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SUMMARY 

An investigation was made to further the understanding: of the liquid 

phase resistance to mass transfer from a gas to a liquid film flowing down 

an inclined plate in the assumed turbulent region of the Reynolds Number 

range of 1, 900 to 3, 300 with a planar, interface and with a minimum of end 

and side effects . The results indicate that.the mass transfer.is molecular 

diffusion controlled and can be predicted by Tick's Second Law of Diffusion. 

A comparison of the results and those of other, investigators (who experienced 

wavy film flow) is made, the latter being ten times greater. 

Film thickness measurements, using a micrometer technique, show 

that none of the existing.theories will predict the film thicknesses in the 

Reynolds Number range of 1, 400 to 4, 000. Friction factor results indicate 

the importance of shear at the free interface in- flowing thin films. The 

film thickness results compare favorably with the most reliable results 

reported in the literature . 

Two models are proposed to predict mass transfer to a film with a 

turbulent character or to a film with a wavy.interface. 
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SECTION I: INTRODUCTION 

The theoretical treatment of mass transfer to liquid films has been 

the subject of many.investigations and expositions in recent years. From 

those studies, two major models fdr the absorption mechanism have been 

proposed: The Whitman "Film Theory" and the Higbie "Penetration 

Theory." The film theory assumes a steady state diffusional process exists 

across the gas-liquid interface that is controlled solely.by molecular trans¬ 

port through a stagnant.film at the interface. The penetration theory assumes 

an unsteady state molecular transport into the surface of the liquid. 

Many experiments have been proposed and carried out to prove or 

disprove these models, and these models have been used to correlate the 

data of many mass transfer experiments. The results of these experiments 

often agree but very often they are contradictory. The main criterium for 

applicability of the theories is the time of contact of the liquid surface: 

long contact times for the film theory;, short contact times for the penetra- 

(3) tion theory. This criterium is the main reason that Becker , Chiang 

and Toor Haslam, Hershey, and Keen Matsuyama and 

Whitman and Davis have to some extent verified the film theory, 

while Emmert and Pigford Hanratty Lynn, Straatemeir, and 

Kramers Scriven and Pigford Sherwood and Pigford 4nd 

(8 6) Vivian and Peaceman v ' have reasonably substantiated the penetration 

theory for various types of absorption equipment. 

In addition to the above examples, many investigatons (34)(42) 

v M ' have shown that one or both of the models will not predict mass 
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transfer in their particular absorption unit. The usual reasons are one 

or more of the following: the presence of ripples at the interface, dis¬ 

turbances in the film at.the entrance or exit, disturbances caused by.the 

sides of the channel in which the film is flowing, chemical behavior of 

the gas or liquid, or the existence of a turbulent film. 

Since the two models were not developed for .turbulent flow, the 

penetration theory may be modified by assuming the element at the 

interface which controls:: mass transfer is either regularly or randomly 

(95) 
replaced ' by elements of fluid from within the turbulent bulk. Another 

model for turbulent (and rippling) flow (l^)(20) assumes ^he resistance to 

the flow is in a laminar layer adjacent to the solid boundary. Each of 

these opposing theories have been proven (1^)(15)(44) tQ reasonabiy.pre¬ 

dict-turbulent mass transfer, but no data are available which will 

conclusively prove, disprove, or show the limits on the application of 

the theories. In spite of the huge amount of laminar mass transfer results 

reported in the literature, very, few turbulent mass transfer investigations 

have been carried out. 

From the preceeding discussion, it is seen that additional investi¬ 

gations are necessary in order to fully understand the mechanism of 

liquid-side turbulent gas absorption. The growing number of industrial 

absorbers-packed columns, centrifugal absorbers U)(16)(30)^ ancj 

wetted-wall tray column — points out this need for.insight into 

turbulent mass transfer. Thus this investigation was initiated. The 

object was to obtain data for carbon dioxide absorbed into a turbulent 



water film flowing down an inclined plane. An attempt was made: to 

eliminate side effects by sampling in the center of the. relatively wide 

plate, and to eliminate entrance and end effects by, sampling from the 

film, on the plate. It was also attempted to eliminate the effects of rip 

-pling by.a careful design of the water inlet section and by. sampling 

above the rippling inception point, and to eliminate the gas phase 

resistance by, saturating the carbon dioxide with water vapor before.it 

entered the absorption unit. 
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(D 

SECTION II: THEORY 

LAMINAR'MASS. TRANSFER THEORY 

Though the subject of this thesis deals with mass transfer into a 

turbulent.liquid:film, a discussion of the theories of laminar mass trans- 

-fer should be included. Fick's first law, with stationary coordinates, 

states that ^ 

A = XA 
where A= CO £, 

B = H2R, 

N^= Molar flux of component i, 

c ?= Molar density .of solution (c^ H\Cg =^/MA +^B/MB), 
and, 

= Mass density of species i per cm^ of solution. 

In the experimental procedure, the gas phase was saturated with water 

vapor, thus Ng equals zero. Equation 1 thus reduces to 

(I-XA)NA =-CA6VX/ ■(a)- 

Considering the film of water, as diagramed in the figure below, 

.the differential element, or slab, is picked to use in deriving the appli¬ 

cable equations. 

■The slab has the dimensions AY by Az by W, where W is.the width of the 

film. Since C^ varies in the y.and z directions, a mass balance on specie 



5 

A is «) 

K2I
wAj_NAz.^2,

WAy+NAJ3
NA/AZ-NAJ3+^ = 0 '313^3 

Dividing Equation 3 by Ay Az, and letting Ay-^O andAz-M), yields 

+ ^=0- 

(3) 

^ MAM I ^ NAZ 

*3 ?>z 

From the Equation 2, the y flux component is 

.,= <UM,) 
Because there is no convective flux in the y-direction, 

N„—ca8(f)-tL|£ 
z flux component is 

XA 

dZ 

Because there is no diffusional flux in the z-direction, 

NAz= XA(NaJ = XA[cnr2^] 

(4) 

(5) 

(6) 

(7) 

(8) 

Az = CA(nr20 
(9) 

Substituting Equations 6 and 9 into Equation 4 gives Fick1 s Second Law 

of Diffusion: 

= +Df A£> do) 
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Equation 10 cannot be solved analytically, although several 

approximate solutions have been derived with a variety of assumptions 

and boundary conditions. One usual assumption for laminar flow is that 

the velocity profile in the film is parabolic and of the form 

A^(I- (ID 

where AJ"s is the surface (maximum) velocity and 5 is the film thickness. 

•Another assumption is that the gas-liquid interface is planar and free from 

(74) ripples. Pigford used the preceeding assumptions with the following 

boundary conditions: 

0
 

II 
N

 QA 
—

 CA| > (12) 

O
 

II 
zr> 

0
 

II z>0 (13) 

c_
c II on
 ^>CA_ A 

6y-U ) z>0 (X4)i 

where is the inlet concentration.. He solved the generalized series 

solution to Equation 10 to obtain 

E=|-0786e'3'^'a-0.lfl0e'£^-0.0306e70%l8le's-'(ia 

where E =? Absorption efficiency 

= Penetration parameter 

_ CAA-CAI 

~Ci-CAl 
1 

_ <§Ab_0_   £(46 1— 

' 8* J 

CA2 •= Average concentration at z = L, and. 

0 = Average contact time =E 
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Hatta has also obtained a generalized series solution to 

"Equation'10 using.the boundary conditions 12, ,13, and 14 and the*assump- 

tion that the velocity , is constant, throughout the film and equal to 2/3 AlTs. 

His solution is 

E=l-0.8lle_amH3Q9G2e_2tS^-0.0325 e-60®^- —0.0166 e-"8^ (i 6) 

where E and ^ are the same as in Equation 15. 

Pigford has shown that for E<.0,5, or the case of short contact 

time where the penetration does not reach the wall, Equation 15 will 

satisfactorily.reduce to 

(E < 0,5) 

EH-0786e_i'“'‘v (E >0.5) 

(17) 

(18) 

Similarly, Hatta has shown that his Equation 16 will become 

E=\/F*\ (E< 0.5) da) 
For large values of the penetration parameter, 

E= 1-0.811 e~a>°A (E >0.5) (20) 
Heartinger 'states that Equations 17, 18, ,19, and 20 are accurate to 

one per cent in the respective regions of E . 

Bird, Stewart, and Lightfoot have shown that for short contact 
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times where species A penetrates only a short distance into the film, the 

velocity, (\J£, may be.replaced by AJ^ . Equation-10 then reduces to 

^CA _ 2>*CA (21) 

2=0> II <
 

o
 cc

 IV
 

o
 

(22) 

3 = 0; 

a
 

ii j
 Z>0 (23) 

y-oe, p
 ii p
 

2i0 (24) 

Their solution to Equation 21 is 

E=v^ (25) 

Note that Equation 25 is the same as Pigford's solution for short contact 

times (Equation 17). 

(4) Beek and Bakker 7 solved Equation 10 with Boundary Conditions 

22, 23, and 24 using the assumption of Couette flow, or 

where 

vz(y) = (vs 

. a = dv/dy 

+.ay) 

y = 0 = -vs/& 

(31) 

(32) 

They obtained the solutions: 

E=V^T irA <33) 

E = 0.32/ V3 4- 0.678 (T\»2) (34) 

In most mass-transfer operations, the most important consideration 

is the mass flux across the gas-liquid interface. In Equation 3, letting 



9 

AY = 8 / and Az = L yields 

A3 ,=o = (L) ^Z ZL=L AZ J) (35) 

From Equation 9, it is seen that 

and 

. Therefore, 

A2Jz=0_ 

NAz_ . “ ^^3 ^2) Z--L- 

Au J=0= (~L~)(r^^)(CAz ~ CA,) 

-(^-K4E)(C-CAi) 

(36) 

(37) 

(38) 

(39) 

From the equations previously developed, it is seen that for long 

contact times 

Pigford: N, 

Hatta: 

. =Kg(6/LXCi-CAXl-0786 e a42n) ^-0 

NAjrO=M6/4c~CAXl-0.8l/e-2-wn) 

(40) 

(41) 

Beek and Bakker: NAJy=0K^'vr3X%-)(C; ~GA,)(0 6 ^+0.32.1^) ((44) 

;For the cases of short contact times 

Pigford: 

Hatta: 

Bird: 

a=o
=(AV9)(k/0 (Cx ~ CA) ) 

|\|Ay|y_0=:(a^'U3^^(Ci_ CA,)^ ) 

Na^ y=0
= K^VH)(Ci-cA,)(x/^n_) 

(C4$) 

(44) 

(45) 

Beek and Bakker: M | =(A£ XVL)[Ci.~CA){Jw \ 
AiJ|y=0 

(46) 
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TURBULENT MASS TRANSFER THEORY 

■ Equation-10 (describing concentration changes in a laminar liquid 

film absorbing a non-reacting gas) is a simplified form of a more general 

equation which must be considered when turbulence is involved. The 

equation is 

£>A/XCA , 
+ 

5 AK\CA 

0Z 
3k 
ax2 

e2cA (47) 

Into Equation 47. the following values are introduced: 

CA = CA+ CA (48) 

AT2 = 4- (49) 

The common method of time averaging the resulting equation yields 

a/ir2cA , a/itf CA _ PS a2 cA (50) 
“<UB 9^ 

The term VyC^ is the turbulent mass transport expression, which 

is designated as 

(51) 

Equation 50 may, be written as 

r\ r 3CA — _ f ^ I b JA^ \ - ^ “ Uy + ay ) 
The laminar diffusional term jj^ is Pick's law of diffusion: 

j<J1'=_£5 a c, 

'AB a u 

(52) 

(53) 



11 

Since very little is known or can be obtained about the Vy and C^, 

semiempirical expressions must be used for in order to solve 

Equation 52. The most widely known of the expressions are summarized 

below. 

The Eddy Diffusivitv Express ion: 

By analogy with J^. jj^Ais jtakenbto be 

T(±) = _ n 
vJ Av 'AB 5 

,(t) where is the "turbulent" or "eddy" diffusivity. 

The Prandtl^^ or Taylor ^2) Mixing Length Expression: 

For this expression the turbulent mass flux is 

(54) 

"3 
cjnk 

where J[ is the empirical "mixing length." 

/ y (5^) 
The von Karman Similarity Hypothesis.: 

von Karman's expression assumes the form 

JAQ *'2. 
(JVJS)3 c>cA 

(J2Vd/f 

(55) 

Mq 

in which K2 is a "universal constantj, " usually taken as 0.40 or 0.36, 

( 9 ftA ( 9 Q ^ 
Deissler1 s Expression (Region Near the Wall): 

Deissler proposes the form 

(56) 

-e 
■(m*-A6 y/v) 

(57) 

where /Y) is an empirical constant and determined by Deissler to equal 
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0.124 for fully developed turbulent pipe flow (Re = 20,000). 

It should be noted that the above expressions are all of the form 

T  C 'dC* (58) 

where £, is. the term for the eddy diffusivity. Substituting Equations 53 

and 58 into Equation 52 yields 

*** +W*a? (59) 

Equation 59 cannot be solved analytically. With appropriate 

expressions for vz(y) and (y), it can be solved numerically for 

C^(y, z). Since the range of z is much greater than the range of y, the 

equation must be solved implicitly. The finite difference form for 

Equation 59 may be shown to be 

where 

m = S/ky 
m = L/AZ 

^-{k+frs+t) 

= (i tCo+tZ) ) 
X, = +(i+) 
K-r> = —(I ~ 
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With the present state of knowledge of velocity distributions and 

eddy diffusivity distributions in thin liquid films in the region of flow 

under consideration, any attempt in this thesis to make assumptions for 

vz and £, , and then solve Equation 60, would be.of little value. It 

should be noted that extremely high speed computers must be utilised 

to solve Equation 60 because of the number of steps necessary in the z 

direction. 

