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ABSTRACT  

The rate of transfer of hydrogen sulfide and of carbon 

dioxide from an atmosphere of the gas saturated with water 

to a flowing stream of water in a horizontal channel was 

investigated over a range of water flow velocities and 

absolute pressures. 

Mathematical models describing the system in terms of 

the penetration and boundary layer theories were inadequate 

when used to calculate the diffusivity of each gas in water 

at various conditions. The results of the hydrogen sulfide-

water system study shows a relationship between the diffusivity, 

the interfacial concentration and the liquid flow rate. The 

calculated diffusivity of the carbon dioxide-water system is 

independent of liquid velocity, but can be correlated as a 

function of pressure above one atmosphere. The diffusivity-

flow rate relationship may be due to the presence of an 

interfacial resistance which prevents the liquid surface 

from becoming saturated with gas. 

If the diffusivity is assumed constant, the interfacial 

concentration of the hydrogen sulfide-water system at 25.20C 

and 1.23 atmospheres can be expressed by the following func-

tional relationship. 

Ci F (VL) :f 01,)=. 23.0 (L) 0.455 
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INTRODUCTION 

Physical absorption, a basic process in chemical 

engineering, has become an important engineering con-

sideration in the proper treatment of a wide variety of 

equipment designs. Teller (1) considers that work in 

this field is necessary to obtain an accurate descrip-

tion of the physical situation existing in industrial 

equipment. The work done by ammert and Pigford (2,3) 

indicates that it is a prerequisite that one understand 

the physical absorption process and the mechanisms govern-

ing it before kinetic studies are made on similar gas-

liquid systems. 

Despite the importance attached to physical ab- 

sorption there is still wide disagreement as to the exact 

mechanism. Three theories; the two film, the boundary 

layer, and the penetration theories; are in varying degrees 

of use. Whitman's (4) two film theory, which is based on 

the assumption that there is a controlling stagnant film 

at the surface of the liquid layer, predicts►  that the rate 

Of interphase mass transfer varies directly as the diffus- 

ivity. This theory is (5) the most widely used method at 

present for the interpretation of the mathematical model 

describing absorption in an industrial column. However, both 

Higbie's (6) penetration theory and the boundary layer 

theory as described by Schlichting (7) and Bird, Stewart, 



and Lighfoot (8) differ radically from the two film theory 

in that they predict that the rate of mass transfer varies 

as the square root of the diffusivity. Higbie (9) in his 

penetration theory stated that the value of the liquid 

film coefficient, KL, was equal to 1410107e), where D 

is the diffusivity, 1T is 3.1415 and Ois the contact 

time. Danckwerts (10) later modified this theory with the 

addition of a statistical surface renewal factor to the num-

erator of the previously given expression for the liquid 

film coefficient. The boundary layer theory, which was 

first applied to fluid flow problems by Schlichting (11) 

and was modified for mass transfer work, is based on the 

assumption that the boundary layer in the liquid film con-

trols the rate of diffusion. The mathematical ex- 

pression for this theory is similar to the one describing 

the penetration theory in that KL = f,D. The relative 

validity and applicability of these theories is dis-

cussed by Toor and Marchello (12). 

Studies examining the validity of these theories 

have utilized a wide variety of equipment. Originally 

diffusion cells such as the type used by Arnold (13) were 

the major means of studying diffusivity and mass transfer 

rates. Davidson and Cullen (14) point out that this steady 

state method has several disadvantages in that it relies 

upon the ability of the experimenter to calibrate the cell 

to the viscosity of the fluid being studied and it is based 



upon extremely precise analytical procedures. 

More recently several unsteady state methods for study-

ing the various theories have been devised (15). These 

methods represent new mathematical models which can be solved 

by the application of the penetration or boundary layer 

theories. One of the most common of these devices is the 

wetted wall column. Investigators in this field including 

Davidson and Cullen (16) and others (17, 18, 19 ) have 

employed this type of model to determine diffusivities, mass 

transfer rates, and kinetics of gas-liquid reactions. Lynn, 

Straatemier, and Kramers (20) used the penetration theory 

to predict the rate of transfer of sulfur dioxide to a 

film of water flowing down a short glass column of lengths 

varying from one to five centimeters. Davidson and Cullen 

(21) used a variation of the wetted wall column when they stud-

ied the absorption of carbon dioxide in a film of water 

flowing over a spherical column. Still other pieces of 

apparatus including Dankwerts and Kennedy's (22) rotating 

cylinderical drum and Scriven and Pigford's (23) laminar 

jets have been used in absorption studies. Care must be 

taken in the design of all of these pieces of apparatus to 

insure laminar flow and to eliminate end effects. 

The latest techniques in this field uses flat and in-

clined trays. Tailby and Portalski (24) and others(25) 

have investigated the fluid dynamics of water flowing on a 



smooth plate. On the basis of the work of Tailby and 

Portaiski (26) and J. J. van Rossum (27) it has been con-

cluded that stratified laminar flow can be achieved when 

water flows through a horizontal channel. The ability to 

maintain laminar flow with no ripples is a necessity in the 

study of diffusion rates, since rippling increases the surface 

area, thus increasing the transfer of mass. Studies in a 

horizontal tray also eliminate errors that may be caused by 

end effects, since a slight increase in the rate of mass 

transfer due to turbulence in the liquid phase at the ex-

tremities of the equipment is negligible in comparison to 

the overall transfer throughout the length of the tray. 

