.0975 

33yz 
.0250 
.0560 

.0090 

.0760 
.0140 
.0810 

.0110 

.0850 
.0100 
.0920 

.0100 

.0942 

.0210 

.0610 
.0120 
.0760 

.0150 

.0800 
.0120 
.0840 

.0130 

.0900 
.0130 
.0930 
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TABLE 21 .>• FILM THICKNESS MEASUREMENTS 

Position 
down 
plate 
(ins) 

large 
RR=8.1 

large 
RR=9.0 

large 
RR=10.0 

large 
RR=11.0 

large 
RR=12.0 

large 
RR=13o0 

1XJ 

yz 
.0010 
.1100 

.0010 

.1150 
.0010 
.1230 

.0015 

.1280 
.0020 
.1370 

.0010 

.1450 

2XJ 

yz 
.0020 
.1080 

.0020 

.1160 
.0020 
.1260 

.0020 

.1290 
.0020 
.1380 

.0010 

.1460 

3xy 
^yz 

.0020 

.1090 
.0020 
.1160 

.0030 

.1240 
.0030 
.1290 

.0020 

.1360 
.0025 
.1440 

6xy 

yz 
.0030 
.1080 

.0020 

.1190 
.0040 
.1210 

.0060 

.1240 
.0030 
.1340 

.0050 

.1410 

9
xy 

yJZ 
.OOlj.0 
.10£0 

.0030 

.1170 
.0040 
.1200 

.0080 

.1220 
.0040 
.1310 

o0050 
.1380 

12Xy x yz 
.0040 
.1045 

o0050 
.1110 

.0040 

.1180 
.0080 
.1220 

.0060 

.1290 
.0060 
.1350 

l^y 

pyz 
.0060 
.1075 

.0060 

.1110 
.0070 
.1170 

.0080 

.1220 
.0070 
.1280 

.0070 

.1350 

I8xy 
yz 

.0060 

.1040 
.0060 
.1085 

.0050 

.1150 
.0060 
.1200 

.0060 

.1280 
.0090 
.1300 

2ixy 

yz 
.0070 
.0960 

.0080 

.1040 
.0090 
.1055 

.0090 

.1100 
o0070 
.1170 

.0080 

.1200 

24xy 
^yz 

.0090 

.0930 
.0080 
.0970 

.0080 

.1030 
.0090 
.1100 

.0080 

.1160 
.0080 
. 1220 

27xy 

'yz 
.0090 
.0950 

.0120 

.0950 
.0100 
.1060 

.0100 

.1100 
.0080 
.1180 

.0090 

.1220 

30xy 

^ yz 
.0080 
.0980 

.0090 

.1005 
.0070 
.1080 

.0120 

.1110 
.0090 
.1190 

.0100 

.1240 

33xy .0070 
.0985 

.0110 

.1010 
.0100 
.1100 

.0110 

.1140 
.0090 
.1200 

.0100 

.1260 

36 XJ yz 
.0070 
.0970 

.0120 

.1000 
.0120 
.1100 

.0110 

.1130 
.0110 
.1210 

.0120 

.1260 
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TABLE 2Ji i FILM THICKNESS MEASUREMENTS 

Position 
down 
plate 
(ins) 