(28) 
Deissler v 1 has shown that his expression for the eddy viscosity, 

when used in the region away from the wall predicts correct velocity pro¬ 

files in pipes for the range of Reynold's numbers above 20, 000. Schlinger 

mental values for velocity profiles in flow between parallel plates are in 

good agreement with Deissler for Re 20, 000. Lin, Moulton, and 

transfer from walls of pipes for 3, 000£= Re — 50, 000. Since Deissler's 

expression.has been verified for high Re, it would be appropriate to look 

at his expressions for turbulent mass transfer in more detail. 

Equation 53 and 58 may be combined: 

when used near the wall and von Karman’s expression, 

Putman have shown that the von Karman expression will-predifc.tr mass 

(61) 
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or 1% = -(jD+ini 

*j=o V 

Letting 

and AT + 

yields 

,-^/viy/^ juA 
(61) 

A& 
(r + _  'V* 

=o 
(c,-rA) 

(62) 

or 

G+= ^ +/Yia/u-Y(l-e""*v’3'’) C°~y ~26^ 
•'O 

Using the von Karman expression, Equation 63 becomes 

C+ = 3.3 + £.78 \n^ (^y+^s+) 

(13) 

(63) 

(64) 

Bird, Stewart, and Lightfoot have solved these equations for the case 

of Sc = 952 and Re = 25, 000 between parallel plates. Their results show 

dC+ 

dt,+ = 0 

center = 1 *° for y+/^+ center'5”^ * The Schmidt Number 

that 

and. that C+/C+ 

for GO2 in H2O at room temperature is approximately 560. Thus it would 

be expected that a system of CC>2 - H2O would behave as the above 

example. Deissler graphically shows the C+ distribution with Sc as 

the parameter. 

MODELS FOR MASS TRANSFER MECHANISMS 

Two major models have been proposed for the mechanism of mass 

(64)(88)(89) 
transfer between phases: Whitman's 'film theory, " and 
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Higbie's "penetration theory." The film theory.assumes a steady 

state diffusional process exists across the interface that is controlled 

solely by molecular transport.through a stagnant region at the interface. 

The thickness of the stagnantfilm is given the symbol Xp. and the name 

"effective film thickness." Mathematically, the flux into the liquid 

across the interface is taken to be 

(68) 

where is again the initial concentration. 

f5 r) 
The Higbie "penetration theory" > 7 assumes an unsteady state 

molecular transport into macroscopic fluid layers at the surface which 

are systematically.replaced by. fluid masses from the turbulent.bulk of 

the film. This is stated as 

(25) 

±£nrs C-CAl) (69) 
' JTL 

Danckwerts has made the same assumptions as Higbie except 

the life of the element of mass is assumed to be randomly-replaced by 

liquid elements from within the film. The random surface renewal factor, 

s, is shown in the modified penetration theory.as 

NAli ,o-^(C. CA,) (70) 

(61) A mechanism proposed by Kishinevskii and Mochalova is almost 

exactly .the same form as Higbie's model and thus will not be discussed 

further. 
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has been The film theory, i. e., |\|AUL={(S) 

substantiated by several investigators^^)(48)(70)<(90)^ phe penetration 

theory, i.e., has also been reasonably 

.substantiated^^(44)(67)(80) ^ di.sagreement of these investigators 

may possibly be explained by deriving the concentration changes in the 

liquid as predicted by the two models. Since Whitman assumes a steady 

state process, in absorption to a liquid film the average concentration is 

changing considerably as the film moves down the plate. Equation 68 

must be stated as 

where a is a fraction of the total film thickness (a = Xp/$). Recalling 

Equation 38, 

13=0 
(38) 

Equating Equations 38 and. 71 yields 

\/CA<L-Ca, 
ind-E) 

(72) 

(73) 

(74) 
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Thus E as predicted by Whitman's film theory is the same as the forms 

derived by Pigford and Hatta which were developed with the assumption 

of long contact times (Equations 18 and 20). 

Since Higbie assumes the absorption is an unsteady state process, 

the driving .force for the absorption to a film would reinain (C^ - 

until the film is mixed, either by turbulence or by discontinuities, such 

as occur-in packed columns . Equating Equations 38 and 69 yields 

Thus the form of E as predicted by Higbie1 s penetration theory is similar 

to the expressions of Hatta, and Beek and Bakker (Equations 19 and 33), 

and exactly the same as that of Pigford and Bird (Equations 17 and 30). 

Equation-17, 19, 30 and 33 were developed with the assumption of short 

contact times. 

It is evident that the film theory applies for long contact times, 

and the penetration theory applies for short contact times. The develop¬ 

ment showing that the two models are not completely .different but are 

limiting cases was shown by Toor and Marchello^^.who went on to 

develop expressions for a "film-penetration theory." Danckwerts and 

Kennedy^®^ and Teller^*^ have also presented comparisons Of the two 

(75) 

(76) 

U7) 

models. 
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T-&o investigators, Colburn ^^^and Brauer have developed 

semi-empirical expressions for a mass transfer coefficient in terms of the 

friction factors for the particular region of flow encountered. Brauer's 

treatment is unique in that he assumes the resistance to flow is not c.; 

at gas-liquid interface but is a laminar layer adjacent to the solid- 

liquid interface. Since this assumption is similar to the one which 

Will be used to develop the.two proposed models in a later section,, 

Brauer's work should be discussed in some detail. 

Brauer assumes the flux across the interface is the form 

kJc.i-C,,') (78) 

where = D/g^ 

thickness of the controlling layer at the wall. 

He then assumes a straight line velocity distribution, thus the shear 

at the wall is 

yU AJr 

. V 
(79) 

where 

Therefore 

rir/= velocity at y = ^ 

£ r. 
kT =  — 
L Af" (80) 

(39) From the friction factor data of Friedman and Miller he determined a 

sharp break in the friction factor curve at Re = 400 (where Re= ^ ) „ 
v 

This critical Reynolds Number, ReL, , may be considered as a criteri.unf.for 
Ur 

turbulence. Substituting the relation for r^0 (Re>ReQp into Equation 80 
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yields: 

kL= 0.2/8 (81) 

where C| = gravitation constant 

(83) 

This is somewhat similar to the short contact time solutions of Pigford, 

Hatta, Bird, and Beek and Bakker (Equations 43-46). Brauer's equations 

are not applicable since empirical equations were used for film thickness 

in Equation1-81t --J. . 

developed for specific absorption systems and geometries . No substan¬ 

tial value has been shown for any as a general equation for mass transfer 

predictions. 

FILM FLOW THEORY 

The earliest attempt to relate the various variables important in 

(71) 
film flow was made by Nusselt' . By a force balance on an element 

of. fluid flowing as a film, he derived the familiar parabolic velocity 

profile equation: 

A number of entirely empirical equations (39) (5 2) (53) (58) have been 

(83) 
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Integration of Equation 83 over the film thickness yields 

5 = &*=/** (fle )* m) 

where Re=-S-^acfl, and 0 = angle of inclination. This expression for 

the film thickness has been proven to hold for the laminar flow region 

(Re— 1100, and in some cases for Re — 2100) by many investigators^ 

(23)(32) (38) (39) (43)(55)(76). 

Turbulent film theory is ihet be . s a me dmdavelQp edaS fcate asrtuitbuilent 

mass transfer theory, which is discussed in the preceeding pages. One 

law, or theory, which may be applied to film flow is the (1/7)-Power Law i 

for turbulence in pipes. The basis for this law is the Blausius formula — 

an empirical formula for the frictional resistance, X , in smooth pipes . 

-It*.is stated as 

/ 

X = o. 3l6f psa d j (85) 

where d is the pipe diameter. With the substitution of y, the distance i 

(77) from the pipe wall, Schlichting shows the (1/7)-Power Law as 

Al* = V+=8.74 8.74^) ,+\‘/7 

(86) 

(n) 
Bird, Stewart, and Lightfoot' ' show it as 

ns*= 8.56(y+)/7 
(87) 

, (because of a different constant in Blausius' Equation).. 
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Integrating Equation 87 over the film thickness yields 

- 7^9 (&* 

Since (\J$k ~\TZ£ and % =e(# <n6>)6 Equation 88 becomes 

bX= & = 0.306(Ref^ 

Treating Equation 86 in the same manner yields 

SX=0.3f0(Re) 
,\%L 

(88) 

(89) 

(90) 

By comparison with data in the turbulent region, Schlichting states that 

the (l/7)-Power Law holds for Re> 100,000, 

/ o n\ / o o\ 

Dukler ' ' and Dukler and BergelinlJ 1 made use of the von Karman 

( cq) w 7 expressions for the velocity profiles in pipes: 

v+ = y+ (y+<5) (91) 

v+= -31. 05 + 5. Oln y+ (5< y+< 30) ((92) 

v+= 5.5 + 2.51n y+ (30<yi^S+) (93) 

where v+= v^/v*, and y+= yv = (y 

By. definition, 

I III 
cn

|—
 

£
 

<
Jh

 

(94) 

or, 

(95) 
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or, 

R / = f ru+ 

Jo 
(96) 

Substituting Equations 91, 9 2, and 93 into Equation 96 and performing 

the three step integration yields 

Re = 3.0 &+4- 2..5 8"1" In 8+— 64 (97) 

(28)(29) 
Deissler's v 1 expressions for turbulent velocity profiles in 

pipes may be modified for film thickness predictions : 

v+ = y+ (y+<5) (98) 

,+ -C* V 
J l+/n®«r+a

+fNe‘"vvXv't'd+) (5<y+<26) (99) 

v+ = 2..781ny+ + ,3.8 (26< y+< &+) (100) 

where n was determined by Deissler to equal 0.124 for flow in pipes at 

at Reynolds Number s*' 20, 000. In the same manner as Equation 97 was 

developed, Equations 98, 99, and 100 yield 

(101) 

To solve Equation 101, Equation 99; must be solved numerically. 

These equations (98, 99, and 100) have been solved and presented in 
fr) 

graphical and tabular form by Bird, • Stewart and Lightfoot' . For any 
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assumed Re' may be found by graphically integrating the prepared v+ 

versus y+ plot. 

Belkin et al.^ assume a film, with a free interface, behaves like 

a fluid flowing between parallel plates. Where the Reynolds Number is 

defined as Re =   Lf & 

the Fanning friction factor is defined as 

<2. 6 3 Atn 6 
f = Ah 

(102) 

(103) 

Combination of Equations 102 and 103 yields 

8 = &f^f = 0.3/5(Rc7f'f3 
(104) 

(87) 
Belkin et al. use the friction factor data of Walker, Whan and Rothfus 

for flow between parallel plates to get values of -p versus Re. They then 

calculate the film thickness from Equation 104. 

From the preceeding discussion, it is seen that laminar (low 

Reynolds Numbers) film thicknesses may.be predicted by Equation 84, 

anditurbulent (high Reynolds Numbers) film thicknesses may be predicted 

by Equations 89, 90, 97, 101, or 104. 

PROPOSED MODELS FOR TURBULENT MASS TRANSFER PREDICTIONS 

Modified Straight Line Solution: Considering the example of mass transfer 

(13) which Bird, Stewart and Lightfoot presents (page 14 of this thesis), 

it is seen that the change in concentration occurs mainly in the region 

next to the wall, i.e., in the laminar.sublayer, as calculated by Deissler's 

expressions (Equations 63 and 64). If this region as assumed to extend from 
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y+ = 0 to y+ = 5, then the velocity profile is a straight line  y+ = v+ 

(Equations 91 and 98). Using this assumption, a modified form of the 

solution of the laminar diffusional equation by Beek and Bakker (Equa¬ 

tion 46) could be used to predict turbulent mass transfer. Intuitively 

only.the solution for short contact times could be used. 

Recalling Equation 46, the mass transfer into the laminar sublayer 

would be 

(105) 

where = average velocity through the laminar sublayers 1/2 vQ 

f\T0 = velocity at y+ = 5 

£ = thickness of the laminar sublayer. 

If there is no concentration gradient from y+ = 5 to y+ = 5+/ there must 

be an instantaneous transfer of mass across this region. Therefore, 

R (106) 

Thus the total mass transfer as predicted by the "modified straight line 

solution" is 

(107) 
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If the experimental results agree with Equation 66 and 67, then 

Deissler1 s expression for eddy viscosity is applicable in the region of 

flow. If the results do not agree, either Deissler1 s expression does 

not hold, or the condition of instanteous mixing is not satisfied at 

the inlet. It should be noted that this approach is very similar to the 

approach that Brauer (page 18) took except the Deissler expression is 

used for the limit of the straight line velocity profile and a theoretical, 

rather than empirical, expression is used for mass transfer in the rate 

controlling region. 

Modified Parabolic Solution: As discussed in the previous section on 

film flow theory, the laminar film is generally considered to have a 

parabolic velocity distribution. If turbulence in films is assumed to 

start as a turbulent zone added onto the parabolic profile as the Reynolds 

number is increased, then an equation similar to Equation 107 may be 

developed. This assumption is not too foreign from Deissler's expres¬ 

sion so the value of y+ = 26 will be taken as the edge of the parabolic 

sublayer. The mass transfer into the parabolic sublayer is analagous 

to the Pigford solution for short contact times (Equation 43): 

(108) 

where, average velocity through parabolic sublayer; 

(= 2/30)20). 

= velocity at y+ = 26. 

£>° = thickness of parabolic sublayer. 
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- penetration parameter in parabolic sublayer, 

Again assuming instaneous transfer from the interface to the parabolic 

sublayer yields 

Equation 109 will be referred to as the "modified parabolic solution. 
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SECTION III; EXPERIMENTAL APPARATUS 

Basically, the experimental apparatus consisted of an inclined 

plane over which a film of water flowed which absorbed carbon dioxide. 

The apparatus may be divided into three groups: the water system, the 

gas system, and the absorption unit. 

