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ABSTRACT 

The effect of a rippling interface upon surface tension-driven 

cellular convection was experimentally investigated by contacting 

ethyl ether in tridecane solvent with nitrogen, both phases flowing 

in a cocurrent, stratified manner. These experiments were conducted 

in a horizontal, rectangular duct with a high aspect ratio. Under 

laminar flow conditions in both phases, it is known for various 

systems that interfacial cellular convection caused by surface tension 

gradients will dramatically increase the liquid-phase mass-transfer 

coefficient. This type of cellular convection has been termed the 

Marangoni effect. 

In order to determine the influence of interfacial rippling upon 

Marangoni cells the liquid volumetric flow rate was increased until 

ihe interface was visibly disturbed by wavelets. The individual 

liquid-phase mass-transfer coefficient was obtained from the experi-

mental mass-transfer data by assuming that the gas-phase resistance 

to mass transfer was equal to that resistance measured in the absence 

of or suppression of resistance in the liquid phase. At low liquid 

mole fractions, the increase in the liquid-phase mass-transfer coeffi~ 

cient due to cellular motion was greater than for the corresponding 

laminar-flow results of Clark and King;
4

'
5 

hence, it appears that 

interfacial rippling enhances the formation of Marangoni cells and 

their resultant effect upon the mass-transfer coefficient. However 
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at high values of the liquid mole fraction, the experimental liquid

phase mass-transfer coefficients were only one-third as large as 

those for the laminar-flow case, an unusual result considering only 

the difference in flow rates. Here, at high liquid mole fractions, 

interfacial rippling appears to have a severe dampening effect on the 

contribution of Marangoni cells to the liquid-phase mass-transfer 

coefficient. 

' 

' 
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I. INTRODUCTION 

The separation of chemical species existing in solution is one of 

the most frequently encountered operations in the chemical industry. A 

large number of these operations, such as extraction, absorption, 

desorption and distillation, involve the transfer of mass between two 

contacting phases, usually gas-liquid or liquid-liquid. In order to 

design the industrial equipment in which these unit operations may occur, 

it is necessary to be able to predict the mass-transfer rates involved. 

It is usually at this point that several assumptions are made, indeed 

must be made, so that prediction of the mass-transfer coefficients is 

possible. These simplifying assumptions often include the following: 

(a) Calculation of mass-transfer rates is done either on the 

basis of low flux and low concentration models or on the basis of a 

simple PBM correction. 

(b) Mass-transfer resistance is assumed to reside solely in one 

phase or to obey the "addition-of-resistances" principle. 

(c) The physical properties which govern the mass transfer are 

assumed constant, usually at their values iri the bulk phases. 

(d) Phenomena observed at high flux and high concentration, 

such as B~nard and Marangoni cells, are ignored. 

To define better the actual effect that some of these .items have on 

mass transfer, an experimental project was initiated. Using a single 

experimental flow geometry, several of the above-listed areas were 

studied first by Charles H. Byers and then by Michael W. Clark. A 

d.iscussion of their contribution follows. 
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A. Previous Work 

Byers carried out a theoretical and experimental study for a 

case where the resistance to mass transfer in each phase could be 

predicted.
1 

The experimental contactor designed and used by him was 

a horizontal duct having a rectangular cross section and a high aspect 

(width to height) ratioo The gas and liquid phases flowing in a 

stratified manner could be contacted either cocurrently or counter-

currently. The velocity profiles of the separated phases are devel-

oped prior to contact, but will undergo some readjustment at the 

common interface after contact. See Fig. 1 for this configuration. 

Advantages of this arrangement are that it allows a two-dimen-

sional treatment of the fluid-flow and mass-transfer equations and 

that the exact fluid dynamics of both phases are easily obtained. 

Also, by constructing the contactor of transparent material it was 

possible to observe the contacting interface visually. 