large 
RR—14.0 

large 
RR=15.0 

large 
RR-16.0 

large 
RR—17.0 

large 
RR=18.0 

large 
RR-19.0 

•,xy 
yz 

.0030 

.1470 
.0020 
.1525 

.0030 

.1560 
.0040 
.1630 

.0020 
ol705 

.0020 

.1750 

oxy 
yz 

o0030 
.1470 

.0030 
ol5l5 

.0020 

.1530 
.0040 
.1640 

.0030 

.1710 
.0030 
.1740 

oxy Jyz 
.0030 
.1470 

.0060 

.1500 
.0040 
.1540 

.0050 
„i64o 

.0040 

.1700 
.0040 
.1730 

Axy 
6yz 

^0050 
ol430 

.0080 

.1490 
.0050 
.1540 

.0060 

.1640 
.0060 
.1675 

.0050 

.174-0 

9xy y
JZ 

.0070 

.1390 
.0090 
.1450 

.0060 

.1530 
.0060 
.1610 

.0070 

.1625 
.0080 
.1660 

12X7 
yz 

.0090 

.1350 
.0100 
.1450 

.0060 

.1510 
.0080 
.1590 

.0080 

.1620 
.0060 
.1690 

i^y 
pyz 

.0090 

.1370 
.0080 
.1470 

.0060 

.1530 
.0060 
.1600 

.0070 

.1650 
.0060 
.1700 

I8xy xoyz 
.0070 
.1350 

.0080 

.1420 
.0080 
.1480 

.0080 

.1550 
.0060 
.1610 

o0050 
.1700 

.0080 
01250 

.0080 

.1320 
.0100 
.1365 

.0070 

.1460 
.0040 
.1530 

.0070 

.1645 

.0090 

.1295 
.0080 
.1350 

.0090 

.1380 
.0080 
.1470 

.0050 

.1550 
.0090 
.1555 

27X? 

'yz 
.0100 
.1320 

.0100 

.1370 
.0100 
.1390 

.0080 

.1470 
.0080 
.1520 

.0120 
ol550 

30xy 
^ yz 

.0100 
d340 

.0100 

.1355 
.0090 
.1385 

.0100 

.1470 
.0100 
.1560 

.0090 

.1580 

33*y -'-'yz 
.0090 
.1340 

.0120 

.1340 
.0100 
.1400 

.0110 

.1500 
.0090 
.1560 

.0110 

.1580 

36xy 
^ yz 

.0080 

.1340 
.0130 
.1370 

.0100 

.1400 
.0110 
.1500 

.0100 

.1570 
.0120 
.1580 
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TABLE 2K : 
FILM THICKNESS 

PLATE 
i DATA USING AN 
INLET SECTION 

ORIFICE 

Height of orifice plate - 0.050" 

Rotameter 
Reading 35A 40A 45A 50A 

Reynolds 
Number 1890 2233 2530 2800 

Temp. (°C) 28.0 28.5 28.5 28.0 

Distance 
from orifice All values are along center line (ins) 
plate (ins) 

3 0.0540 0.0565 0.0580 0.0615 

6 0.0505 0.0561 0.0617 0.0610 

9 0.0500 0.0551 0.0600 0.0605 

12 0.0495 0.0542 0.0602 0.0608 

15 0.0495 0.0518 0.0578 0. 603 

18 0.0490 0.0519 0.0559 0.0594 

21 0.0493 0.0481 0.0526 0.0601 

Average-:?- 0.0494 0.0522 0.0566 0.0601 

Average is calculated over the same length as in Perciful',s 
experiments„ (Ref. 29 p.87). 



TABLE 3 : FILM THICKNESSES 

Flow Rate. 

(cc/sec) through 
center 2" of plate 

L = 0-3 

5-42 0.0827 

11.83 0.1109 

17.70 0.1240 

23.88 0.1303 

30.34 0.1410 

36.00 0.1610 

Ij.2,00 0.1682 

47.70 0.1936 

53.92 0.2061 

61.25 0.2174 

66,24 0.2249 

74.11 0.2387 

80.02 0.2694 

Average Film Thickness (cms) 

obtained by graphically 
integrating graph 2 

L = 0-18" L = 0-36 

0.0758 0.0768 

0.0953 0.0937 

0.1106 0.1068 

0.1203 0.1174 

0.1327 0.1281 

0.1480 0.1399 

0.1585 0.1508 

0.1942 0.1873 

0.2071 0.2065 

0.2215 0.2213 

0.2300 0.2286 

0.2427 0.2423 

0.2610 0.2553 
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TABLE 4 ! CONTACT TIMES 

Plow Rate Average Contact Time (secs) 
(cc/sec) through 
center 2" of plate (i.e. plug flow) 