The water was from the Houston,Texas, water supply and was 

taken from a tap in the laboratory by ordinary garden hose. The flow 

rate was controlled by means of a double valve arrangement. The up¬ 

stream valve was a needlepoint, globe valve; the downstream valve 

was an ordinary globe valve. The flow rate was indicated by a rota¬ 

meter in the water line downstream from the globe valve . The water 

flowed from the rotameter to the water distributer in the absorption unit. 

The gas was taken from a commercial carbon dioxide cylinder and 

was substantially pure COThe regulator valve on the cylinder was 

used to control the gas delivery. The gas first flowed through an elec¬ 

trical heater. The heater was made by coiling Nichrome wire around a 

glass rod and enclosing the coil and rod in a glass tube whose inside 

diameter was slightly larger than the diameter of the coil. The gas 

traveled through the annulus thus insuring good contact and maximum 

heating. The current to the coil was regulated by an adjustable trans¬ 

former and was indicated by an ammeter. From the heater the gas 

bubbled through a bottle of water in order to saturate the carbon dioxide. 

Since the gas entered the saturator while hot, the temperature drop 

caused by the evaporation of the water was less than the temperature 
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difference of the entering gas and room temperature . The attempt to keep 

the exit temperature of the gas. above, room temperature was also affected 

by keeping the water temperature in the bubbler,<10 to l5°J3rabaveircEomus ' 

temperature. To do this, the saturator bottle was immersed in a constant 

temperature water bathrcontrolled by a vapor-mercury type thermo- 

regulator and the necessary, relay, heating coil, and stirrer. 

The gas line from the saturator to the absorption unit was insulated 

in order to control the temperature of the gas entering the unit by,the bath 

temperature and the heater current only. Since a 5 to 10°C temperature 

drop occurred between the saturator and the absorption unit, the gas would 

enter the unit saturated even if it was not when it left the saturator. A 

condensate collection bottle was used immediately: before the gas entered 

the unit and a thermometer in the condensate bottle was used to record 

the entering gas temperature . A schematic diagram of the equipment is 

shown in-Figure (1). 

The absorption unit is. shown in Figure (2). The bottom, over which 

the film, flowed, and the top were aluminum;, the sides and drain trough 

were "Plexiglas;" The water entered the distributor, which was con¬ 

structed of 3/8" OD copper tubing .extending from, the two ends of a tee 

fitting. The tubing had evenly spaced holes drilled at an angle so that 

the water was directed toward the lower rear corner of the inlet section^ . 

The water rose in the inlet, section and flowed over a distributor weir:. 

A.perforated aluminum plate,. insertedinutheiiinlfet sebtioiv aided in calming 

the disturbances in the feed water. The thin upper lip and the beveled 
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surface of the weir were carefully machined so that the water was evenly 

distributed across the plate. The water then flowed under an aluminum 

plate and entered the section of the absorption unit which contained the 

carbon dioxide. This inlet orifice served two purposes; it formed a 

liquid seal for the gas region, and it was the final attempt to evenly 

distribute the entering water. The orifice fitted into grooves in the 

sides of the unit and against the upper wall of the gas space region. 

The plate was accurately milled at the bottom edge and narrow legs 

were retained which supported the plate but were enclosed in the wall 

grooves. The thickness of the plate was 1/8" and the height was varied, 

by substituting one of the several plates whose orifice, height, i.e., 

length of legs, were 0.0250", 0.0375", 0.0500", and 0.0625", so that 

the opening height was slightly less than the expected film thickness. 

The upstream edge of the bottom of the inlet orifice was rounded to de¬ 

crease the pressure drop in the water flowing down and under the plate. 

The inlet section, as described above, was the result of several 

design attempts. In order to determine if an even film existed on the 

plate, it was necessary to measure the film thickness at many positions. 

A sled was constructed to slide along the top edge of the sides of the 

unit, when the lid was remove^. The cross-fc>iece of the sled contained 

holes, centered one inch apart, in which a micrometer head was mounted. 

Set screws in the holes kept the micrometer head steady while measure¬ 

ments were taken. Thus it was possible to measure the film thickness 

(by differences, i.e., surface reading minus the reading at the plate) 



.32 

at five positions across the plate and at any number of positions down 

the plate. 

The water flowed off the plate into the drain trough. Five drain 

tubes removed the water from the trough. The outer four drains were 

connected by a manifold arrangement. A valve in this combined drain 

was used to control the drainage rate from the unit through the four 

outer drain tubes. The central drain tube was controlled separately 

by a pinch clamp. A thermometer in the central drain line was used to 

obtain the water temperature. The drainage was collected in an exit 

water reservoir from which it was pumped to a sewer. 

The lid of the unit wascgroovsd so that it fit over the sides of the 

absorption unit. A soft rubber gasket in the groove aided in obtaining 

a gas tight fit. Strap clamps were used to securely fasten the lid of the 

unit. A thermometer mounted through the lid was used to obtain the gas 

phase temperature in the absorption unit. 

The plate was'bolted to an angle iron frame. The mounted plate . 

was surface ground to insure that the surface.was planar. The plate was 

then hand polished using very fine wet emery paper followed with wet 

crocus cloth. Most visible surface scratches were removed. The frame 

was attached to a supporting frame at the lower end of the plate by;.a 

cylindrical rod which allowed the angle of the plate to be variable. The 

upper end of the plate frame rested on the ends of threaded rods mounted 

through nuts on the supporting frame. These threaded rods were used to 

adjust the plate to any desired angle. The angle was determined by use 
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of a bevel protractor head. 
. Jl ' . A.>rO : ■' l • \ If/. U o 

For the purpose of sampling the film, 0.250" diameter holes were 

drilled in the plate in the positions, shown on Figure (2). Aluminum plugs v 

were made for these holes. The upper surface of the plugs were polished 

and the plugs were positioned so that no disturbance of the film was visi¬ 

ble at the plugged holes. To take a sample, the particular plug was 

removed and the sampling tube was inserted. 

The sampling tube, Figure (3), was made of 0.250" OD x 0.035" 

wall, stainless steel tubing. A 1/8" slot was cut in the upper end of 

the tube and the tube was positioned so that the slot faced the film as 

it flowed down the plate . The outer edges of the slot were filed so that 

a knife edge existed at either side of the slot. These edges effectively- 

divided the film so that the amount of the film meeting the slot was re¬ 

moved through the tube . To keep the gas from escaping through the tube, 

a pinch clamp on clear "Tygon". tubing attached to the lower end of the 

tube was used to control the liquid level in the tube . Windows were 

cut through the tube so that the liquid level.could be seen and thus conVo^ 

trolled. The "Tygon" tubing extended up past the windows. 

Two water manometers were attached to tubes extending .from the 

. side of the absorption unit — one at the upper end and one at the lower- 

end. These manometers were used to obtain the pressure in the absorp¬ 

tion unit. Any pressure drop down the unit indicated a gas leak. 

Any important additional apparatus used will be mentioned in 

other sections. 
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FIGURE 3: SAMPLING TUBE 
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SECTION IV: EXPERIMENTAL TECHNIQUES AND MEASUREMENTS 

FILM THICKNESS MEASUREMENTS 

The thickness of the water film was initially measured in order to 

determine the uniformity of the film. As described in the previous sec¬ 

tion, the film was measured with a micrometer head mounted in one of 

several holes in a sled supported by the sides of the absorption unit. 

Several distributor and inlet section designs were used before the final 

design — a combination of a weir and an orifice in series — was 

(68) 
developed. MacLeod ' 1 states that the orifice is the better distri¬ 

butor for a wetted-wall column. 

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

proper inliet orifice plate was inserted in the slots in the sides of the 

unit. After allowing the water to flow for several minutes, the plate was 

examined for the presence of small bubbles on the plate. If any bubbles 

were present, the plate was "dirty," either from small oxidized or 

corroded places or from the presence of foreign matter. If no bubbles 

appeared,. the water was turned off. If the surface did not remain evenly 

"wet, " the plate was "dirty." If either test showed the plate to be dirty, 

the surface was cleaned by hand polishing with wet crocus cloth. 

To measure the film, the water rate was set at a rate five to ten 

per cent above the desired rate by the globe valve and then adjusted to 

the desired rate by the needle-point globe valve. The micrometer head 

was placed in one of the five holes in the crosspiece of the sled. These 

holes were spaced one and two inches from a center hole so that it was 
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possible to measure the film over a distance of five inches across the 

plate at any desired position; along the plate. Four of the positions 

were designated at 0.24 inches upstream from each sampling position 

and three others were designated at half the distance between each pair 

of the four. These 35 positions used for the film thickness measurements, 

are shown in Table 1. The tip of the micrometer shaft was wiped dry and 

the micrometer was slowly .turned. When the tip touched the surface of 

the water — a condition easily determined visually due to the wake 

produced — the micrometer reading was recorded. The head was then 

turned until the tip barely touched the plate . This reading was recorded 

c and the difference was the film thickness. The micrometer was removed 

and the shaft dried and the measurement was repeated. If the two thick¬ 

nesses differed significantly, a third or more readings were taken. The 

micrometer head was then moved to another hole or the sled was moved 

to a new position. 

The micrometer technique for film measurements is not reliable if 

the surface of the liquid is irregular. Since one object of this investi¬ 

gation was to investigate mass transfer for films without ripples, the 

disadvantage of the micrometer technique was used to determine the 

rippling inception point. A series of measurements at any position 

which were extremely erratic, or a measurement in which the water 

touched the micrometer shaft but did not remain, indicated that the posi¬ 

tion was below the rippling inception point. When this occurred, no 

measurements were made at positions farther down the plate. The 
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temperature of the water was recorded when measuring at each position. 

'After the final design had been developed, the rotameter was cali¬ 

brated by weighing the amount of water flowing down the center-two 

inches of the plate during a specific time interval. This region was 

used rather than the total flow rate because the area of the plate of in¬ 

terest in the mass transfer study was the center — in order to eliminate 

side effects. The calibration data are shown in Appendix D. 

MASS TRANSFER MEASUREMENTS 

For mass transfer measurements, the water rate was set and the 

plate was checked for "dirtiness" as described in the preceeding para¬ 

graphs. At the start of each run (film thickness or mass transfer) the 

angle of inclination of the plate was adjusted to five degrees by using 

a bevel protractor head. The lid was clamped on the absorption unit. 

The drain valves were closed and the unit filled with water. A small 

hole in the lid near the upper end was unplugged so that the air could 

escape. The gas flow was begun and the variable transformer was ad¬ 

justed to give the desired current through the heater (usually.2.2 amps). 

The water bath temperature was regulated between 45 and 55°C. The 

gas was allowed to flow into the small gas space for a sufficient time to 

purge the inerts from the unit before the hole was plugged. 

The unit was then drained by opening the drain valves while open- 

-ing.the inlet water valves. A pressure of 2 inches HgO was maintained in 

the unit. When the unit was drained and the liquid flow had been re¬ 

adjusted to the desired rate, the drain valves were regulated so that a 
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small amount of gas was carried out of the unit through the drains. This 

caused a cocurrent flow situation but the gas may be considered stagnant 

as pointed out by Fuyita. et al.^^ who showed no effect on mass transfer 

for gas phase Reynolds numbers up to 3, 000. This gas flow was necessary 

because the inlet water rate was not absolutely constant and a sudden 

change would cause the water level in the drain trough to rise or fall, if 

no gas were being drained, and thus cause a sudden change in the unit 

pressure. 

The unit was operated for approximately 15 to 20 minutes before a 

sample was taken. This period lapsed in order to insure saturation of 

the COg with water vapor. If the gas did not enter the unit completely 

saturated, a portion of the water film would evaporate and the essentially 

stagnant gas phase would become saturated. Condensate formed on the 

sides of the unit indicated the gas was saturated at room temperature 

which was usually less than two degrees lower than the unit temperature. 

When the unit was in a steady state with respect to flow rate, pressure, 

and temperature, a sample was taken at a desired point. 

To sample the film, the plug at the desired sampling position was 

withdrawn and the sampling tube was inserted to that the slot faced up¬ 

stream. The pinch clamp on the tube was adjusted so that the liquid level 

in the tube was at the top of the window. After allowing the water to flow 

through the tube for a few minutes, a sample was received in a volumetric 

flask. Since the film thickness measurements showed that the film was 

not even across the plate,, samples were taken from two sampling holes 
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at each position down the plate „ The positions along the plate from which 

samples were taken depended on the position of the hydraulic jump near 

the entrance and the rippling inception point. These two conditions Were 

determined from the film thickness measurements . 

CHEMICAL ANALYSIS 

Discussion: In many water analysis problems it is convenient to 

consider the expression of alkalinity. Generally alkalinity may be de- 

fined v ' as the capacity of the water or water solution to neutralize 

acid. Thus alkalinity is equal to the amount of acid necessary to neu¬ 

tralize the solution ■— the solution is considered neutralized when the 

pH is equal to 4.2.. Alkalinity is due to the presence of carbonate, 

bicarbonate, and hydroxide ions. 