Tang and Himmelblau (28) published an article on diffusion-

al studies in a horizontal channel after work on the present 

study had commenced. These authors (29) studied the rate 

of diffusion of carbon dioxide in water in a piece of 

apparatus similar to the one used in the present study. 

However, their study was over a limited range of con-

ditions and did not indicate the general applicability 

of this method for determining liquid-gas diffusivities. 



THEORETICAL BACKGROUND 

At present three mathematical theories exist which may 

be used to describe two phase mass transfer in a horizontal 

channel. Of these the boundary layer and penetration theories 

are basic mathematical descriptions of the diffusion process. 

Depending upon the application of various assumptions, 

these models may be solved. 

One solution of the mathematical model based on these 

theories assumes that laminar flow will exist in the liquid 

layer and that the diffusivity will remain constant. Other 

assumptions include the elimination of side wall effects 

which would occur only if the channel was of infinite width 

and the elimination of molecular diffusion in the direction 

of flow. Application of these theories also depends on the 

equality of the interfacial concentration and a theoretical 

equilibrium concentration. This supposition will be true 

if there is no interfacial resistance to interfere with 

saturation of the interface. 

If no interfacial film resistance exists this con-

centration can be set equal to an equilibrium concentration. 

In previous studies considerable controversy has arisen 

over this assumption of interfacial equilibrium. Several 

investigators have found little or no indication of inter-

facial resistance in their studies (30, 31, 32). However, 



other studies including one by Emmert and Pigford (33) and 

one by Chiang and Toor (34) have indicated the presence 

of an interfacial resistance associated with the liquid. 

Since the knowledge of the liquid interfacial concen-

tration is necessary in the determination of diffusivities, 

it will be assumed that the liquid concentration at the 

interface is equal to an equilibrium concentration. If this 

assumption is false, the value of the diffusivity computed 

by the various theories will not be constant. The present 

work compares the apparent diffusivities based upon these 

various assumptions. 

For this comparison the principal mathematical models 

will now be developed. 

BOUNDARY LAYER THEORY: The general expression for 

mass transfer through an element of area such as a boun-

dary layer may be obtained in the manner of Bird, Stewart, 

and Lightfoot(35). 

Volume Element of Water 

Figure 

Let the subscrept "A" represent the diffusing substance, 

which in the existing problem is the gas. Using a volume 

ax 

oY 

A Z 



element of water as shown in Figure I as a basis, it can be 

seen that the time rate of change of mass of "A" in the 

element will be equal to the rate of change of density 

times the volume: 

eA Ax Ay 6,z 
?t, 

There will be an input of substance across each of the 

faces of this volume element which can be described as 

follows: 

Input of "A" across face at x = nAxlz  Ay Az 

Input of "A" across face at x+.4s.x nAxI xfax isy Lz 

Input of "A" across face at y = nAylyaz AZ 

Input of "A" across face at y+Ily = nAyl y+hy a z Ax 

input of "A" across face at z nAz1 z AY 

Input of "A" across face at z+ilz s nAz z+ zAx AY 

Production of "A" in the volume element a 0 

A mass balance on the system consisting of this volume 

element yields Equation 1. 

•DeA  AZ AY aZ ( nAxtx nAx\x+ax ) AY Aa 
t 

nAy ly nAy I y+Ly &,X az Eq. (1) 

nAz I z " nAzi z4-Az) 6x oY 

Dividing equation I by Ax647,Az and taking the limit of 

all terms as 6,x, 64, and Az approaches zero yields the 

Equation of Continuity (Eq. 2). 



The equation of continuity may be expressed in terms of 

vector notation if the rectangular components of mass flux 

(nAxs nA7, nAz) are written as a single mass flux vector, 

nA, which is equal to the product of the density and the 

velocity. Thus, in vector form the equation of continuity 

appears as Equation 3. 

The same equation may be derived for component B in a two 

component system. 

If equations 3 and 4 are added, the result is Equation 5 which 

is called the General Equation of Continuity. 

When these equations are referred to molar units they 

appear as equations 6 and 7. 



Since NeNB Cv 

C 
4. 
(V 'Cv*  ) 0 Eq. (9) 

-TT - 

For constant molar density (C) the preceding equation may 

be expressed as follows: 

C ( V .1t*) : 0 Eq. (10) 
Aft 

Fick's Law is now introduced in the form: 

NA -XA (NA 4 NB  ) -CD VI X AB - A sol. (11) 

The term C7XA is the concentration gradient in this ex-

pression. An equivalent expression is substituted for NA+ 

N
B 

to arrive at equation 12. 

NA XA C v* 41  CDAB VXA Eq. (12) 

If equation 12 is combined with equation 6, the following 
equation results. 

aCA - E7 *(XCv * 4CDAB,Vx] 0 Eq. (13) Tr 
In simplified form equation 13 becomes: 

cA ( V exAcv*) V' CDAB  XA  
W 

Since XA - CA / C 

Eq. (14) 

CA 4.  V. cAv* = 0. cDAB  V XA Eq. (15) 
at 

For the particular problem described in this instance it 

9 



'D CA V.  VOA  

v* VCA 
n wit 

7% Eq. 16) 

- a CA / at equation 16 be 

will be assumed that the density and diffusivity rema S. 

stant. Thus, equation 15 reduces to the following form 

after application of the equation of continuity. 