L = 0-3" L = 0-18" L = 0- 

5.48 0.5905 3.2483 6.5905 

8.70 0.4560 2.2780 4.8200 

11.83 0.3628 1.8715 3.6816 

15.00 0.3040 1.6250 3.2100 

17.20 0.2712 1.4516 2.8031 

23.88 0.2112 1.1708 2.2849 

30.34 0.1798 1.0162 1.9614 

32.80 0.1750 0.9760 1.8700 

36.00 0.1731 0.9552 1.8053 

42.00 0.1550 0.8767 1.6686 

44.90 0.1560 0.9100 1.7500 

47.70 0.1570 0.9456 1.8241 

53.92 0.1479 0.8923 1.7792 

61.25 0.1373 0.8401 1.6785 

66.24 0.1314 0.8065 1.6035 

69.90 0.1280 0.7750 1.5500 

74.11 0.1246 0.7607 1.5192 

77.80 0.1250 0.7650 1.5000 

80.02 0.1303 0.7576 1.4819 

83.00 0.1240 0.7450 1.5500 



TABLE ^ 

Base refers to ^ NaOH Solution 

Acid refers to HC1 Solution 

Sample Position Number Inches from Inlet 

1 0 

2 3 

3 6 

k 12 

5 18 

6 2k 

7 30 

8 36 

9 Outlet 
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TABLE 5>A : MASS TRANSFER ~ EXPERIMENTAL RESULTS 

Water Volo Vol. Vol. Anal COo cone. 
Run Sample Temp0 Base Sample Acid Temp gmol/ral 
NOo Position (°G) Re» (ml) (ml) (°c) (°C) pH x 10fe 

1 1 26*6 492 8.00 242.0 36.65 25.2 10.20 3.770 
1 8.00 2i|2.0 36.60 25.4 10.20 3.761 

2 8o00 242.00 36.42 24.9 9.04 5.174 
2 8.00 242.00 36,78 25.0 9.17 5.144 

£ 8.00 242.00 36.60 24.5 8.00 5.492 
£ 8.00 242.00 36.70 25.0 8.30 5.448 

8 8.00 242.00 36.80 25.0 6.70 6.791 
8 8.00 242.00 36.74 25.1 6.70 6.775 

9 8.00 
O

 
O

 e 
CO 

CO 36.42 24.9 9.04 6.174 

2 1 26.6 790 8.00 242.00 36.80 25.6 10.15 3.861 
1 8.00 242.00 36.85 25.9 10.12 3.911 

2 8.00 242.00 36.91 25.2 9.70 4.601 
2 8.00 242.00 36.09 25.0 9.62 4.608 

8.00 242.00 36.86 25.5 9.20 5.131 
8.00 242.00 36.90 24.9 8.21 5.133 

8 8.00 242.00 36.60 24.5 8.00 5.492 
8 8.00 242.00 36.70 25.0 8.30 5.448 

9 8.00 242.00 36.75 25.3 6.91 6.270 

3 1 260 7 1077 8.00 242.00 33.70 25.4 10.16 3.517 
1 8.00 242.00 33.40 33.40 10.16 3.478 

2 8.00 242.00 36.12 25.2 9.90 4.203 
2 8.00 242.00 36.40 25o4 9.90 4.232 

8.00 242.00 36.61 25.2 9.47 4.853 
3 8.00 242.00 36.70 25.4 9.36 4.975 

8 10.00 240.00 40.70 25.1 8.40 6.070 
8 10.00 240.00 40.20 25.1 8.71 5.911 

9 8.00 

0
 

0
 0 

CM
 

CM
 37.10 24.9 7.00 6.188 
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TABLE f?B i MASS TRANSFER — EXPERIMENTAL RESULTS 

Water Vol. Vol. Vol. Anal CO2 cone 
Run Sample Temp. Base Sample Acid Temp gmol/ml 
No. Position (°c) Re. (ml) _(ml) C°c) (°cT pH x 106 

k 1 26.7 1365 8.00 242.00 33.20 25.4 10.12 3.525 
1 8.00 242.OO 33.70 25.7 10.20 3.451 

2 8.00 242.00 35.60 25.5 9.90 4.137 
2 8.00 242.00 35.96 25.4 9.90 4.181 

5 8.00 242.00 36.86 25.5 9.61 4.714 
5 8.00 242.00 36.42 25.4 9.52 4.769 

8 10.00 240.00 40.70 25.5 9.31 5.615 
8 10.00 240.00 40.47 25.4 9.31 5.584 

9 12.00 no
 

U
) 03
 

0 0 0
 

44.22 25.4 8.99 6.420 

5 1 26.7 1611 8.00 242.00 35.15 25.6 10.18 3.637 
1 8.60 241.40 37.20 25.6 10.19 3.846 

2 8.28 241.72 36.90 25.5 9.96 4.196 
2 8.00 242.00 36.50 25.5 9.93 4.194 

5 8.00 242.00 36.55 25.6 9.66 4»6o6 
8.00 242.00 36.82 25.5 9.63 4„682 

8 8.00 242.00 36.81 25.4 9.29 5.053 
8 8.00 242.00 36.82 25.5 9.25 5.087 

9 8.00 242.00 36.90 25.6 7.02 6.109 

6 1 26.7 2174 8.00 242.00 35.05 25.5 10.18 3.682 
1 8.00 242.00 35.12 25.3 10.19 3.623 