When a water sample contains these ions, the following chemical 

(7 2) reactions must be considered 

(D 

(2) 

(3) 

. The concentration equilibrium constants may be defined as 

Kx = (H+)(HC0“)/(H2C03) 

K2 = (H+)(C0p/(HC03) 

V = (H+)(OH-)/(H2P) = (H+)(OH~) (6) 

(5) 

(4) 

derived 

From the definition of alkalinity, A, the following equation is 

,(36) 

(A) + (H+) = (HCO“) + (CO“) + (OH") (7) 
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When (A), (HCOg), (COg), and (OH ) are expressed as milliequivalents 

per liter, me/1, and (H+) as moles per liter, mol/1, Equation 7 becomes 

' ■ (A)+ I03(H") = (HCOJ) -HCO3) H-( OH') (8) 

Combination of Equations 5, 6, and 8 yields 

(A) + I03(H+) = (HCOi)+--K^co;) + Wf 
(9) 

bt;:o (Hcor)= 
/O3 Kvw 

<Abm+)--T& 

/1 

(U+) 

(10) 

, Also, tr ppN _ a KL(HCOZ) 
(H") 

m ey^ (11) 

(OH )= »*4 <12> 

As indicated in Equation 1, the free CO2 is considered as combined 

carbonic acid. Thus (CO2) is found by 

(CQ^=a(Hyc03) me/i (13) 
' 1 ni 

The concentration: equilibrium constants, K, as defined in 

Equations 4, 5, and 6 are not constant with reppect to temperature and 

the total ionic strength of the solution. The correct equilibrium constants 

for a reaction of the type A+ B^di C+D are defined as 
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w' __ (*c)feo) 
K “ (aA)(aB) 

(14) 

whereraJis the activity of the specie. Thus the reason K‘ was used in 

Equations 9, 10, 11, 12, 13, Since the molar concentration is equal 

.to a/fr where ^ is the activity coefficient, Equation 14 becomes 

K'_f(CcycJC6tXJe) 
^ “l(cAXcJ(YA)fY6)J 

(15) 

or, 

The activity coefficients may be found by (37) 

(16) 

—103 XL=(°-5 2AA"]/(I+V^") (17) 

where z^ is the magnitude of the charge of ion i, andis the total ionic 

strength of the solution as defined by 

A ^ 

yU - <18) 

I 

where c. is the molarity of ion i. 1 

In very dilute solutions, such as encountered in the experimental 

work in this investigation, the activity coefficients are substantially 

.equal to unity and the approximation K’ = K is made with very little error. 

Thus K is used instead of K’ for the determination of the concentrations 

as shown in Equations 10, 11, 12, and 13 in this thesis. 
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Procedure: 

The total carbon dioxide in the water sample may be in the form of 

(HCOg), (COij), and (C02)free> Combination of Equations!!®, 11, and 1.3 

yields 

(
CO
XA

HC(
5)

+
^(^W

+
^

C0
-VJ'^ T(i9) 

or
-(cQ?X=|f)(tico;)+ 

or, (coJ= A+ ICfOd--^ 
H- 2-K* 

wr 
0.721 +0.733, m 

£■(»*) 

K, 
|0'3^( 21) 

Thus the total carbon dioxide concentration may be found from Equation 21 

if the alkalinity, pH, and equilibirum constants are known. 

Free CO2 is undesirable in the sample because it is easily lost in 

the handling of the sample. The amount of (C02).j:ree becomes negligible 

if the pH of the sample is greater than 8 to 8.5. Therefore a known volume 

of base (approximately 0.-1 N. NaOH) was delivered to the sample flask 

before the sample was taken. The only effect this had was on the calcu¬ 

lation of the alkalinity: 

(.Morm. Ac!cl)(Vo 1. Acid) 
(yd, Sftvw 

(22) 



(23) or A _ (f^/orm. Ac.icO(Val Ac^oO 

(Vo[ Pli&k—VoI. Base) 

The sample was received in the volumetric flask. The flask was 

stoppered (ground glass stopperis) until the analysis was made. To 

i 

analyze, the contents of the flask were transferred tp a beaker, and the 

temperature of the solution was recorded. The beaker was placed on a 

magnetic stirrer and the pH of the sample was measured using a Beckman 

"Zeromatic" pH meter. The flask was then rinsed and the rinsings were 

added to the beaker. This was not done earlier to avoid dilution effects 

on the pH. 

While stirring the sample, hydrochloric acid solution (0.050 normal) 

was added from a burette'MhileccohtiinuouslyimeajaiinLngltheppH. The titra¬ 

tion was stopped when the pH of the solution was~4.2. The volume of the 

acid was then recorded. 

With the volume of acid, the volume of base, the pH, and the 

temperature, the concentration of the sample was calculated using 

Equation 21. The K values used depended on the temperature of the solu¬ 

tion. The pH meter was regularly standardized using standard buffer 

solutions with pH values of 6.5 and 9.0. 
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SECTION V: EXPERIMENTAL RESULTS 

PRESENTATION OF RESULTS 

The primary results of this investigation are shown in Figure (4) 

and Figure (5). Figure (4) shows the film thickness plotted as £ vs Re, 

where S = 8 • anc* Re = ^ The dimensionless 

film thickness is used to alleviate the effects of temperature and angle 

of inclination. Also appearing on Figure (4) are the values of £) as 

predicted by the theories presented in Section II, and the experimental 

(32) 
results of Dukler . The theories are presented as Equations 11.84, 

11.89, 11.90, II,9:7/ ,and l II.101. 

The values of the film thickness at the points of measurement are 

shown in Table 1 in Appendix B. The film profiles, plotted as the average 

of the measured values at each position down the plate versus the distance 

down the plate, are shown in.Figure: (6) with Reynolds number as the 

parameter. A plot of the friction factor, f, defined as equal to ^ ^ . 

versus Reynolds number for the results of this investigation and for the 

(88) 
results of an investigation by Owen v ' is shown on Figure (8) in Appen¬ 

dix B. 

*3 =o > 
Figure (5) shows the mass transfer into the film, 

between the entrance and the last sample position on the plate, divided 

by the difference in the interfacial concentration and the initial concentra¬ 

tion, (C^ - C^Q), as plotted against the Reynolds number. Also shown on 

Figure (5) are the values of (—0 •) as predicted by the theories 
\ QAO / 

which were developed in Section II. The calculation of these theoretical 
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curves is shown in Appendix C . 

A plot of the mass transfer between the first sample position and 

the last sample position, divided by, the difference betweentthe inter¬ 

facial concentration and the initial concentration, (the concentration 

at sample position i,cAi) versus Re is shown on Figure (7) in Appendix 

B. The operating data and the results of the mass transfer experiments 

are shown in Tables 2, 3, and 4. 

EVALUATION OF FILM THICKNESS RESULTS 

Before any results could be computed, it was necessary to know 

the flow rate that existed when the measurements were made. The 

rotameter calibration curve (Figure 10, Appendix D) shows the curve 

through the calibration data. The flow rate was measured by collecting 

and weighing the amount of water which flowed down the center two 

inches of the plate during a certain time interval. The rotameter float 

was such that changes in temperature, and therefore viscosity, did not 

effect the volumetric flow rate. The two samples collected at each flow 

rate differed by less than 1 per cent. The smooth curve drawn through the 

data did not pass through the points at rotameter readings of 80 and 90. 

The reason that these points are not in line with the other data is possi¬ 

bly due to the appearance of the profile of the film at the end of the plate. 

A relatively large dip or rise in the profile at the center would produce 

an unrepresentative flow rate. -Therefore, the flow rates taken from the 

calibration curve were used in all calculations. 

The profiles shown in Tables 1A through 1J indicate that the film was n 
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not even across the plate in spite of the precautions and care taken in 

designing the entrance section of the unit. The maximum deviation of 

any one measurement at a position down the plate from the average at 

that position was generally.less than 10 per cent. The positions that 

had a maximum deviation greater than 10 per cent were near the entrance 

at the higher flow rates. This region was also characterized by a 

hydraulic jump phenomena as shown in Figure (6). The deviation and 

the apparent hydraulic jump were not due to the method of measuring the 

film. A minimum of two measurements were made at each measuring 

position and these differed by less than 2 to 3 per cent. Although the 

micrometer technique tends to give the maximum film thickness when 

the surface is irregular, the regions of flow in the positions measured 

in this investigation were with a film with a visually.planar interface. 

•To be sure that.the values measured were only a function of temperature 

and flow rate, the measurements at measuring point 6 for Re = 3610 were 

repeated several days after the first run was made. These check data are 

recorded in Table II . The averages at position 6 for the two runs varied 

by only 0.4 per cent. It is therefore assumed that the measured value 

at any one position is within 5 per cent of the actual value at that 

position. 

The plot of the film profile in the direction of flow, Figure (6), was 

used to calculate the equilibrium film thickness for each flow rate. The 

region over which the film was assumed to be in equilibrium was desig¬ 

nated on the plot. The upper limit of this region was the first sample 
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position not influenced by the hydraulic jump; the lower limit was the 

sampling position immediately above the "rippling inception point (RIP)" 

i..e„, the point at which ripples began to form. The RIP was determined 

with the micrometer since ripples cause an erratic spread in the measured 

film thickness at any one point. The area under the equilibrium region 

was calculated by using a planimeter and the equilibrium film thickness 

was calculated from this area. Figure (4) is the result of these measure¬ 

ments and calculations. This plot was used for the film thickness in all 

calculations of this thesis except the friction factor curve, Figure (8). 

EVALUATION OF MASS TRANSFER RESULTS 

As pointed out in the Introduction, one primary purpose of this 

investigation was to obtain mass transfer data for a system with a mini¬ 

mum of entrance effects and end effects. Thus the mass transfer to be 

measured was initially to be that between two sampling positions on the 

plate, in order to minimize the entrance and exit effects. From the film 

thickness profiles, Figure (6), it was decided that runs could be made 

at rotameter readings of 10 through 80 in which-samples could be taken 

at the first sample position,! which would not be affected by. the hydrau¬ 

lic jump. When operating the unit with a pressure of two inches of 

water, it was visually noted that a much smoother film existed and also 

that the RIP moved much farther down the plate. The reason for this is 

that the pressure caused an additional head in the inlet section which 

calmed the entering H^O. It was thus decided that runs could be made 
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at rotameter readings of 45 through 100 in which samples coul’debe taken 

at the last sample point and not be influenced by the RIP. Thus the range 

of possible operation was set at rotameter readings of 45 through 80, or 

a Reynolds Number range of approximately 1, 900 to 3,300. 

Seveniruns were then made in which two samples were taken from 

separate holes at position 1 and two similarly from position 4. The 

results of these runs are shown on Figure (7). The ordinate 

was chosen instead of j}\ 
■fe§r)' 

y=o in order to eliminate the effect of 

changing initial concentration. As shown on the figure, the results fell 

below the region predicted by the molecular diffusion controlling theories 

instead of in the region of turbulent mass transfer which was expected. 

These results indicated one or both of two possibilities: the mass trans¬ 

fer was molecular diffusion controlled, and/or the sampling technique 

was in error. 

To aid in determining if the first was the case, the data were 

recalculated using the inlet water concentration as the initial concentra¬ 

tion and the distance from the inlet orifice to the last sample position 

as the length L. These results are shown as the circled points on 

Figure (5). The spread or erratic positioning of the data was greatly 

improved ( or reduced) by this change in calculation. The reason for 

using the inlet water as the initial point is that there is no concentra¬ 

tion gradient at that position and the concentration driving force for 

molecular diffusion controlled transfer is the initial concentration. 

■Thus (C^ - Cp is the incorrect driving force; (C^ - CQ) is the correct 



51 

driving force. The incorrectness of the driving force term in the calcula¬ 

tion wais not the only, reason for the extreme spread in the data on Figure 

(5). As seen in Table 4, the deviation in the two samples at position 1 

for runs 3 through 7 was much greater than the deviation between the 

two samples at position 4 . Recalling the data on Tables 1A through 1J, it i 

it is seen that the deviation in film thickness at measuring position 1 (the 

nearest to sampling position 1) is larger than at any .other position above 

the RIP. The contact time of the surface of the liquid reaching-the two 

separate sampling holes at position 1 will be approximately the same; 

thus the amount of gas absorbed will be about the same. But if one hole 

draws off more sample (per unit time) due to a thicker film, then the con¬ 

centration of the first will be less than the second. The position of the 

data in Figure (5) indicates that this deviation in the concentrations at 

sample position 1 caused some of the .scatter and not the relative position 

on the graph. It should be noted that the two samples at position 1 of 

Run 2 were both from the same hole and had approximately the same 

concentration. 

•The sampling technique was initially the subject of much study. 

No literature reference could be found concerning any attempt to sample 

from a film of liquid on an inclined plate or wetted-wall column. The 

inside diameter of the sampling tube and the width of the slot are closely 

related. Assuming that the resistance of the tube on the draining sample 

equals the pressure difference from the unit to the atmosphere, the velo¬ 

city of the sample as it drains should be less than the velocity of the 
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liquid entering the slot, while maintaining equal volumetric flow rates. 

Thus the area of the slot which the liquid film meets should be less than 

the cross-sectional area of the tube. The width of the slot is critical to 

some degree in that a very narrow slot will produce relatively large dis¬ 

turbances in the liquid as it enters the slot. The sampling tube used 

was 0.250" ODX 0.180" ID with an 1/8" slot, Figure (3). 

Possible errors in the sample taken would be due to the following 

reasons: (1) the disturbances by the tube would increase the mass trans¬ 

fer immediately in front of the tube, (2) the tube would divert part of the 

film and take the sample mainly.from the top, middle, or bottom of the 

film, (3) the gas contacting the liquid while it is in the sampling tube 

would be absorbed thus adding an unknown amount to the contact time, 

and (4) the gas could desorb to the surroundings of the sample. 

The importance of the first effect was eliminated because a greater 

than actual concentration in the sample at position 4 would increase the 

calculated mass transfer rate but the rate was found to equal the lowest 

predicted rate. Thus the small indentations noticed in the surface of 

the film immediately in front of the tubes was assumed to have no effect 

on the mass transfer rate. The third possible effect was minimized by 

keeping a constant level in the tube, equal for each sample at each 

flow rate. Thus an increase in the mass transfer rate due to this effect 

would be negligible for the same reason as the first effect due to the 

position of the experimental mass transfer rates with respect to the 

theoretical prediction. 
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The second and fourth possible effects would both result in lower 

than actual mass transfer rates. The concentration gradient should be 

decreasing as the liquid approaches the end of the plate. Thus a sample 

taken from the drain which was properly, isolated from the gas without 

end effects, would be only slightly.greater than the sample at position 

4. A baffle was constructed in the center drain trough (see Figure (2)) 

which effectively isolated the gas from the liquid as it left the plate 

and which produced only a little more disturbance than the tube. These 

drain concentrations (which are nearly actual bulk concentrations at the 

end of the plate) compared very favorably with the samples at position 

4 (see Runs 8 through 16 on Table 4). The drain concentrations for Runs 3 

through 6 were discarded since very little care was taken to obtain dis¬ 

turbance free conditions. The previous discussion indicates that the 

sampling technique developed gave actual concentrations at the particular 

position; on the plate. 