A Eq 17) 

When the previous equation is expanded it appears in the 

form, of equation 18. 

D cA cA act, 
t vz ?; VY Tr VZ 

ea 20 D2CA a2cAl 
2 +  

ax a Y a 

It is now necessary define a coordinate system that will 

enable further simplification of equation 18. The follow-

ing diagram of the liquid film will serve this purpose in 

this and future derivations. 

GA5 F!LM 
LIQUID FILM 

Direction of Flow  

Coordinate System for Mathe 

Figure 2 

 

VW. 

 

cal Models 



The following assumptions will be used in the simplification 

of equation 18. 

Application of these simplifications yields equation 19. 

The negative sign arises from the defined coordinate system. 

In an integrated form over the boundary layer thickness, , 

equation 19 can be used to express the rate of diffusion 

through the thickness S . This boundary layer thickness is 

considered a finite volume of liquid which exhibits a con-

centration gradient. It is this concentration gradient that 

controls the rate of diffusion. If the subscripts are dropped 

in equation 19 and if the equation is expressed in a partially 

integrated form, the following expression will result. 

The solution of equation 20 is presented in the manner of 



Tang and Himmelblau (36). It is now convenient to express 

the concentration term in a dimensionless group so as to 

facilitate the proceeding integration. An expression that 

is frequently used for this type of model is 0: (Ci-C)/(Ci-00). 

When this term is rearranged as an expression for the con-

centration it appears as Cr. (l.►ID)(Ci-.00) 71  Co. Upon sub-

stituting this value into equation 20, the following expression 

results. 

This equation can be simplified further if it is assumed 

that the velocity is not a function of the z-direction. 

This condition will be true only if there is a fully 

developed velocity profile such as one that would exist at 

steady state conditions. The simplification that results 

from the previously mentioned conditions is expressed in 

equation 22. 

Equation 22 can be solved only if suitable expressions for 

"v" and "0" as functions of the y-distance are available. 

Russel and Charles (37) have derived an expression for the 

velocity distribution of a liquid-gas system. For cocurrent 



horizontal flow in a channel that is half filled with gas 

the ratio of the point velocity to the average bulk velocity 

is given by equation 23. 

This expression can be simplified by using the following 

substitutions. 

It is also necessary to choose a suitable function for the 

concentration function, M. If a third degree polynomial 

in (7)/(S ) is chosen as the expression, it will fill the 

necessary requirements that when y = 0, 2 0 and 20/( a y2) 

0 and when y 2 3. and (60)/(dy) =0. An expression 

that is frequently used in mass transfer and momentum trans-

fer work (37) is the following: 



When equations 22, 25, 23, and 26 are combined and the 

indicated operations are carried out equation 27 results. 

If ( Sib) is small the last two terms in the left hand side 

of equation 27 can be neglected and the remaining equation 

can be solved for the boundary layer thickness. 

The local mass flux qz  is usually given by the following: 

When this equation is combined with equations 26 and 28 the 

following expression arises. 

The total mass transfer per unit of time, Q, may be arrived 

at by integrating this equation with respect to z from z= 0 

to z= L and with respect to the width, W, from a=0 to a=a. 



Since the rate of mass transfer, Q, is equal to the product 

of the average concentration, Cia  , and the volumetric flow 

rate, a final expression for concentration as a function 

of diffusivity and operating variables may be obtained. 

The Penetration Theory: The penetration theory was orig-

inated by Higbie (39) in an attempt to simplify calculations 

of interphase mass transfer. He assumed a constant velocity 

in the boundary layer. The result of his theory may be 

expressed by the following equation. 

Since his theory is based on the assumption of constant 

velocity with respect to the z-direction, it is necessary to 

omit the last two terms in equation 24 (velocity profile). 

When the value for the contact time, t, is expressed in 

terms of z, 11, and equation 33 can be written as follows: 

This equation must be integrated over the surface area from 

as0 to asa and from zs0 to zsL in order to obtain the final 

expression relating the average concentration to the diffus-

ivity. 



THE EXPERIMENTAL EQUIPMENT  

THE TEST TRAY: The experimental equipment upon which 

the mathematical model was based consisted of a long hor- 

izontal plexiglass tray which contained the flow of the 

cocurrent gas and liquid streams. This tray had a rectangular 

cross section which was divided into two sections of equal 

area. The upper section was for gas flow and the lower one 

for liquid flow. The inside cross-sectional dimensions of 

the apparatus were five and one half inches wide by seven- 

eighths inch high. The length of the tray consisted of 

three sections; an entrance calming area, the main test 

section, and the exit area. The tray was similar to that 

used by Y. P. Tang and D. M. Himmelblau (40) in their ab- 

sorption studies of carbon dioxide and water. One major 

difference between the two designs existed in the en- 

trance calming section. Tang's section consisted of a one 

foot length in which the cross-sectional area was increased 

from one square inch to the final test area dimensions. 

This section was followed by a one foot length in which the 

liquid and gas layers remained separated and were allowed 

to reach a steady state velocity distribution. The entrance 

section used in this study had an additional six inch length 

Which was one inch wide and seven-eighths inch deep at the 

beginning of the apparatus. This additional length was added to 



enhance the chances of providing streamline flow in the main 

test section by adding an extra calming area in which the 

initial turbulent flow would vanish. Both the gas and the 

liquid entered the tray through four evenly spaced one-

eigth inch 304 stainless steel tubes. 