2 8.00 242.00 34.32 25.1 9.90 3.992 
2 8.00 242.00 34.70 25.0 9.90 4.039 

5 8.00 242.00 36.20 25.3 9.68 4.538 
5 8.00 242.00 36.20 25.0 9.68 4.542 

8 8.00 242.00 36.90 25.2 8.42 5.453 
8 8.00 242.00 3606O 25.0 8.80 5.30? 

9 8.00 242.00 36.90 25.2 8.40 5.450 
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TABLE 5C : MASS TRANSFER — EXPERIMENTAL RESULTS 

Water Vol. Vol. Vol. Anal 
Run Sample Temp. Base Sample Acid Temp 
No, Position (°0)_ Re. (ml) (ml) (°c) (°0) pH 

7 1 26.6 2756 8.00 242.00 34.95 25.1 10.20 
1 8.20 24I.8O 34.20 24.8 10.20 

2 8.00 242.00 35.95 25.0 10.01 
2 8.00 242.OO 35.60 24.8 10.03 

5 8.00 242.00 35.30 25.0 9.70 
5 7.99 242.01 36.50 24.8 9.78 

8 8.00 242.00 35.85 24.9 9.43 
8 8.00 242.00 36.70 25.0 9.50 

9 8.00 242.00 36.90 25.2 9.22 

8 1 26.7 2986 8.00 242.00 36.06 25.5 10.20 
1 8.00 242.OO 35.80 25.5 10.20 

2 8.00 242.00 35.92 25.5 9.96 
2 8.00 242.00 36.71 25.3 10.02 

5 8.00 242.00 36.81 25.4 9.81 
5 8.00 242.OO 36.80 25.5 9.80 

8 8.00 242.00 36.81 25.5 9.41 
8 8.00 242.00 36.75 25.6 9.38 

9 8.00 242.00 36.60 25.4 9.23 

9 1 26.7 3277 8.00 242.00 35.58 25.2 10.19 
1 8.00 242.OO 35.80 25.2 10.19 

2 8.00 242.00 36.83 25.3 10.09 
2 8.00 242.OO 35.92 25.5 9.96 

5 8.00 242.00 36.70 25.5 9.89 
5 8.00 242.00 36.60 25.5 9.90 

8 8.00 242.00 35.95 25.5 9.60 
8 8.00 242.OO 35.57 25.4 9.68 

9 8.00 242.00 36.60 25.4 9.23 

3.593 
3.522 

4.009 
3.941 

4o492 
4.439 

4.796 
4.833 

5.123 

3.702 
3.675 

4.079 
4.074 

4.423 
4.435 

4.940 
4.961 

5.072 

3.673 
3.696 

3.970 
4.079 

4.282 
4.254 

4.609 
4.457 

5.072 
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TABLE f>D : MASS TRANSFER ~ EXPERIMENTAL RESULTS 

Water Vol. Vol. Vol. Anal C0p cone 
Run Sample Temp. Base Sample Acid Temp gmol/ml 
No. Position (°c) Re. (ml) (ml) (°c) (°c) 

ssaeesss 
pH x 10° 

10 1 26.6 3816 8.00 2^2.00 36.47 24.6 10.20 3.762 
1 8.00 242.OO 36.27 24.6 10.20 3.741 

2 8.00 242.00 36.90 24.5 10.01 4.125 
2 8.00 242.00 36.90 25.4 10.02 4.093 

5 8.00 242.00 36.98 24.3 9.91 4.302 
5 8.00 242.00 36.12 24.2 9.80 4.372 

8 8.00 242.00 36.81 24.2 9.62 4.710 
8 8.00 242.00 36.20 24.0 9.68 4.555 

9 8.00 
O
 

O
 0
 

OJ 
-eh 
C\J 37.00 24.2 9.40 4.988 

11 1 26.6 14-079 8.00 242.00 35.42 25.3 10.22 3.607 
1 8.00 242.00 35.54 25.2 10.22 3.621 