The possibility of desorption of the CC>2 from the sample becomes 

negligible if the pH of the sample is greater than 8.5, i.e., when there 

is no free CO2 in the sample. For this reason, a small volume of NaOH 

solution was added to the sample flask before the sample was taken. 

This procedure is explained in Section IV. This technique was not used 

on Run 1, therefore the results of that run have been discarded. The 

accuracy of the chemical analysis is believed to be sufficient since any 

two inlet samples taken on the same day had the same calculated 

concentrations. 
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From the previous discussion it is concluded that the calculated 

mass transfer rates were the actual rates taking place in the absorption 

unit* 



55 

SECTION VI: DISCUSSION OF RESULTS 

FILM THICKNESS RESULTS 

A comparison of the results of this investigation with the various 

film thickness theories is shown in Figure (4). The bottom curve is the 

dimensionless film thickness, & , as predicted by the laminar theory 

(7 I) 
of Nusselt v ' as expressed in Equation 11.84. 

The next two curves are those predicted by the two forms of the 

1/7-Power Law, Equations 11.89 and 11.90. It should be noted that these 

equations were developed as empirical relationships from friction factor 

data for flow in pipes. The next two equations, von Karman's^^ 

(Equation 11.97) and Deissler's (28)(29) (Equation II. 101) were developed 

for pipe flow but with a more theoretical basis — the concept of an "eddy 

viscosity." 

The top line on the graph is a straight line showing the general 

(32)(33) 
trend of the data of Dukler . The next to top line on the graph is 

the results of this investigation. Thus the experimental film thicknesses 

are substantially above the theoretical thicknesses but below the best 

available experimental data. The decision as to whether the film in this 

investigation was laminar, transitional, or turbulent will not be made 

before the theories and other data are discussed. 

The immediate conclusion from the comparison of the data and 

Nusselt's equation is that the film was not laminar. This conclusion 

is not valid when the following discussion is considered. A film flowing 
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on an inclined plate (or a wetted-wall column with a large diameter) is 

effected by a shear force according to 

~J%t= e3Sin9 °*j d) 

In the development of the Nusselt equation the following boundary 

conditions were used. 

(1) @ y = 0 (at the wall), 7*z= 7^w (2) 

(2) @ y = 5 (at the free interface), 'TXJT 0 (3) 

The only situation in which the second boundary condition is met is the 

case of the gas velocity equaling the liquid velocity at the interface — 

not because of momentum across the interface but because of forces on 

each stream causing their respective flow. If the second condition is 

changed to 

(2) @ y = 8 . (4) 

whereri 77. *s t^e momentum transfer to or across the free interface and 

is not necessarily only, shear in its usual connotation as a shear force, 

the following derivation is evolved. Intergration of Equation 1 yields 

-rxr= e3s.ne;j +i, (5) 

°r —Xa.= S3s'n 9(y~&) + 'ti (6) 

With the assumption of laminar flow, 

r 
J 

(7) 

with AJi=o @ 3=0 (■<) 

nrz=nrs @ 3=^ 
with 
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or ht 1M +(• dj (8) 

with the boundary condition f\Tz =0 . @ y = D < » 
Integration of (8) yields 

^5. 1 czrJ<u 

1 (9) 

where I- >0 (10) 

If A^a.v'g -L{V,o(y (11) 

then 
f 63 Sin . >/ 4^ (12) 

or (■ Sin 
S' %*- ?)- -m (13) 

or = (ft) is* (14) 

At any .constant flow rate, is a constant no matter what the 

value of ^ is. Letting ^ = 0 (the assumption in the derivation of 

the laminar flow equation) yields 

(&*w3) = (|f^) So 

where 50 
is the thickness at the flow rate ( when ^ 

is zero. Substitution of Equation 14 into Equation 13 yields 

(16) 



58 

Therefore for ^>0 , 5 will be greater than £,0 ; for ^<.0, will be 

less than So • This is shown in the following drawing. 

(a) lb) (c) 

Thus the film thickness could be greater than that predicted by the laminar 

flow theory, for a streamline flowing film if an interfacial shear exists at 

the surface. In the experimental measurements, the gas phase was essen¬ 

tially stagnant, so some interfacial shear, or momentum transfer, did exist. 

Visually .the film did not have the characteristic appearance of 

turbulent flow. Except.for occasional waves at the higher flow rates and 

disturbances due to the insufficient inlet distribution, the film had a 

reflective, glass-like surface. 

As pointed out in the first paragraph, the experimental data indi¬ 

cated thicker films, i.e., lower average velocity, than the theories of 

von Karman and Deissler. The derivations of their equations were ori¬ 

ginally for pipe flow. The modifications for application to film flow 

only involved the changing of film thickness for the pipe radius, and 

distance from the wall in the film for the distance from the wall in a 

(o O) 
pip'e‘.:r This conversion was followed by Dukler and Bergelinw 7 and 

(31) Dukler . If the shear at the gas-liquid interface is assumed equal 

to zero, as is the case at the center of a pipe, the equations are not 

applicable to film flow even from a theoretical point of view. 



From Equation 1 and the boundary condition that 

'Vi = 0 @ y = S yields 

— Tyz = ($ 3 s}« 0)(y- &) 

With the eddy viscosity concept, 

t*=0+£)^ 

or 
£3 sfn& 

+L t 6-3 

Introducing.the dimensionless parameters, 

AT + _ 

(17) 

(18) 

(19) 

yields 

(20) 

, Equation 20 

(21) 

(22) 

In the laminar region, £. = 0, therefore 
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Integration of Equation 23 yields 

v+= y+_ y+2/2 5 + (24) 

Thus the form of the velocity distribution within a thin film. This form 
i 

should be compared with the equations of von Karman and Deissler 

(Equation 11.91 and 11.98) for the laminar velocity distribution: 

v+ = y+ (25) 

The velocity at the interface according to Equations 24 and 25 is 

> v.+ =[l/2)S+ (24A) 

and 
+cP

 

II 
+ 

-1—
1 

> (25A). 

If this change was made for the laminar velocity distribution in 

von Karman's and Deissler's equations, the film thickness would be 

larger for any one flow rate than predicted by the modified pipe equa¬ 

tions and would be closer to the experimental values. Schlinger and 

(7 8) Sagev ' have shown that a universal velocity distribution is not unique 

for rectangular .conduits for Reynolds Numbers less than 10, 000. Actual 

use of the equations using Equation 24 could not be made until the 

transition region limits are established and then only if the momentum 

(31) transfer at the interface is known to be equal to zero. Dukler math¬ 

ematically treats the cases of negative shear at the interface using 

Deissler's equations. 

Since the 1/7-Power Laws were developed for pipe flow exclu¬ 

sively, the data indicate that they will not predict film thicknesses 

(7 6) although Robertson and Rouse ' ' have used these equations for thick¬ 

ness predictions in open channel flow . The basis for these equations 
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is an empirical formula for friction factor relations. "As will be shown in 

a later paragraph, friction factor in films depends on the relative magni¬ 

tude of the shear at the free interface, which is not a factor in pipe flow. 

The data taken by Dukler ^2) are m0st reliable film thickness 

data reported in the literature. The capacitometer technique is definitely 

the best method for taking film thickness measurements. Since Dukler's 

data are the RMS average film thickness as read from an oscilloscope, 

the arithmetic average would be slightly lower than the curve on the 

graph. This correction would not significantly effect the line drawn 

through his data. Since the data using a micrometer can only be equal 

to or greater than the actual film thickness, the true film thicknesses of 

this investigation were lower than Dukler1 s results. Dukler used a verti¬ 

cal flat plate to produce hisi film. All of his measurements were beyond 

the rippling inception point. Assuming that the surface of his plafa was 

not significantly different from the surface of the plate in this investiga¬ 

tion, the difference in g*must be due to the ripples. Energy is continu¬ 

ally absorbed by a ripple if it remains at the interface. If the energy 

comes from the liquid, the film's velocity must decrease. If the velocity 

decreases, the film must get thicker. The energy absorbed by the ripples 

would be due to momentum transfer from within the film. 

If the energy absorbed by the ripple is from shear forces acting on 

the interface from the gas phase, the film thickness would increase 

because of the same general reasons as outlined above when discussing 

the laminar theory. Either or both of the above reasons would cause a 
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thicker film than a film with a planar interface. 

In many instances, the condition of the flow of the fluid may be 

investigated by considering the friction factor, f. A usual definition 

of f is 

£ _ shear energy at the solid boundary ^ 
kinetic energy of the fluid 

For the film, flow, this is usually written as 

r _ "fry _ (s- Pi Sine s\ 
* \ ) 

(27) 

For laminar flow using Nusselt's equation, the friction factor is 

f = 24/Re (28) 

For smooth pipes, the friction factor data follows Equation 28 up to a 

Reynolds Number of 2,,100. This point has been definitely established 

as the transition to turbulence in a smooth pipe. It would seem that f 

versus Re data would show the transition point for films. In the litera- 

(73) 
ture, Owen' 7 has reported the most extensive friction factor data for 

open channel (film) flow. His data and the data from this investigation 

are shown on Figure (8) in Appendix B. Although it is not conclusive 

from the points shown on Figure (8), his data did indicate the transition 

in the region of Re = 4, 000. The data of this investigation show the 

transition for the equipment used to be in the region around Re = 3, 000. 

Several differences in the equipment and conditions of this experiment 

and that of Owen should be pointed out. Owen made no mention of 

rippling on his films while occasional ripples became noticeable in 
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this work at about a Re of 3, 000. The angle of inclination of Owen's 

channel was very small while the plate of this investigation was inclined 

at 5°. The ratio of the width of the Owen's channel to the film thickness 

was approximately 3 while in this work w/5 was several, hundred. 

If turbulence beginning at Re = 4, 000 caused the abrupt change 

in Owen's friction factor curve, then rippling and/or turbulence caused 

the change at 3, 000 in this investigation. For the reason that the fric¬ 

tion factor results were higher than Owen's, it should be pointed out 

that Owen's film thicknesses would have followed Nusselt's curve on 

Figure (4). Since the shear term in the friction factor definition is cal¬ 

culated as S 3 S;n 0 , it is postulated that friction factors 

for thin films should be calculated from Equation 6, or Tw
=(S3Slne~ 

It is assumed from this postulation that the inclusion of the shear at the 

interface in the friction factor would have produced the same curve for 

the results of this work and for the results of Owen's work. They would 

diverge when the film became ripply,or turbulent. This is not assuming 

that Owen's film had no momentum transfer across the free interface, 

but that T^waftnegligible with respect to ( & ^ S;n 0.) 

MASS TRANSFER RESULTS 

The major results of the mass transfer study are plotted on Figure (5) 

along with the various theoretical predictions, whose calculations are 

shown in Appendix C. It should be pointed out that all of the theoretical 

equations contain a film thickness term. The calculations for the 
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theoretical predictions were made using the film thickness results of this 

investigation. These results have been previously discussed and are 

shown on Figure (4). Another factor to be discussed in.conheotioriiwith 

the mass transfer calculations is the concentration at the interface, C^. 

The saturation value of CO2 in H2O was used in the calculations as the 

concentration at the interface. This assumption has been substantiated 

experimentally by Scriven and Pigford (?9) and Matsuyama The 

diffusivity of the CO2 in water has been the subject of several works 

which produced varied values. The data of Davidson and Cullen waS: 

used because it seemed to be the most reliable. 

As seen from Figure (5), the experimental data fell in the region 

predicted by the three theories which assume laminar or streamline flow. 

These three theories are developed in Section II but the major differences 

(74) will be restated. Pigford1 s solution to the molecular diffusion con¬ 

trolling, mass transfer equation is based on the assumption that the liquid 

velocity is constant and equal to the surface velocity of the parabolic 

velocity profile. Hatta's solution is also based on a parabolic velo¬ 

city profile except the velocity effecting the mass transfer is taken to be 

the average velocity, i.e., two-thirds of the surface velocity; Beek and 

(4) Bakker assume a straight-line velocity profile where the average velo¬ 

city, is one-half the surface velocity. Because of the spread of the data, 

it is impossible to conclude which theory predicted the results, but from 

the position of the data it can be concluded that the mass transfer was 

molecular diffusion controlled. For Re greater than approximately 3, 000, 

the data appears to be diverging from the streamline flow theories. 
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As has been pointed out in a previous discussion of the friction factor 

results, occasional roll waves became visually apparent in the region of 

Re = 3,000* 

From the above conclusion of molecular diffusion controlled transfer, 

it is necessary to again discuss the conditions in the liquid film. Two 

possibilities exist: the film was laminar throughout, or the bulk of the 

film was turbulent but a thin streamline layer of liquid existed at the free 

surface. The latter possibility is the basis of Higbie's and Danck- 

(25) wert's penetration theories, discussed in Section II, in which they 

consider elements of this laminar layer to be replaced by elements from 

within the turbulent film. Since it was shown in Section II that Higbie's 

theory is the same as Pigford's solution if the surface is not renewed, 

then the renewal factor in Danckwert's equation, Equation 11.70, must be 

larger than the reciprocal of the contact time of the surface of the film in 

the experimental work because the results followed Pigford1 s solution. 