The six foot long test section followed the two and 

one half feet of calming length. In this section the gas 

and liquid came into contact in cocurrent laminar flow. 

The test area was followed by an exit section which was 

one foot long. In this region the gas and liquid layers 

were separated by a wedged shape plexiglass divider. This 

wedge shape permitted the gas film to leave the apparatus 

at an inclined position. This type of design prevents the 

liquid from entering the gas section since it would in 

effect have to flow uphill. The gas and liquid streams 

were reduced in cross-sectional area in a manner similar 

to that in the entrance section. The origninal test section 

dimensions were reduced to one inch wide by seven six-

teenths of an inch high per phase. Both streams were re-

moved from the plexiglass through four evenly spaced 

one eighth inch 304 stainless steel tubes. 

The entire tray was constructed of one quarter inch 

clear plexiglass sheets. The sides and top of the trough 

were held together by a cement designed for use with plexi-

glass. The front of the entrance and exit ends were 



strengthened by replacing the quarter inch plexiglass with 

one half inch stock. This additional thickness was nec-

essary to support the fluid entrance and exit steel tubes. 

THE GAS FEED:  The gas was fed from a Matheson number 

one cylinder through a regulating valve which restricted 

the pressure to a maximum of six and one quarter pounds 

per square inch guage. From this regulator the gas 

flowed through a surge tank which was constructed of four 

inch steel pipe. The purpose of this piece of apparatus 

was to enhance continuous smooth flow of gas. The surge 

tank along with the proceeding coils immersed in a con- 

stant temperature bath brought the gas temperature up to 

the temperature of the system. The gas was than sat- 

urated with water by passing it through a glass scrubber. 

The scrubber was also immersed in the same constant 

temperature bath to maintain the final gas stream at the 

temperature of the system. The gas stream rate was 

measured in a Fisher-Porter gas flowrater calibrated for 

gas flow from 0.09 cubic feet per minute, to 1.00 cubic 

feet per minute. A micrometer adjusting needle valve 

following the flowrater was used to control the gas flow 

at a previously determined ratio. This ratio was chosen 

so as to permit a continuous velocity profile through the 

system. The ratio is given in the following expression (41). 

VG _ a  L l  7(6- '6(0  
V L 6, -f 7,Ge2) 



Thus, once the temperature and the liquid flow rate are 

decided upon, the gas flowrate is set. The gas stream 

leaving the micrometer valve is split into four equal 

streams, and then enters the reaction tray. 

The gases leaving the experimental apparatus were 

treated in different manners depending on their toxicity. 

The hydrogen sulfide was passed through a needle valve 

after leaving the tray. This needle valve was utilized 

to set and control the gas pressure within the system. 

From this point the gas was absorbed by monoethanolamine 

solutions contained in a series of two liter flasks 

through which the gas stream was passed. When carbon 

dioxide was used as the solute gas fewer precautions had 

to be taken. For this solute the stream leaving the 

pressure adjusting needle valve was vented to the at-

mosphere outside of the building. 

THE LIQUID FEED: The deionized water was fed by gravity 

flow from twelve gallon storage tanks to the same con-

stant temperature both used to heat the gas stream. From 

this point it was circulated through a constant head de-

vice maintained ten feet above the test tray. The water 

leaving this piece of equipment was fed to a cen- 

trifugal pump that increased the pressure so as to main-

tain higher flow rates and compensate for the pressure drop 



in the tray. The water leaving the pump was passed 

through a micrometer adjusting needle valve and through 

a Fisher Porter Flowrater. The valve was used to control 

the flow rate of water. The water than passed through the 

test tray. At the exit of the test tray the liquid 

passed through a series of two needle valves followed by 

one micrometer adjusting needle valve set in parallel 

with the other valves. This micrometer valve is used to 

insure that the liquid height in the test section remains 

at exactly one half the height of the tray. A by-pass line 

controlled by a solenoid valve was placed immediately 

following the exit from the tray. This line was used for 

the liquid sampling procedure. 

The liquid stream containing dissolved gas was dis- 

posed of in a manner that was determined on the basis of 

the nature of the gas used. Water containing dissolved 

hydrogen sulfide was run from the adjusting valves 

through a Fisher and Porter Flowrater which was used to 

compare the entrance and exit flow rates. After leav- 

ing this apparatus the stream ran into a twelve gallon 

bottle containing cupric sulfate. This substance reacted 

with the hydrogen sulfide and formed a solution containing 

a cupric sulfide precipitate in water. When carbon 

dioxide was used as the solute gas the exit water stream 

was permitted to go directly from the flowrater to the drain. 



Figure 3- Schematic Flow Diagram Key 

CHT-Constant Head Tank 
CV-Solenoid Valve 
CP-Centrifugal Pump 
FR-Flow Regulator 
GS-Gas Scrubber-
GT-Feed Gas Cylinder 
LST-Liquid Storage Tank 
LR-Gas Line Regulator 
MV-Micrometer Adjusting NV 
NV-Needle Valve 
T-Thermometer 
SD-Surge Drum 



Figure 4- TEST APPARATUS SCHEMATIC 
GIVING INSIDE DIMENSIONS 



ANALYTICAL METHODS  

HYDROGEN SULFIDE IN WATER: The hydrogen sulfide 

dissolved in the water was analyzed by treating it with an 

excess of standard iodine solution. The remaining iodine 

was back titrated with a standard sodium thiosulfate 

solution until the blue color of a starch indicator 

disappeared. The general method is discussed by Scott (42) 

in his book on standard analytical procedures. The main 

reactions for these two procedures are as follows. 