2 8.00 242.00 34.90 25.2 10.00 3.903 
2 8.00 242.00 34.74 25.4 9.96 3.944 

5 8.00 242.00 35.54 25.3 9.70 4.428 
5 8.00 242.00 35.50 25.5 9.72 4.392 

8 8.00 242.00 36.01 25.1 9.67 4.530 
8 8.00 242.00 35.50 25.0 9.62 4.532 

9 8.00 242.00 35.67 25.2 9.60 4.577 

12 1 26.6 4355 8.00 242.00 36.92 24.9 10.20 3.804 
1 8.00 242.00 36.92 25.0 10.20 3.802 

2 8.00 242.00 37.22 25.0 10.00 4.170 
2 8.00 242.00 36.91 25.0 10.10 3.967 

5 8.00 242.00 36.92 25.0 9.8l 4.442 
5 8.00 242.00 37.21 24.6 9.86 4.405 

8 8.00 242.00 37.10 24.7 9.64 4.715 
8 8.00 242.00 37.22 25.2 9.71 4®626 

9 8.00 242.00 36.96 25.0 9.51 4.851 
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TABLE 5E S MASS TRANSFER — EXPERIMENTAL RESULTS 

Run 
No. 

Water 
Sample Temp. 

Position (°C) Re. 

Vol. 
Base 
(ml) 

Vol. 
Sample 

(ml) 

Vol. 
Acid 
(ml) 

Anal 
Temp 
(°C) pH 

CO2 cone 
gmol/ml 
x 10° 

13 1 26.!? 4890 8.00 21|2.00 36.70 25.8 10.25 3.682 
1 8.00 21+2.00 36o 60 26.0 10.23 3.700 

2 8.00 21+2.00 36.45 26.1 10.13 3.848 
2 8.00 21+2.00 35.92 25.8 10.10 3.845 

5 8.00 21+2.00 35.72 25.7 9.90 4.148 
5 8.00 21+2.00 35.20 25.5 9.88 4.121 

8 8.00 242.00 35.80 25.4 9.90 4.162 
8 8.00 21+2.00 36.00 25.6 9.88 4.214 

9 8.00 242.00 36.00 25.5 9.70 4.483 

Ik 1 26.|? 5555 8.00 242.00 36.70 25.5 10.25 3.687 
1 8.00 21+2.00 36.54 25.6 10.25 3.669 

2 8.00 242.00 36.35 25.7 10.17 3.778 
2 8.00 242.00 36.15 25.7 10.11 3.859 

5 8.20 241.80 36.02 25.2 9.96 4.098 
5 8.00 242.00 35.80 25.4 9.93 4.114 

8 8.00 242.00 35.90 25.5 9.80 4.326 
8 8.00 242.00 35.85 25.3 9.81 4.308 

9 8.00 242.00 36.71 25.5 9.44 4.895 

15 1 26.5 6007 8.01 241.99 34.15 24.6 10.22 3.487 
1 8.01 241.99 34.08 24.7 10.22 3.478 

2 8.00 242.00 35.06 24.8 10.16 3.673 
2 8.00 242.00 34.50 25.0 10.14 3.64l 

5 8.01 241.99 35.05 24.6 9.90 4.086 
8.01 241.99 34.40 24.5 9.90 4.011 

8 8.00 242.00 35.70 24.8 9.55 4.646 
8 8.00 242.00 35.75 25.0 9.55 4.650 

9 8.01 241.99 36.00 24.8 9.45 4°797 
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TABLE 5F S MASS TRANSFER — EXPERIMENTAL RESULTS 

Water Vol. Vol. Vol. Anal CO2 cone 
Run Sample Temp. Base Sample Acid Temp gmol/ml 
No„ Position (°C) Re. (ml) (ml) (ml) (°c) pH x lO6 

16 1 26.£ 6721 8.00 21^2.00 34.32 25.5 10.22 3.488 
1 8.00 242.OO 34.30 25.5 10.22 3.486 

2 8.00 242.00 34.85 25.5 10.15 3.654 
2 8.00 242.00 34.80 25.6 10.15 3.647 

5 8.00 242.00 34.82 25.5 9.90 4.045 
5 8.00 242.00 34.82 25.5 9.90 4.045 

8 8.00 242.00 36.61 25.4 9.30 5.017 
8 8.00 242.00 36.37 25.5 9.25 5.024 

9 8.00 242.00 36.40 25.4 9.00 5.190 

17 1 26.£ 7257 8.00 242.00 34.10 25.5 10.13 3.60£ 
1 8.00 242.00 34.02 25.5 10.13 3.596 