If the bulk of the film is turbulent, the turbulence must be damped to 

provide a streamline layer at the surface. The only source for this damp¬ 

ing is the shear force at the free interface. Intuitively the shear at the 

solid interface would be greater than the shear at the free interface, thus 

a laminar sublayer would exist at the solid interface if a laminar layer 

existed at the free interface. To disprove the assumption of the laminar 

sublayer would disprove the assumption mi. a laminar layer at the free 

surface. Hanratty cites the work of Fage and Townend^^ who 

visually observed the motion of particles near the wall in a turbulent-flow 
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stream using an ultra-microscope, and the work of Lin, Moulton, and 

(65) Putnam , who measured the concentration profiles near a solid bound¬ 

ary in a turbulent-flow stream,. to disprove the laminar sublayer theory. 

From the above discussion it would seem, though not conclusively, that 

the flow encountered in most of the range of the experimental results 

consisted of a streamline velocity distribution throughout the stream. 

The region above Re = 3, 000 indicated a divergence from the stream¬ 

line theories of mass transfer and friction factor. The possibility that 

this divergence was caused by the visually observed rippling, or by a 

transition to turbulence, or by a combination or interrelation of both 

should be considered. The effects of rippling on mass transfer have been 

noticed by many investigators for liquid film Reynolds Number as low as 

25. Rippling film flow in the normally laminar range has been designated 

in the literature as the “paeudo)-laminar" region. The several fold in¬ 

creases in mass-transfer in rippling flow over the laminar theory predic¬ 

tions have been attributed by several investigators as the result of the 

increased surface area. The work of Tailby and Portalski has shown 

that rippling at Re = 3, 000 for vertical film flow increases the surface 

area by only 60 per cent. Thus the rippling must cause turbulent type 

mixing in the film. The following literature examples are cited in order 

to decide upon the behavior of ripples in a film. 

Emmert and Pigford ^4) studied mass transfer to a film for Re—1200 

in which a wetting agent had been added to retard ripples. They found 

that the mass transfer results agreed to within 5 bo 25 per cent with laminar 
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(39) predictions. Friedman and Miller 1 ' made film measurements by 

liquid hold-up. They concluded that the "pseudo-streamline" region-. - 

exists for 25 — Re —1500. Lynn, Straatemeir, and Kramersalso made 

mass transfer studies with a liquid to which a wetting agent, had been 

added to retard ripples. Their results, to a Re of 1, 300, were predicted 

by Higbie's theory. In addition they made mass transfer measurements 

with very short wetted-wall columns, in which ripples had not formed 

and obtained the same conclusion. 

(41) Golante studied mass transfer to a film flowing in a channel 

inclined at 5° and at 10°. He states that his results follow Equation 
/ ro \ 

II. 10 as solved by Levsqjuffl' . Leveque's solution involves the assump- 

(42) tion of laminar, plug-flow. Goulias found that five regions of mass 

transfer behavior existed from his studies with a wetted-wall column. 

The major, transitions were: at Re<. 400, laminar flow prevailed, at 

400 < Re < 2,100, rippling flow prevailed, and at Re> 2,100, rippling 

and/or turbulent flow was indicated. Collins v ' studied mass transfer 

in wetted-wall columns with cocurrent and countercurrent gas flow and 

obtained five reghans of behavior similar to Goulias. 

(81) Stirba and Hurt ' ' measured the mass transfer from the solid 

interface of a wetted-wall column to a rippling film for 300 — Re ^ 5, 000. 

They found that the mass transfer for the entire flow range was several 

times greater than that as predicted by laminar flow theories. This con¬ 

clusion indicates that ripples, for Re as low as 300, cause turbulence 

or mixing through the entire film. This would also indicate that the 
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proposed "modified straight line model" and the "modified parabolic 

model, " as developed in Section II, are physically incorrect if waves 

are present,, Their application to turbulent films without waves has 

tion of CO 2 by water ilowinjj in a wetted-wall column for a liquid flow 

range of 100 — Re — 2, 000. With the rippling film, they report results 

that are 2.9 times the rate as predicted by Pigford's solution. 

The above examples do not show when turbulence, according to 

the classical definition of random movement within the film, forms; shay 

do show the extremely varying mass transfer results obtained in films 

with and without ripples which are similar to those expected from two 

films with laminar or turbulent flow respectively. In order to make a 

graphical comparison between the results of this investigation with the 

results of an investigation which had rippling or wavy flow, the data of 

Kamei and Oishi ^6) was selected. Their data was taken on a wetted- 

wall column using the system of CC>2 absorption in water. The length of 

their column was 250 cm. Due to the length of their column being signi¬ 

ficantly longer than the length over which mass transfer was studied in 

this work (53.95 cm.), it was necessary to change the ordinant on the 

This form is independent of L in the laminar equations of Pigford and 

Hatta (Equation 11.43 and 11.44). The data of Kamei and Oishi are thus 

shown on Figure @ along with the results of this investigation. It is seen 

that Kamei and Oishi's results are ten times greater than the results of 

not been disproven, however. Fuyita, etal., 
(40) 

measured the absorp- 

mass transfer graph from 
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this work.. This comparison emphasizes the significance of rippling in 

mass transfer to thin liquid films. 

(14) 
Kamei and Oishi's data was used by Brauer ' s in order to determine 

the value of the velocity at the laminar sublayer in Equation 11.82. He 

also used the wetted-wall column film thickness data of Friedman and 

(39) Miller ' in the development of Equation 11.82. The disadvantage of 

using the empirical formula of the type of Equation 11.82 to predict mass 

transfer results stems from the varying film thickness, friction factor, 

and surface appearance encountered with each particular type of absorp¬ 

tion unit used. Belkin, et al. state that in their wetted-wall column, 

fluctuations in the constant head tanks, used to supply the water to 

their unit, caused changes in the film thickness on the column wall. 

It is felt that disturbances in the inlet section of the absorption unit 

used in this investigation caused the ripples in the flow at Re = 3, 000. 

Thus it is concluded that the transition indicated at Re = 3,000 in the 

friction factor curve, Figure (8), and in the mass transfer curve, Figure (5), 

was not a transition from laminar to turbulent flow, but the transition 

between streamline flow and wavy flow. 
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SECTION VII: CONCLUSIONS 

From the results of this experimental investigation the following 

conclusions are made: 

1. The experimental film thickness results indicate that the 

existing laminar or turbulent theories predict film thick¬ 

nesses that are significantly lower than the actual values 

in the region 1, 400— Re — 4,000. 

2. The thickness of a film with a planar interface is slightly 

less than a film with a wavy interface because the waves 

absorb momentum from within the film. 

.3. The film produced in this study probaMyi.hald:a 'strearn'liine 

velocity distribution. The form of this distribution could 

not be determined although investigations presently being 

carried out at Rice University indicate a parabolic form with 

the maximum velocity occurring at a point inside the film. 

(See Diagram (a) on Page 58). 

4. Friction factors calculated from experimental results will 

show, when momentum transfer across the free interface of 

a thin liquid film becomes feigMificaat. 

5. Momentum may be transferred from a streamline liquid film 

to the adjacent gas without resulting in ripple formation but 

resulting with a decrease in the average velocity and there¬ 

fore an increase in the film thickness. 
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6. The mass transfer to a film with a planar interface is molecular 

diffusion controlled for the region 1,900^ Re— 3, 300. This 

mass transfer may be predicted by the solutions of Fick's 

Second Law of Diffusion as developed by Pigford 

Hatta (49): 

(74) or 

7. From comparison with other investigators, it is concluded 

that ripples at the free interface can cause a mixing action 

or a turbulent type state through the entire film. This mixing 

or turbulence causes: mass transfer rates many times greater 

than theoretical predictions based on laminar flow. 

8. The mass transfer results did not indicate a transition to 

turbulence for a liquid film Reynolds Number as high as 

3,300. 

9. By means of a slottedt’ube inserted through the plate and into 

the liquid film, it is possible to obtain an accurate bulk 

concentration at that point on the plate. 

Future work in film dynamics and mass transfer to liquid films is 

suggested in order to gain a better understanding of the factors causing 

the behavior of liquid films. 

1. Ah Apparatus: Sihbuldibe'designed isimilar; to the one used in 

this investigation in order to obtain mass transfer rates at 

higher Reynolds Numbers. To produce ripple free films, it 

would be necessary to design a long inlet section to serve 
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as a calming area for the entering water. It is suggested that 

a constant head tank be used for the feed water in order to 

reduce fluctuations in the entering flow rate and thus reduce 

disturbances. 

2. Film thickness measurements should be made at these higher 

Reynolds Numbers. The capacitometer technique should be 

used for these measurements. 



APPENDIX A 

SYMBOLS AND NOMENCLATURE 
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A 

a 

a 

ai 

CA,B 

C+ 

'A 

'Al 

'A2 

Ci 

J3 

J9 

AB 

(*) 
AB 

E 

E* 

£ 

f 

3 

K 

K 
/ 

SYMBOLS AND NOMENCLATURE 

Total alkalinity. 

Slope of straight line velocity profile. 

Fraction of film thickness. 

Activity, of specie i. 

Concentration of component A or B. 

Dimensionless concentration (Equation II. 62). 

Time averaged concentration (= C^— C^). 

Concentration fluctuations due to turbulence. 

Bulk concentration at inlet or at sample position 1. 

Bulk concentration at z =L. 

Concentration at the gas-liquid interface. 

Diffusivity of component A in component B. 

Turbulent diffusivity. 

Pipe diameter. 

Absorption efficiency, defined as f^Aa'— v ~ cAl r 
Absorption efficiency in laminar sublayer (Equation II .65). 

Eddy diffusivity (variously defined). 

Fanning friction factor (Equation 11.103). 

Gravitational acceleration . 

Molar flux of A relative to mass average velocity. 

Turbulent molar flux of A relative to mass average velocity. 

Concentration equilibrium constant. 

Equilibrium constant, defined by Equation IV. 14. 
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kL Liquid phase mass transfer coefficient (variously defined) 

L Distance down plate in z-direction. 

Empirical constant (Equation 11.55). 

m Finite difference step in y-direction (Equation 11.60). 

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

NAy y=0 
Molar flux of A across gas-liquid interface. 

n Empirical constant (Equation 11.57). 

n Finite difference step in z-direction (Equation 11.60). 

RR Rotameter Reading 

s Surface renewal factor (Equation 11.70). 

^X( y, z Liquid velocity in x, y, or z direction. 

Reference velocity defined as\/^o/9 . 

rv-+ Dimensionless velocity defined as . 

os' Velocity at edge of laminar sublayer (Equation 11.79). 

Nr' Velocity fluctuations due to turbulence. 

AT Time average velocity /IT). 

^avg 

AT* ' avg 

^avg 

Average velocity through film. 

Average velocity through laminar sublayer. 

Average velocity through laminar and buffer sublayers. 

or0 Velocity at edge of laminar sublayer (Equation 11.65). 

Aj”3 Velocity at surface of liquid. 

XA Mole fraction of A. 

X Rectangular coordinate across plate. 

XF Effective film thickness (Equation 11.68). 



Rectangular coordinate into fluid. 

Dimensionless distance into fluid = or = 
9 

_ < 

Distance into fluid in laminar sublayer. 

Rectangular coordinate along plate. 

Magnitude of charge of ion i (Equation IV. 17). 

Coefficient in Equation II. 60. 

Coefficient in Equation II. 60. 

Activity coefficient of specie i (Equation IV. 15). 

Coefficient in Equation 11.60. 

Film thickness. 

Thickness of laminar sublayer in Equation II. 79 . 

Thickness of laminar sublayer in Equation 11.65. 

Thickness of laminar and buffer sublayers in Equation 11.108 
and II. 109. 

Dimensionless film thickness =   , 

Dimensionless film thickness= (6*r 
Coefficient in Equation II. 60. 

Penetration parameter = 

Penetration parameter in laminar and buffer sublayers 

Penetration parameter in laminar sublayers. 

Angle of inclination of plate. 

• Average contact time of film = 

Contact time of surface of film 



Empirical constant in Equation 11.56. 

Km Coefficient in Equation II. 60. 

X Frictional resistance in Equation 11.85. 

/*■ Viscosity of liquid phase. 

/*.i Total ionic strength of solution (Equation IV. 18). 

)> Kinematic viscosity ( =/*/$ ) 

e Density of liquid phase. 

d m Coefficient in Equation II. 60. 

r o °r^w Shear at the liquid-solid interface. 

ti 
Shear at the free interface. 

/ V 

Re Film flow Reynolds Number — PA SAla-Arft j 

Re/ Modified Reynolds Number 

Sc Schmidt Number ( = 



APPENDIX B 

EXPERIMENTAL DATA AND RESULTS 
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TABLE 1A: FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 10 

Water Temp. (°C) = 26.5 

Orifice Height = 0.0250” 

Reynolds Number = 528 

Position 
S^cross 
Down''—^ A B C D E Avg. 

Max. Dev. 
from Avg. 

1 ;0329 .0316 ,0285 .0291 .0286 0.0301 10.0% 

2 .>0322 .0308 .0304 .0308 .0317 0.0312 5.1% 

3 / / / /Rippling Inception Point / / / / 

4 

5 

6 

7 

AVERAGE EQUILIBRIUM FILM THICKNESS NOT CALCULATED 

Note: Position C is at center of plate; B and D are l" from C; 
A and E are 2" from C. 

Position 1 is 3M from the inlet orifice; 2, 3, 4, 5, 6, 
and 7 are each 3,f apart. 
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TABLE IB: FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 20 

Water Temp. (°C) =26.7 

Orifice Height = 0.0250” 

Reynold^ Number = 979 

Position 
■^Across 
DOWIN^ A B C D E Avg. 