H2S/I2 - -8/ 2/1 f 2I-  

I2 7‘ 2 S23 - 
0 = 5406g 

There are several disadvantages with this method of 

analysis and some disagreement as to its accuracy has 

arisen. However, it has been pointed out that the 

error is caused by the failure to maintain the iodine 

reagent slightly acidic. It has been shown that the error 

in this method is proportional to the amount of basic salts 

present. To insure acidic conditions the pH of the 

iodine solution was reduced to 6.0 by the addition of 

hydriodic acid. Thus, much of the error arising in 

previous work was eliminated. 

The sample of water to be tested was removed 

directly from the system to the iodine reagent by allow-

ing the gas containing water to run through the by-pass 



line into a flask containing twenty-five milliliters of 0.05 

normal iodine solution and one hundred milliliters of dis-

tilled water. By this method the water to be tested was 

not permitted to oome into contact with the surrounding 

air and the gas contained in the water was immediately 

reacted with the iodine. Thus, any possibility of gas 

escaping from the liquid was eliminated. Before the 

liquid sample was taken, the by-pass line was opened and 

drained to prevent any stagnant solution from mixing with 

the sample. These samples were taken after thirty minutes 

of operation and at ten minute intervals until it was 

assured that steady state conditions had been reached, 

CARBON DIOXIDE IN WATER:  The amount of carbon di-

oxide dissolved in water was determined by reacting the 

sample with a solution containing an excess of barium 

hydroxide. The carbon dioxide reacts with the barium 

hydroxide and forms a precipitate of barium carbonate. 

This precipitate is filtered off and the remaining 

solution is baektitrated with 0.1 normal hydrochloric 

acid to determine the excess barium hydroxide. The entire 

procedure has been described by Starck (43) in his book on 

chemical analysis. The following reactions describe the 

operation. 

CO2
/Ba(OH) -Ba CO3 H 

2 - 2 



Ba (OH)2 / 2 H01 t Ba 012 / 2H20 

The same general sampling procedure was used for the carbon 

dioxide runs as was used for the hydrogen sulfide runs. 

The water sample in this case was run directly from the 

tray to the flask containing twenty.-five milliliters of 

0.10 normal barium hydroxide. 



DISCUSSION OF RESULTS 

The purpose of this study was to investigate the rate 

of mass transfer of hydrogen sulfide and of carbon dioxide 

to water moving in a horizontal film. The penetration and 

boundary layer theories were used as a basis in the solution 

of the mathematical model describing the physical situation. 

The validity of this model as a means of predicting diffusiv-

ity from measured variables was investigated. This study also 

attempted to extend and confirm the work of Tang and 

Himmelblau (44) who used similar physical and mathematical 

techniques in their study of mass transfer in a carbon 

dioxide-water system. 

Application of the boundary layer and penetration 

theories gives similar equations relating the diffusivity 

to the interfacial concentration, the exit (cup mixing) 

concentration, the average liquid velocity, and the liquid 

film thickness. The resulting equations for the cup mixing 

concentration using either theory are the same differing only 

in the constant. 

K (Ci C0) \I (oLDL)Ab211) 

Boundary layer K r. 1.060 

Penetration Theory K 1.129 

These equations were derived under the premise that 

the diffusivity will be independent of the measured variables 



tri, and VI, (a). This relationship must hold because of the 

preliminary assumption that (al)) / (01.) = (a D) / (0 C) = 0. 

Thus, if the theories and assumptions used in their employ-

ment are correct, the diffusivity will be a function of 

temperature alone. 

The calculated diffusivity of hydrogen sulfide and of 

carbon dioxide in water based on this equation is given in 

Tables I and II and Figures 5 and 6. In addition to the 

12 per cent difference between the diffusivities computed 

by the two theories, the results indicate that the diffusiv-

ity varies with the liquid flow rate. This latter occurrence 

is contrary to one of the basic assumptions upon which the 

equations were developed. 

Although the diffusivity computed by the boundary layer 

theory should differ by 12 per cent from that computed by 

the penetration theory, it should be independent of the 

velocity of the liquid phase at constant temperature. This 

independence of liquid velocity was not indicated by the 

results of Tables I and II. If the diffusivity really does 

remain constant some other term in the equation describing 

the diffusivity was improperly used. Simplification of the 

general boundary layer and penetration theory equations 

yields the following relationship between the diffusivity, 

the average exit concentration 0700  the liquid velocity, 

and the interfacial concentration. 