2 8.00 242.00 35.22 25.5 10.09 3.790 
2 8.00 242.00 35.00 25.5 10.09 3.766 

5 8.00 242.00 35.20 25.5 9.71 4.369 
5 8.00 242.00 35.18 25.5 9.71 4.366 

8 8.00 242.00 36.78 25.0 9.11 5.184 
8 8.00 242.00 36.70 25.1 9.10 5.178 

9 8.00 

O
 

O
 0
 

CV1 
-d

" 
C\J 36.60 25.5 8.45 5.402 

18 1 25.7 6230 8.00 242.00 34.20 24.8 10.20 3.522 
1 8.00 242.00 33.70 25.4 10.16 3.517 

2 8.00 242.00 35.05 25.5 10.18 3.628 
2 8.00 242.00 34.10 25.5 10.13 3.605 

5 8.00 242.00 36.00 25.5 9.88 4.214 
5 8.00 242.00 35.80 25.6 9.90 4.160 

8 8.00 242.00 36.73 25.5 9.48 4.854 
8 8.00 242.00 36.61 25.2 9.47 4.853 

9 8.00 242.00 36.90 25.1 9.35 5.014 
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TABLE 5G : MASS TRANSFER — EXPERIMENTAL RESULTS 

Water Vol. Vol. Vol. Anal CO2 con 
Run Sample Temp. Base Sample Acid Temp gmol/m 
No. Position (°c) Re. (ml) (ml) (ml) (°c) pH x 105 

19 1 25.7 6935 8.00 242.00 34.02 25.5 10.13 3.596 
1 8.00 242.OO 33.20 25.4 10.12 3.525 

2 8.00 242.00 34.50 25.0 10.14 3.641 
2 8.00 242.00 34.75 25.4 10.10 3.724 

5 8.00 242.00 35.80 24.8 9.80 4.324 
£ 8.00 242.00 36.70 25.5 9.89 4.282 

8 8.00 242.00 37.20 24.6 9.25 5.150 
8 8.00 242.00 36.81 25.4 9.29 5.053 

9 8.00 242.00 35.83 25.1 8.80 5.195 

20 1 25.7 7400 8.00 242.00 34.10 25.5 10.13 3.596 
1 8.00 242.00 35.42 25.3 10.22 3.607 

2 8.00 242.00 34.75 25.4 10.10 3.724 
2 8.00 242.00 34.42 25.0 10.12 3.664 

5 8.00 242.00 36.40 24.8 9.81 4° 382 
5 8.00 242.00 37.18 25.0 9.81 4.474 

8 8.00 242.00 37.58 24.0 9.02 5.355 
8 8.00 242.00 37.57 24.0 9.02 5.355 

9 8.00 

O
 

O
 

O
J 

-d* 
O

J 36.98 25.4 8.00 5.547 
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TABLE 6* 1 CHEMICAL' AND PHYSICAL PROPERTIES 

0 yKH2o POH2° 
5} * 

C02-H20 ci 
Temp 
(°c) 

X HoO 
(g/cc) 

(g/cm sec 
x 103) 

(cm^sec 
x io5) 