Malx^ Dev' 
from Avg 

1 .0386 .0414 .0394 .0388 .>0394 .0395 5.1% 

2 .0396 .0379 .0383 .0391 .0390 .0388 3.6% 

3 .0410 ' .0424 .0394 .0410 .0414 .0411 4.6% 

/ / /, / Rippling Inception Point / / / / 

5 

6 

7 

AVERAGE EQUILIBRIUM FILM THICKNESS = .0398” 
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TABLE 1C: FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 30 

Water Temp. (°C) = 26.6 

Orifice Height = 0.0250" 

Reynolds Number =? 1,409 

Position 
S^cross 
Down^^ A B C D E Avg. 

Max. Dev. 
from Avg. 

1 .0416 .0450 .0436 .0440 .0409 .0430 5.3% 

2 .0438 .0423 .0434 .0444 .0424 .0433 3.5% 

3 
jr 

.0451 .0442 .0444 .0453 .0464 .0451 3.8% 

/ / / / Rippling Inception Point / / / / 

5 

6 

7 

AVERAGE EQUILIBRIUM FILM THICKNESS = .0439" 



TABLE ID: FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 40 

Water Temp. (°C) =27.1 

Orifice Height = 0.0375" 

Reynolds Number = 1,819 

Position 
VAcross 
Down A B C 

1 .0514 .0521 .0539 

2 .0490 .0502 .0520 

3 .0494 .0522 .0488 

4 .0410 .0522 .0491 

/ / / / Rippling 
5 

D E Avg. 
Max. Dev. 
from Avg. 

.0564 .0496 .0527 7.6% 

.0509 .0490 .0502 4.0% 

.0493 .0492 .0498 5.2% 

.0510 .0496 .0506 3.2% 

Inception Point / / / / 

6 

7 

AVERAGE EQUILIBRIUM FILM THICKNESS = .0506 



TABLE IE: FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 50 

Water Temp. (?C) =26.6 

Orifice Height = 0.0375” 

Reynolds Number = 2,196 

Position 
N^cross 
Down^^ A B c D E Avg. 

Max. Dev. 
from Avg. 

1 .0588 .0586 .0604 .0551 .0505 .0561 10.2% 

2 .0520 .0566 .0564 .0560 .0506 .0543 7.9% 

3 .0516 .0530 .0540 .0512 .0504 .0521 4.4% 

4 .0541 .0513 .0514 .0508 .0561 .0527 7.2% 

5 .0538 .0516 .0522 .0550 .0534 .0532 3.8% 

/ / / / Rippling Inception Point / / / / 

7 

AVERAGE EQUILIBRIUM FILM THICKNESS = .0535" 
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TABLE IF: FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 60 

Water Temp. (°C) =26.8 

Orifice Height = 0.0500 

Reynolds Number = 2,581 

Position 
V^cross 
DOWIN^ A B c D E Avg. 

Max. Dev. 
from Avg. 

1 .0632 .0650 .0698 .0708 .0590 .0656 10.5% 

2 .0565 .0644 .0645 .0626 .0602 .0616 8.3% 

3 .0584 .0564 .0649 .0574 .0624 .0599 9.3% 

4 .0598 .0582 .0574 .0568 .0586 .0581 3.6% 

5 .0590 .0595 .0570 .0598 .0615 .0594 4.7% 

6 .0610 .0574 .0605 .0626 .0615 .0606 5.9% 

7 
/ / / / Rippling Inception Point / / / / 

AVERAGE EQUILIBRIUM FILM THICKNESS = .0589" 
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TABLE 1G: FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 70 

Water Temp. (°C) = 26.7 

Orifice Height = 0.0500 

Reynolds Number = 2,929 

Position 
V^cross 
DOWINV^ A B C D E Avg. 

Max. Dev. 
from Avg. 

1 .0676 .0728 .0797 .0764 .0642 .0721 11.0% 

2 .0572 .0752 .0748 .0728 .0579 .0676 15.7% 

3 .0619 .0675 .0702 .0652 .0659 .0661 7.3% 

4. .0652 .0642 .0668 .0644 .0644 .0650 2.9% 

5 .0669 .0628 .0606 .0658 .0608 .0639 5.9% 

6 .0606 .0654 .0624 .0640 .0674 .0640 6.2% 

7 .0658 .0650 .0636 .0640 .0654 .0648 2.3% 

AVERAGE EQUILIBRIUM FILM THICKNESS = .0647” 
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Table 1H: FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 80 

Water Temp. (°C) =26.9 

Orifice Height = 0.0500 

Reynolds Number = 3,295 

Position 
S^cross 
DownS^ A B C D E Avg. 

Max. Dev 
from Avg 

1 .0672 .0776 .0859 .0826 .0595 .0745 20.3% 

2 .0586 .0782 .0804 .0758 .0578 ,0702 18.4% 

3 .0612 .0758 .0786 .0734 .0656 .0709 14.2% 

4 .0694 .0728 .0758 .0723 .0708 .0722 5.7% 

5 .0733 .0702 .0708 .0734 ,0752 .0726 4.1% 

6 .0746 .0712 .0677 .0738 .0714 .0717 6.7% 

7 .0753 .0698 .0670 .0714 .0745 .0716 7.3% 

AVERAGE EQUILIBRIUM FILM THICKNESS = .0722” 
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TABLE II: FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 90 

Water Temp. (°C) = 26.8 

Orifice Height = 0.0625 

Reynolds Number 3,611 

Position 

V^cross 
DownN^ A B C D E Avg. 

Max. Dev. 

from Avg. 

1 .0757 .0876 .1008 .0947 .0734 .0864 17.4% 

2 .0664 .0860 .0928 .0902 .0725 .0816 18.6% 

3 .0736 .0780 .0896 .0814 .0820 .0809 11.2% 

4 .0694 .0710 .0773 .0749 .0850 .0755 13.2% 

5 .0774 .0740 .0721 .0750 .0846 .0766 11.0% 

6 
.0780 

. 0768* 

.0744 

.0738* 

.0712 

. 0722* 

.0796 

. 0836* 
.0799 
.0782* 

.0766 

.0769* 

8.5% 

9.5%* 

7 .0769 .0736 .0720 .0804 .0779 .0762 6.7% 

*/ResUltS ftorii measurements made at a different time. 

AVERAGE EQUILIBRIUM FILM THICKNESS = .0769" 
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TABLE 1J: FILM THICKNESS MEASUREMENTS 

Rotameter Reading = 100 

Water Temp. (°C) =26.7 

Orifice Height = 0.0625 

Reynolds Number = 3,919 

Position 
V^cross 
DOWINS^ A B C D E Avg. 

Max. Dev. 
from Avg. 

1 .0674 .0740 . 1141 .0914 .0672 .0828 41.1% 

2 .0684 .0972 .1006 .0922 .0634 .0844 25.4% 

3 .0735 .0858 .0911 .0838 .0822 .0833 12.1% 

4 .0800 .0814 .0858 .0822 .0864 .0831 4.5% 

5 .0826 .0794 .0774 .0814 .0868 .0815 6.9% 

6 .0826 .0814 .0737 .0833 .0844 .0811 9.5% 

7 .0842 .0804 .0782 .0816 .0846 .0818 

  n 

5.0% 

AVERAQE EQUILIBRIUM FILM THICKNESS = .0822" 
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TABLE 2: CALCULATED MASS TRANSFER RESULTS 

Run Reynolds 
Average CO2 Cone. 
(gmol/ml X 106) 

Li—4 LO-4 Nyso/(Cj[— CQJ 
(gmol/ml X 103) 

No. Number _2o_ _c4_ _2D_ (in) (in) 1-4 0-4 

1 2548 3.51 4.86 5.57 18.00 21.24  (a) 

2 2926 3 * 78 4.43 4.68 — 18.00 21.24 1.29 3.83(e) 

3 3242 3.68 4.52 5.05 — 18.00 21.24 3.02 6.41(e) 

4 2168 3.86 4.42 5.02 — 18.00 21.24 2.27 3.64(b> 

5 2728 3.60 4.43 4.81 — 18.00 21.24 1.82 4.76(b) 

6 3081 3.68 4.95 5.19 — 18.00 21.24 1.32 6.72^d* 

7 2906 — 4.36 4.80 — 18.00 21.24 2.24  (e) 

8 1951 3.63 — 5.08 5.08 18.00 21.24 — 4.03(c) 

9 2141 3.63 4.93 5.03 18.00 21.24 — 3.98^ 

10 2330 3.64 — 4.76 4.94 18.00 21.24 — 3.73(b) 

11 2330 3.70 — 4.78 4.96 18.00 21.24 — 3.61(b) 

12 2517 3.70 5.02 5.10 18.00 .21.24 4.76^ 

13 2687 3.68 — 4.83 4.82 18.00 21.24 — 4„43(b) 

14 . 2867 3.76   4.73 4.90 18.00 21.24 — 4.00^c) 

15 3220 3.76 — 5.04 4.95 18.00 21.24 — 5.94^d) 

*NOTE: (a) Run 1 was discarded because samples were retained for twenty- 
four hours before analysis. 

(b) Runs 4, 5, 9, 10, 11, 12 and 13 had planar interface. 
(c) Runs 8 and 14 had occasional roll waves at the interface. 
(d) Runs 6, 15, and 16 had regular roll waves at the interface. 
(e) No interfacial conditions noted for Runs 2, 3, and 7. 



TABLE 3: MASS- TRANSFER EXPERIMENTAL OPERATING DATA (Averaged) 

Flow Inlet Gas 
Run Rota- Rate* Height Heater 
No. meter (ec/s) (in) (amps) 

1 60 28.22 .0500 2.2 

2 70 32.11 .0500 2.2 

3 80 35.90 .0500 2.2 

4 50 24.01 .0375 2.2 

5 65 30.14 .0500 2.2 

6 75 34.04 .0500 2.2 

7 70 . 32.11 .0500 2.2 

8 45 21.88 .0375 2.2 

9 50 24.01 .0375 2.2 

10 55 26.13 .0375 2.2 

11 55 26.13 .0500 2.2 

12 60 28.22 .0500 2.2 

13 65 30.14 .0500 2.2 

14 70 32.11 .0500 2.2 

15 75 34.04 .0500 2.2 

16 80 35.90 .0500 2.2 

Unit Conditions 
Cyl. 
Press. 
(#e) 

Bath 
Temp 
<°C) 

PressT “ 
(in Hg 
abs) 

-Water- 

(°c) 

 Gas 

<°C) 

51 29.918 26.2 25.6 

890 51 29.982 26.6 26.3 

890 48 30.214 26.2 26.1 

890 45 29.849 26.1 26.0 

895 50 29.758 26.3 26.1 

860 51 29.896 26.3 25.8 

870 52 26.3 26.3 

865 45 30.372 25.6 25.6 

845 48 30.372 25.6 25.6 

835 52 30.372 25.6 25.6 

880 49 30.351 25.6 26.0 

855 47 30.351 25.6 25.9 

845 46 30.351 25.6 25.7 

860 51 30.200 25.7 25.8 

845 50 30.200 25.9 25.8 

835 49 30.200 25.9 25.9 

♦NOTE: Flow rate through center two inches. 
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TABLE 4: EXPERIMENTAL RESULTS — MASS TRANSFER 

Run 
No. 

Sample 
Position 

Water 
Temp. 
(°C) Re 

Vol. 
Base 
(ml) 

Vol. 
Sample 
(ml) 

Vol. 
Acid 
(ml) 

Analy. 
Temp. 
(°C) PH 

C02 Cone 
(gmol/ml 
X 106) 

1 26.2 2548 
Inlet — 250 21.65 — 7.70 3.51 
Inlet — 250 21.64 — 7.70 3.51 
IB — 250 21.67 6.99 5.11 
IB — 250 21.60 — 7.12 4.60 
4B 

:
 . 250 21.63 — 6.90 5.57 

4B — 250 21.72 — 6.90 5.57 

2 26.6 2926 
Inlet 9.00 241 38.06 26.8 10.28 3,78 
Inlet 8.21 242 36.74 26.0 10.19 3.78 
IB 7.95 242 36.13 26.2 9.77 4.40 
IB 8.45 242 36.98 26.0 9.80 4.46 
4B 7.80 242 36.10 26.5 9.55 4.68 
4B 8.10 242 36.74 26.5 9.62 4.68 

3 26.2 3242 
Inlet 8.00 242 35.65 25.5 10.19 3.68 
IB 7.98 242 36.05 25.5 9.60 4.63 
1C . 8.02 242 36.50 25.7 9.80 4.40 
4B 8.00 242 36.48 25.5 9.30 5.00 
4C 8.00 242 36.61 25.5 9.21 5.09 
Drain 8.01 242 36.19 25.6 9.48 4.79 

4 26.1 2168 
Inlet 8.01 242 37.19 25.7 10.18 3.86 
IB 8.01 242 37.47 25.7 9.85 4.44 
1C 8.00 242 37.59 26.0 9.89 4.39 
4B 7.99 242 37.50 26.0 9.40 5.04 
4C 7.99 242 37.54 26.0 9.45 5.00 
Drain 8.00 242 37.44 25.8 6.60 14.24 

5 26.3 2728 
Inlet 8.01 242 36.58 25.7 10.30 3.60 
IB 8.00 242 36.81 25.7 9.89 4 ^ 30 

ic 8.00 242 37.33 25.8 9.76 4.56 
4B 7.98 242 37.33 25.8 9.58 4.82 
4C 8.00 242 37.31 25.8 9.59 4.80 
Drain 8.00 242 37.62 25.7 9.59 4.85 



TABLE 4 (continued) 91 

Run 
No. 