TABLE I  

The Effect of Flow Rate on the Apparent Diffusivity of H 

in Water at Constant Temperature and Pressure: 

(oeVAin) 
CL Boundary 

OAK  of R23) 
co 

Layer m  
Diffusi ity xl0d 
D 0 /sec) 

Penetration 
Theory Difgu-
sivity x1CP 
D (eeisec) 

800 0.131 0.306 0.271 

755 0.152 0.355 0.314 

700 0.155 0.363 0.321 

500 0.212 0.480 0.424 

500 0.208 0.470 0.416 

0.348 0.794 0.702 

300 0.351 0.800 0.706 

50 1.95 4.18 3.69 

1.28 atm; Tr i'.2°0 

TABLE II 

The Effect of Flew Rate on the Apparent Diffusivity of CO2 

in  Water at Constant Temperature and Pressure: 

V 
ec/Min) CO2) 

cc 

Boundary Layer 
DiffusiArty x1©5 

D (cm /sec) 

Penetration 
Theory Diffg 
usivigy x10.' 
D (emsee) 

700  

(7)0 

p.166 

o.214 

2.,71 

A-20 

2.49 

2_01 

PGs 1.10 atm; T w  25.20C 







VL  D = V (VI, /ti)2 

The constant "K'" includes all constant terms appearing in 

the two theoretical equations describing the diffusivity. 

If the diffusivity is considered constant at a given temper-

ature as is indicated by other investigators, the preceding 

equation can be treated as follows. 

(OCi2)/K = i, VL  

K" .1  log K' = 2 log rL  / log VI 

This equation would indicate that the slope of a plot of 

rL  vs. 1AL on log-log coordinates should give a straight 
line with a slope of 0.5 or 2.0 depending on the choice of 

axis. Tables III and IV and Figures 7 and 8 show the 

relationship between the exit concentration (UL) and the 
liquid velocity (ho). However, the plot of log DI vs. 

(1/1.1,) (Figures 7 and 8) does not yield a slope of 2.0 as 

would be expected from the preceding expression relating 

the liquid flow and the bulk concentration. Thus, one of the 

terms in the constant, K', must have varied in such a manner 

as to cause the variance in slope. The constant under 

consideration took into account the diffusivity, the inter-

facial concentration, and the geometric factors of the system. 

Of these terms a variance was possible only in the diffusivity 

or the interfacial concentration. 



TABLE III  

The Effect of . Liquid Velocity On the Cup Mixing Concentration 

for a Hydrogen Sulfide-Water System at 25.2°C: 

Run Number V 
(cE/Min) 

PG 
((atm) 

.014 
(mg H2SAc) log c log (1fiL) 

13a 800 1.23 0.131 -0.8825 ..2.9030 

7 755 1.28 0.152 .0.8185 .2.8785 

9 700 1.23 0.155 -0.8100 -2.8455 

10 500 1.23 0.212 -0.674 -2.6990 

la 500 i..23 0.208 -0.682 -2.6990 

lb 300 1.23 0.348 -0.452 -2.4780 

12a 300 1.23 0.351 -0.454 -2.4780 

16 50 1.23 1.95 /0.290 -1.6990 



TABLE Iv  

The Effect of Liquid Velocity on the Cup Mixing Concentration  

for a Carbon Dioxide-Water System at 2.20C: 

Run Number VL Pa 
(atm) 

log t•y log (l L) 

19 700 1.10 d.166 -0.780 -2.8455 

20 500 1.10 0.214 -0.670 -2.6990 







Since all previous workers in this field have found 

the diffusivity to be a function of temperature alone, it 

seems likely that one of the basic assumptions, other than 

constant diffusivity is not valid. Thus, an actual variance 

in a quantity previously assumed to be constant would account 

for apparent deviations in diffusivity. 

The most controversial assumption used in the der-

ivation of the equations based on the penetration and 

boundary layer theories is the equivalence of the gas-liquid 

interfacial concentration and the hypothetical equilibrium 

concentration. This assumption, although often questioned, 

has been used extensively because of the lack of any 

quantitative method for determining the true value of the 

concentration at the liquid surface. The interfacial or 

equilibrium concentration was originally introduced into the 

mathematical relationship defining the diffusivity in the 

form of a constant value at a given temperature and pressure. 

It was originally assumed the following relationship was valid. 

D A (Vi) 01/CO2 = At TO (TL)2 

In this equation A is a constant including values for the 

geometry of the liquid film. If the diffusivity described 

by this equation is constant VI, = k (1/%) 2. However, if 

C1 varies with than the liquid film velocity is no longer 

a function of (1FUL)2 alone and the above equation will 



indicate a false variation in the diffusivity. 

Divergence of the interfacial concentration from the 

equilibrium concentration is thought to be a result of the 

presence of an interfacial resistance. Emmert and Pigford 

(45) discuss the possibility of an interfacial resistance 

decreasing the rate of absorption. These same authors (46) 

explain that this resistance is caused by the formation of 

an activated state of gas molecule that strikes the liquid 

surface. The fraction of these molecules that possess 

enough energy to form this state is called the accommodation 

coefficient. This term was found to equal ( i6T ki)/(U), 

where ki is the mass transfer coefficient for interfacial 

resistance and G is the velocity of the gas molecules. It 

has been found that the accommodation coefficient increases 

in a manner directly proportional to the liquid flow rate. 

Thus, if an interfacial film resistance exists, it will 

decrease the rate of mass transfer as the liquid velocity 

(1714) increases. Pigford (47) found that the interfacial 

resistance resulted in an interfacial concentration that 

was not equal to an equilibrium concentration. It should 

be noted that the interfacial concentration was taken as 

equal to the equilibrium concentration in previous calcula-

tions in this thesis. 