{cm/sac 
x 10^) Sc 

(gmol/gc 

10.0 .99973 13.077 13.081 1.16 1128 5»265 
15.0 .99913 11.4o4 11.414 

10.968 
1.38 827 4«472 

3O829 20.0 .99823 10.050 1.64 6l4 
21.0 .99802 9.810 9.829 1.70 587 3<>719 
22.0 .99780 9.579 9.600 1.75 549 3.605 
23.0 .99756 9.358 9.381 1.81 518 3.490 
24.0 .99732 9.142 9.167 1.87 490 3.383 
24.1 . 99730--- 9.115* 9.140 1.88 486 3.377* 
24.2 .99727'”- 9.095* 9.120 1.88 485 3„368* 
24.3 . 99725-”- 9.075* 9.100 1.89 481 3.359* 
24.4 .99723-* 9.055* 9.080 1.90 478 3.348* 
24.5 . 99720* 9.035* 9.060 1.90 477 3.337* 
24.6 . 99718-”- 9.015* 9.040 1.91 473 3.327* 
24.7 . 99715-”- 8.994*- 9.020 1.91 472 3.316* 
24.8 .99713-”- 8.973* 9.000 1.92 469 3.306* 
24.9 .99710* 8.954* 8.980 1.93 465 3.295* 
25.0 .99707 8.937 8.963 1.93 464 3.283 
25.1 . 99705-”- 8.905* 8.930 1.94 460 3.276* 
25.2 .99702* 8.893* 8.920 1.95 457 3.265* 
25.3 .99700* 8.863* 8.890 1.95 456 3.255* 
25.4 . 99697* 8.843* 8.870 1.96 453 3.246* 
25.5 . 99695-”* 8.823* 8.850 1.96 452 3.235* 
25.6 .99692* 8.801* 8.830 1.97 448 3.226* 
25.7 .99689* 8.793* 8.820 1.98 445 3.217* 
25.8 .99687* 8.772* 8.800 1.98 444 3.208* 
25.9 .99684* 8.752* 8.780 1.99 441 3.198* 
26.0 .99681 8.737 8.765 2.00 438 3.186 
26.1 .99679* 8.712* 8.740 2.00 437 3.178* 
26.2 .99676* 8.692* 8.720 2.01 434 3.168* 
26.3 .99673* 8.672* 8.700 2.01 433 3.159* 
26.4 .99671* 8.651* 8.680 2.02 430 3.150* 
26.5 .99668* 8.631* 80 660 2.03 427 3.141* 
26.6 .99665* 8.611* 8.640 2.03 426 3.130* 
26.7 .99663* 8.601* 8.630 2,04 423 3.121* 
26.8 .99660* 8.581* 8.610 2.05 420 3.112* 
26.9 .99657* 8.551* 8.580 2.05 419 3.104* 
27.0 .99654 8.545 8.575 2.06 416 3.092 
28.0 .99626 8.360 8.391 2.12 396 3.004 
29.0 .99597 8.180 8.213 2.19 375 2.924 
30.0 .99567 8.007 8.042 2.26 356 2.845 
35.0 .99406 7O227 7.270 2.495 

* Graphically interpolated. # Table 6 is reproduced 
from Ref. 29. 
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SYMBOLS AND NOMENCLATURE 

A Total alkalinity. 

CA,B Concentration of component A or B0 

GT Dimensionless concentration,, 

°A Time averaged concentration (-C^-C^) » 

Concentration fluctuations due to turbulence. 

Co Inlet concentration. 

Cw Interfacial concentration. 

D
AB Diffusivity of component A in component B, 

E Absorption efficiency, defined as 

€ Eddy diffusivity. 

8 

jp 
Gravitational acceleration. 

Molar flux of A relative to mass average velocity. 

K Concentration equilibrium constant. 

L Distance down plate in the z-direetion. 

n Deissler?s constant (Equation 72). 

NAx,y,z Molar flux of A in x-, y~, or z-direction. 

^ Ay jy=0 Molar flux of A across gas-liquid interface. 

Q Volumetric flow rate. 

Re Reynolds number. 

RR Rotameter Reading. 

3 Surface renewal factor. 

Sc Schmidt number {~^/p ). 

V'xjy, z 

V* 

Velocity in x-, y-, or z-direction. 

Reference velocity defined as sl'Yo/f* 

V* Dimensionless velocity defined as .Kay/y- 

V* Time average velocity. 



Y' Velocity fluctuations due to turbulence. 

Vave Average velocity through film. 

Vs or 
^max 

W 

Surface velocity of liquid. 

Width of plate through which flow rate 
measurements were taken. 

X Rectangular coordinate across plate. 

7 Rectangular coordinate into fluid. 

y" Dimensionless distance into fluid = — 
V> 

z Rectangular coordinate across plate. 

cK Angle of inclination of plate to horizontal. 

5 Film thickness. 

J 
S'' 

Average film thickness. 

Effective film thickness. 

X4* Dimensionless film thickness = 
a 

r Dimensionless film thickness = {G ) 

>v 
foy/S 
&> 

Penetration parameter = ] 
$ / U \ 

Average contact time = ( VM* j 

Contact time of surface = 'j 

/ Density of fluid. 

Shear stress. 

Viscosity of fluid. 

V 
/S*- \ 

Kinematic viscosity “ ^ ~jr 1 
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&RAPH Thitkn-ess Results. 
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GRAPH 6> ’ MASS* TRANSFER Rf.S0A.TS 
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