^Sample i 
Position 

Water 
Temp. 
(°C) Re 

Vol. 
Base 
(ml) 

Vol. 
Sample 
(ml) 

Vol. 
Acid 
lml)_ 

Analy. 
Temp. 
(°C) PH 

CC>2 Cone. 
(gmol/ml 
X 106) 

6 26.3 3081 
Inlet 8.01 242 37.04 24.7 10.29 3.68 
IB 7.99 242 37.31 24.8 9.63 4.76 
1C 8.00 242 37.39 24.7 9.30 5.14 
4B 8.00 242 37.50 24.8 9.22 5.21 
4C 7.99 242 37.47 24.8 9.29 5.16 
Drain, 8.00 242 37.58 24.7 7.25 7.56 

7 26.3 2906 
IB 8.00 242 37.41 25.2 9.90 4.36 
1C 8.00 242 37.38 25.3 9.90 4.36 
4B 7.95 242 37.69 25.5 9.67 4.75 
4C 8.05 242 37.66 25.5 9.60 4.84 

8 25.6 1951 
i 

Inlet 8.00 242 35.22 25.2 10.20 3.63 

4B 7.99 242 37.00 25.0 9.18 5.17 
4C 8.00 242 36.89 25.0 9.40 4.98 
Drain 8.00 242 36.96 25.0 9.30 5.07 
Drain 8.00 242 36.99 25.0 9.30 5.08 

9 25.6 2141 
Inlet (Same as for Run 8) 3.63 
4B 8.00 242 36.96 25.1 9.48 4.90 
4C 7.99 242 36.85 25.1 9.40 4.96 
Drain 7.99 242 36.84 25.1 9.35 5.02 

Drain 7.99 242 36.66 25.1 9.30 5.04 

10 25.6 2330 
Inlet 7.99 242 35.15 25.2 10.19 3.64 

4B 8.00 242 36.43 25.2 9.56 4.73 

4C 8.00 242 36.32 25.2 9.50 4.79 
Drain 8.00 242 36.48 25.2 9.41 4.90 
Drain 8.00 242 36.79 25.2 9.38 4.98 

11 25.6 2330 
Inlet 8.00 242 35.96 25.1 10.20 3.70 

4B 8.00 242 36.78 25.1 9.55 4.78 

4C 8.00 242 36.82 25.1 9.55 4.79 
Drain 8.02 242 36.64 25.1 9.38 4.96 

Inlet 
4B 
4C 
Drain 
Drain 

(Same as for Run 11) 
8.00 242 36.77 
7.98 242 36.49 
7.98 242 36.85 
7.98 242 36.65 

3.70 
25.1 9.23 5.10 
25.1 9.36 4.95 
25.1 9.01 5.26 
25.1 9.41 4.93 

12 25.6 2517 



TABLE 4 (continued) 92 

Water Vol. Vol. Vol. Analy. CO2 Cone. 
Run Sample Temp. Base Sample Acid Temp. (gmol/ml 
No. Position (°C) Re (ml) (ml) (ml) (°C) pH X 106) 

13 25.6 2687 
Inlet 8.01 242 36.01 25.0 10.22 3.68 
4B 8.00 242 36.52 25.0 9.57 4.74 
4C 8.00 242 36.55 25.0 9.41 4.92 
Drain 8.06 242 36.72 25.0 9.50 4.84 
Drain 8.00 242 36.41 25.0 9.50 4.80 

14 25.7 2867 
Inlet 7.98 242 36.41 25.1 10.20 3.76 
4B 7.98 242 37.28 25.2 9.68 4.69 
4C 8.00 242 36.98 25.3 9.58 4.77 
Drain 7.99 242 37.18 25.3 9.50 4.90 

15 25.9 3053 
Inlet (Same as for Run 14) 3.76 
4B 8.01 242 36.94 25.3 9.54 4.82 
4C 7.99 242 37.07 25.3 9.51 4.87 
Drain 8.01 242 37.25 25.3 9.49 4.92 
Drain 8.00 242 37.21 25.3 9.52 4.88 

16 25.9 3220 
Inlet (Same as for Run 14) 3.76 
4B 8.02 242 37.28 25.3 9.31 5.11 
4C 8.00 242 37.05 25.4 9.48 4.97 
Drain 8.00 242 37.24 25.4 ~ 9.41 5.00 
Drain 8.02 242 37.14 25.4 9.50 4.90 
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FIGURE 7: MASS TRANSFER BETWEEN 
SAMPLE POSITIONS I AND 4. 



94 



95 



APPENDIX C 

SAMPLE CALCULATIONS 
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APPENDIX C: SAMPLE CALCULATIONS 

Preparation of Theory Curves of Figure (7): 

Piqford Solution for Short Contact Times (Equation 11,43): 

Note: All curves prepared for T = 25°C and L = 18" = 45.7. cm. 

Ut R«-=3,aoo = 
'j) = £,363 X /0~3 cm^/se.c (from Table 6) 

(2>jzoo)f 2.363X I0~3)/f 

= VJ C«t2/££t 

L = 12" = 4-S.7 c-m 

X = -D L / 8* 

Jb = /. 33 X /0"'5 CmVseC (from Table 6) 

S*= & (a == (from Figure(4) ) 

^ S;n 0 = ( 930.6OS7/6') = m/set? 

('a^±‘)=(^.f7)/(s.363 X/O'3)* = /.OCVX/O6 

/$£in9\k, .. . 
( v>fc / = )0£,l dm 1 

6= &//0Z.I = O./VIcm 

T(7/7)= &.SOX/o~* 

~ 5.G5XIQ 3 cm/sec 

Hatta Solution for Short Contact Times (Equation 11.44) : 

^tyfe-CA,) - (wt «,/_>s/#n . 



(N 'Avj a *<>' 

iCrC. A-, = fe^v4-(®-80x'or')= 

- ^.G/KIO'3 ^/s&c. 

Beek and BakkenSolution for Short Contact Times (Equation 11.46) 

K-^UfMox/o-*) - 6,T/0~*) 
_ 3.2.^ XI O'3 

Modified Straight Line Solution (Equation 11,107): 

'Ay r-^~CO - 4-) 

6*= y @(y+= 5) = 5(&3lt~)fe 

= 5{&^ 7= 0’0,/G3 

AT4= AT 5) =(wf)( ^ 

= (5) ((./$//)(= / 2// /£do 

c.m. 

<*•   
a^3 

AWa = -§^- = 336 “»/**. 

(& L \_ 0.93k/o"5^4£7)  A A •7 o 
^-=U*2V,;J= (.o//6^(a^«) “ U6/2- 



k *2 
\C i. CA| 

£1 = 
(wr. 7) 

11.17X10"2 cm/sec 

-f 
. 674 

Modified Parabolic Solution (Equation II„ 109); 

= £6 (8.363X/0~3yy* 
(./gll){&54-7) ) 

— 0.05 92. cm. 

nr° = Aj- @(y^z6) = s-oo)^ 

AJ^t= (Bird, Stewart, and Lightfoot^) 

/V° = J 3((,l%ll)(25.7)) = 4~3>.Q cm/sec 

<)3=(%W0= 33.£ 
(l.33XlO'g)(H5.7) 
(.05$z.f(z$.a.) = .00753 

N *4 a=?i= 
Ifi-C A/ 

f(39,6-33.&X./8ll-.059ar 
(4-5)7) 

4- 

-h 
(.053Z)(33.2) 

if* 7) #(00759) 
= /,39X /0~a c.m/sec. 
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Mass Transfer Results, for FigureV(7): 

Example: Run 4 

RR = 50 Water Temp. = 26.1°C 

Q = 24 o 01 cc/sec (from Table 5) 

p _ 4- Q 
■ Ml S) 

W= 5.08 cm 

S) =Q.72LXICT* cm&/$ec (from Table 6) 

Re = (4-Xa^O/)/(5.08)(8.7aK/0"3) = a,/68 

Sample from Position IB: 

Vo|. Sample — <2.50—(3 = 2.4-3. cc. 

Vol. Acid = 3 7.4-7 tc 

a = 0.05*0 

me/i (Equation IV. 23) 

AIB= (3wy.o5o)('/o3y(2^2)= 7T6 me/i 

ao3(H'‘) = -pH =-9.85 

(H\ = A^/x/o^W/a 
Analysis Temp. = 25.7 

K,= f>9ax.io'7 (from Table 7) 

Ka= ‘f.7S‘tKI0'" (from Table 7) 

Kw= /.068X/0’'* (from Table 7) 



From Equation IV. 21, 

fey ■* 
(CQ.) = 

'0.4-1 XI CT,0>) 

,721-h (733)112^0 
V^J(1.4-1 Xto"6) Tifewl^^ / 

(C0£) = 4.‘K x/0'a "••oi/l 

6 
(C04c= ^ 39 X/0“3 mol/x 

(coA»=^o^ x /O'3 ™l/2 

(CC^SOOX/O'5 mol/2 

Thus ( COj), = ft. ft2 X /O'6 rnol/cc 

(C0a\=5.02XI0'6 mol/cc 

(Equation 11.38) 

&«W3=-g-=^$-= ft 73 «,V«c 

Cx= 3.I78X/0'*5 

(*w a-° | _ 
(Ci- -cj*r 

(6.21 XIO"8) 
(3./7S—O.ftft2)(/0’s) 

=■ 2. .2.7 X I0~Z
 crry4ec 

(from Table 6) 



APPENDIX D 

EQUIPMENT CALIBRATION 



TABLE &: FLOW RATES FROM EXPERIMENT AND ROTAMETER CALIBRATION CURVE* 

Flow Rate Through Center 
two inches1 (cc/sec) 

Rotameter 
Reading Experimental 

Graphically 
Interpolated3 

10 5.81 5.81 

15 8.37 

20 10.73 10.73 

25 13.09 

30 14.96 15.45 

35 17.65 

40 19.72 19.75 

45 21.88 

50 24.01 24.01 

55 26.13 

60 28.22 28.22 

65 30.14 

70 31.69 32.11 

75 34.04 

80 33.99 35.90 

85 37.71 

90 40.97 39.48 

95 41.21 

100 42.95 42.95 

* From Figure (10) 
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APPENDIX E 

PHYSICAL.AND CHEMICAL PROPERTIES 
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Temp 
(°C) 

TABLE 6: CHEMICAL AND PHYSICAL PROPERTIES 

Sc 

c.(48) 

(gmol/cc 
X 105) 

O <49> 

^•H2O 

(g/cc) 

j.(50) 
^H20 

(g/cm sec 
X 103) 

9K2O 

(cm^/sec 
X 103) 

^COg-^O 
(crfj-/SeG 

X IQ5).' 

10.0 ..99973 13.077 13,081 1.16 1128 5.265 
15.0 .99913 11.404 11.414 . 1.38 827 4.472 
20.0 .99823 10.050 10.068 1.64 614 3.829 
21.0 .99802 9.810 9.. 829 1.70 578 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* 9.14 1.88 486 3.377* 
24.2 .99727* 9.095* 9.12 1.88 485 3.368* 
2413 ,99725* 9.075* 9.10 1.89 481 3.359* 
24.4 .99723* 9.055* 9.08 1.90 478 3.348* 
24.5 .99720* 9.035* 9.06 1.90 477 3.337* 
24.6 .99718* 9.015* 9.04 1.91 473 3.327* 
24.7 .99715* 8.994* 9.02 1.91 472 3.316* 
24.8 .99713* 8.973* 9.00 1.92 469 3.306* 
24.9 .99710* 8.954* 8.98 1.93 465 3.295* 
25.0 .99707 8.937 8.963 1.93 464 3.283 
25.1 .99705* 8.905* 8.93 1.94 460 3.276* 
25.2 .99702* 8.893* 8.92 1.95 457 3.265* 
25.3 .99700* 8.863* 8.89 1.95 456 3.255* 
25.4 .99697* 81843* 8.87 1.96 ■ 453 3.246* 
25.5 .99695* 8.823* 8.85 1.96 452 3.235* 
25.6 .99692* 8.801* 8.83 1.97 448 3.226* 
25.7 .99689* 8.793* 8.82 1.98 445 3.217* 
25.8 .99687* 8.772* 8.80 1.98 444 3.208* 
25.9 .99684* 8.752* 8.78 1.99 441 . 3.198* 
26.0 .99681 8.737 ’ 8.765 2.00 438 3.186 
26.1 .99679* 8.712* 8.74 2.00 437 3.178* 
26.2 .99676* 8.692*. 8.72 2.01 434 3.168* 
26.3 .99673* 8.672* 8.70 2.01 433 3.159* 
26.4 .99671* 8.651* 8.68 2.02 430 3.150* 
26.5 .99668* 8.631* 8.66 2.03 427 3.141* 
26.6 .99665* 8.611* 8.64 2.03 426 3.130* 
26.7 .99663* 8.601* 8.63 2.04 423 3.121* 
26.8 .99660* 8.581* 8.61 2.05 420 3.112* 
26.9 .99657* 8.551* 8.58 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 7.227 7.270 2.495 

f Graphically interpolated. 
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TABLE 7: CHEMICAL EQUILIBRIUM CONSTANTS 

Temp. 
wr 

Kl(85) 

(xio+0 
Kf> (87) 

(X10+11) 

jr (86) 
"W 
(Xio+iA; 

10.0 3.430 3.24 0.2920 

15.0 3.802 3.71 0.4505 

20.0 4.147 4.20 0.6809 

21.0 4.212* 4.30* 0.735* 

22.0 4.276* 4.41* 0.796* 

23.0 4.338* 4.51* 0.860* 

24.0 4.396* 4.60* 0.931* 

25.0 4.452 4.69 1.008 

26.0 4.508*; 4.78* 1.091* 

27.0 4.561* 4.86* 1.180* 

28.0 4.613* 4.95* 1.271* 

29.0 4.663* 5.04* 1.368* 

30.0 4.710 5.13 1.469 

35.0 4.914 5.62 2.089 

* Graphically interpolated. 

NOTE: 
[H+3 [HCO^] 

KI = [H2C03] 

„ _ 1>] Lcol] 
K2 “ HCOg 

K w 
[H*] [OH ] 
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