It is necessary to determine a value of the interfacial 

concentration to properly apply the existing equations. 



Pigford solved a differential equation describing the 

mathematical model of a short wetted wall column and arrived 

at a solution of the form: 

Ci a  {-K1 e"1(2P / K3 e iC4P 

where C is the true interfacial concentration of gas in 

the liquid and P is a quantity dependent upon the temper-

ature, the contact time, the diffusivity, and the pressure. 

Thus if this expression for concentration is used in either 

of the previously derived expressions for the diffusivity, 

the following equations will result. 

Boundary Layer Theory: 

D [ 2 = K [77; 2 
• )4  f (CL) 

64 

Penetration Theory: 

D s  IC",  frifie CL 
-7-1467 

From the logrithmic plot of 1/71, verses at constant 

pressure and temperature, the functional relationship 

between and Ci for hydrogen sulfide and water can be 

determined. This plot has a slope of 1.09. If the diffus-

ivity remains constant these equations can be rewritten in 

the following form. 



D Kt 
L ) 2 

(1614 

K" log K' r,  log 1TL ye 2 log ;,  
".0 

Rewritting the expression, f(;), as J( 1)4, the above equation 
can be expressed in the form of a straight line relation, 

y = a/bz, where y is the log (14%) and z is the log Zle  

log (1/7L) 74(in (2-2x)log (2-2x)log 

For the hydrogen sulfide-water system the slope (2-2x) equals 

1.09 and x is found to be equal to 0.455. 

D =VL CL  ; 7r, 
L) 0.455 
M-  

Based on a value of 1.61 x 10
-
5 cm2 Alec (48) for the diffusiv. 

ity of hydrogen sulfide in water at 250C, the value of .1 in 

the previous equation becomes 23.0. Thus, an expression for 

the interfacial concentration of hydrogen sulfide in water 

at 25.20C and 1,23 atmospheres has been empirically derived. 

070 Ci = 23.0 0.455  

This expression may be compared to the original assumption 

that the interfacial concentration (Cj) is equal to the 

equilibrium concentration, which for the given system and 

conditions yields a constant value for C1 of 0.125 gram 



moles of hydrogen sulfide per liter of solution. It should 

be remembered that the final empirical expression relating 

the interfacial and exit concentrations was derived for the 

particular equipment under consideration and for a specified 

pressure of 1.23 atmospheres and a temperature of 25.20C. 

The effect of the interfacial concentration on the carbon 

dioxide-water system was less pronounced than it was in the 

hydrogen sulfide-water system. The plot of log (1/714) versus 

log trij  for the carbon dioxide runs yields a slope of 1.40 as 

compared with a value of 1.09 for the hydrogen sulfide runs. 

These values may be compared with a value of 2.0 for the slope 

of a system in which there is no interfacial resistance. 

The exact nature of the interfacial resistance has been 

difficult to determine because of the occurrence of effects 

due to surface active materials. Emmert and Pigford (49) in 

a study of interfacial resistance in a falling liquid film 

noted the occurrence of a decrease In the rate of mass transfer 

when surface active materials were applied. They found an 

eleven per cent decrease in the rate of absorption when an 

organic wetting agent was added. Dust is another form of 

wetting agent in that it can create a stagnant film at the 

surface of the liquid layer that would offer resistance to 

diffusion. The mechanical liquid feed system, which consisted 

of an open tank, could not be properly shielded against 

foreign particles from the atmosphere. 



It was also found that the diffusivity may become a 

function of the pressure of the system. Although the diffusiv-

ity was independent of the pressure in the hydrogen sulfide 

system, it was directly proportional to the pressure above 

an absolute value of 1.1 atmospheres in the carbon dioxide-

water system. The plot of diffusivity versus pressure for a 

carbon dioxide-water system at 25.2°C shows that the diffusiv-

ity is proportional to pressure above 1.1 atmospheres and this 

dependence becomes more pronounced at lower flow rates. If 

the curve resulting from this plot is extrapolated to a 

pressure of one atmosphere, a value of 2.0x10-5 cm2/sec for 

the diffusivity of carbon dioxide in water at 25.20C can be 

obtained. This value agrees favorably with the value of 

1.96x10
.5 

am2 /rsee frequently listed in the literature (50). 

;ERRORS: The errors in the mathematical model have already 

been discussed. Any additional errors in the experimental 

values of diffusivity were results of instrumental precision. 

The flow rate was determined by a Fisher and Porter flow-

rater with an accuracy of 2 per cent of full scale. These 

flowraters were used to monitor the liquid and gas streams. 

The other source of instrumental error is found in the 

chemical analysis used to determine the cup mixing concentra-

tion. The liquid sample was transferred directly from the 

test tray to the reagent to avoid any loss of gas. The 

buret used In the analytical titrations described previously 

were accurate to within I!. 2 per cent of full scale. 







SUMMARY  

The results of the application of the boundary layer 

and the penetration theories to the mathematical model 

describing mass transfer between cocurrently flowing gas 

and liquid streams in a horizontal channel indicates that 

the diffusivity may be dependent on the pressure of the 

system and on the degree of interfacial resistance present. 

The effect of interfacial resistance on the diffusivity is 

more pronounced with more soluble gases such as hydrogen sul-

fide. The decreased interfacial concentration of hydrogen 

sulfide in water at 25.2°C and 1.23 atmospheres resulting 

from interfacial resistance is given by: 

(L)0.455Ci = 23.0 

Highly soluble gases yield interfacial resistances resulting 

in variations in the apparent or computed diffusivity. Thus, 

solubility becomes one limiting factor in the application 

of the boundary layer and the penetration theories. 

The effect of pressure on the diffusivity is more pro-

nounced in less soluble systems. In the carbon dioxide-

water system the diffusivity increases in a manner directly 

proportional to the pressure above absolute values of 1.1 

atmospheres. 



APPENDIX  



ORIGINAL DATA  

HYDROGEN swim (SATURATED WITH WATER) - WATER RUNS AT 25.2°C  

Table V  

Run Number Plow Rate 
(Liquid )  
Vy(co/lin), 

Gaa Pressure Exit Conc. 

P (0a) .Cy(mg/40 

Comments 

VOid;1p2 400 1.11 0.1921 

2 395 1.11 0.2409 Void;1,2 

3 400 1.11 0.2389 VOld;102 

4 -_- --- Void;1,2 
30 

5 800 1.22 0.1187 Void;1,2 

6 400 1.12 0.3066 Void;1,2 

7 755 1.28 0.152 

8 700 1.15 0.152 

9 700 1.23 0.155 

10 500 1.23 0.212 

lla 500 1.23 0.208 

llb 300 1.23 0.348 

12a 300 1.23 0.351 



TABLE V (cont.) 

Run Number Flow Rate 
(Liquid) 
VL (cc/min) 

Gas Pressure 
P atm 

Exit Conc. 
"CL (mg/cc 

Comments 

12b 300 1.04 0.319 

13a 800 1.23 0.131 

13b 300 1.02 0.308 

14a 300 1.08 0.298 

14b 300 1,14 0.314 

15a 300 1.08 0.228 Void; 2 

15b 300 1.14 0.254 Void; 2 

16 50 1.23 1.950 

Reasons For Voiding Runs: 

1. Poor Pressure Control 

2. Poor Temperature Control 

3. Poor Control of Liquid Film Height 

4. Steady State Conditions Not Reached 



TABLE VI 

Carbon Dioxide (Saturated with Water Vapor)-Water Runs at 25.20C  

Run Number Flow Rate 
(Liquid

(oe/) Min) VI,   

Gas Pressure 
PG (atm) 

Exit Cone. 
FL  (11)8/00 

17 500 1.041 0.182 

18a 500 1.052 0.182 

18b 500 1.064 0.198 

19 700 1.100 0.166 

20 500 1.100 0.214 



PHYSICAL CONSTANTS USED IN CALCULATING DIFFUSIVITY  

Data for variables not directly measured and appearing 

in the general equation for diffusivity has been obtained 

from several standard sources. It was assumed in this study 

that the initial concentration of gas in the feed water was 

zero. The viscosity of the gases tested was determined from 

The International Critical Tables (51). The resulting vis-

cosity of hydrogen sulfide as a function of temperature is 

presented in Figure 11. The value of the concentration of 

the gas in the liquid at the gas-liquid interface (Ci) was 

assumed to be the equilibrium concentration. This assumption 

was tested by examining the consistency of the diffusivity. 

Values of "Ci" were obtained from Linke's Solubilities of  

Inorganic and Metal Organic Compounds (52). Figure 12 shows 

the solubility of H2S and water as a function of temperature 

and pressure. 







NOMENCLATURE 

a- Accommodation coefficient 

b- Depth of liquid film; one half depth of channel, cm 

C- Concentration, mg lee 

Ci- Concentration of gas in liquid film 

Co- Concentration of gas in liquid at t= 0, mg/cc 

c- Concentration of gas in liquid at exit, mg/cc 

D- Molecular diffusivity, cm
2
/sec. 

k- Interfacial film resistance coefficient 

L- Length of test section of channel (cm) 

n- Mass flux with respect to stationary coordinatespmecm
2sec. 

N- Molecular flux with respect to stationary coordinates, 

molesAmL2sec. 

P - Pressure of gas, atm or mm of Hg 

(1- Total mass transfer per unit time, mg/sec. 

qz- Local mass flux, mg/cm2sec. 

u- Point velocity in the direction of flow in the liquid film 

at some distance y from the axis or interphase, cm/sec. 

a- Average velocity of liquid, cm/sec. 
T- Temperature (°C) 

t- Time (sec) 

v- Mass average velocity 

v*- Molar average velocity-cm/sec. 

L- Volumetric liquid flow rate, cc/Min. 

VG- Volumetric gas flow rate, cc/Min. 

W- Width of test section of channel, cm 

xA- Mole fraction of A, CA/C 



Greek Letters  

12  -44L. 
c< —  Dimensionless group-. ,c6  

- Dimensionless group- 
-e-ce. 

DiThienatera*** grOtip.. 
-e-4z- 

- Liquid film thickness controlling diffusion cm. 

e- Density, nwjac 

Ac Viscosity of liquid, Cri  

-'4-  Viscosity of gas 

Tr - 3,1415 

(1) - Dimensionless group- c, C  
c, Co  - 

3,ubscripts 

A. Gas 

B- 

z- Direction corresponding to width of channel 

y- Direction corresponding to depth of channel 

z- Direction corresponding to that of flow or length of 

channel 
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