Byers obtained an exact solution to the convective transport 

equations for each phase for the case of low mass flux and low solute 

1 2 
concentration levels. ' 

Utilizing the flow geometry described, experimental runs were 

carried out for systems where the mass-transfer resistance resided in 

one or both of the phases. The runs involved the transfer of either a 

pure liquid (ethanol) or a solute (ethyl ether in ethanol solution) 

into a gas stream (N
2

, He or co
2
). The theoretical solutions and the 

1 2 3 
experimental runs resulted in good agreement. ' ' 

Clark carried out mass-transfer experiments involving high flux 

and high solute concentration levels for several gas-liquid systems 

4 with mass-transfer resistances in both phases. With the same 

.•, 

' 
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M U B -1Q135 

Fig. 1. Cross sectional view of the interphase mass transfer channel 
showing a typical velocity profile. 
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contactor geometry that was used in the Byers thesis, the gas and 

liquid phases were contacted in stratified, laminar, cocurrent flow. 

The interphase high-flux solution obtained by using the addition-of-

resistances principle was then compared to the experimental results. 

It was found that the actual liquid-phase resistance to mass trans-

fer was much less than that predicted by the high-flux solution. 

This was the result of liquid-phase cellular convection caused by a 

region of high surface tension at the interface brought about by the 

liquid-phase concentration gradient. The effect of this cellular con-

vection upon the liquid-phase mass-transfer coefficient was corre-

4 5 lated by a relationship involving the Thompson number. ' 

B. The Proposed Study 

It was shown by Byers that the horizontal contactor performed as 

l 
predicted under conditions of low flux and low concentration. When 

these two conditions were violated, Clark found that cellular mixing 

provided an important additional mass-transfer mechanism. He was 

4 able to correlate the effect as a function of the Thompson number. 

Concentration level and solute type were the only two variables in-

valved in this correlation. Temperature and flow rate both remained 

constant. It presently became desirable to determine the extent that 

interfacial rippling would affect the formation and stability of the 

interfacial mixing cells. Increasing the liquid flow rate to the 

point where ripples or wavelets occuredat the interface would bring 

about these conditions. At the same time, of course, the conditions 

of high flux and high concentration would be continued. 

The objectives, then, of the current study are: 

' 
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(a) Modify the existing experimental apparatus to permit operation 

at much higher liquid flow rates. 

(b) Determine if the performance of the contactor at high liquid 

flow rates and conditions of low concentration-low 1flux conform to 

the Byers prediction. 

(c) Investigate, by experiment, the effect of interfacial 

rippling on the Marangoni cell enhancement of the mass-transfer coeffi-

cient. 
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II. INTERPHASE MASS TRANSFER 

In solving the equation of convective diffusion for two-phase flow 

many complicating factors must be considered. If, as in the case con-

sidered in Sub-sec. II-B, the resistance to mass transfer is distributed 

between both the gas and liquid phases, the simultaneous solution of two 

partial differential equations is required. The two equations, one for 

each phase, are linked by the interfacial conditions. Further compli-

cation is introduced when the assumption of low flux and low concen-

tration level are no longer valids Following is a discussion of the work 

of Byers and Clark in this area. 

A. Low-Flux, Gas-Phase Controlled Mass Transfer 

The equation of convective diffusion of mass for a binary system is 

= (2-1) 

6 
The derivation of this basic equation is discussed by Bird et al., and 

assumes the following: 

(a) The diffusion coefficient, DAB' is constant. 

(b) The molar density is constant. 

(c) No chemical reaction occurs. 

(d) The velocity vector ~may be replaced with the mass-average 

velocity. 

Equation (2-1) is further simplified by assuming the following: 

(e) Only the x and y coordinates need be considered where x is 

the coordinate in the direction of flow, while y is that normal to the 

interface. 

(f) Steady state mass transfer and fully developed laminar flow 
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are considered. 

(g) The diffusive term in the x direction (DAB 

negligible compared with the diffusive term in the y direction 

(h) The diffusive flux is not large enough to affect the hydro-

dynamics of the system. 

(i) The y component of velocity equals zero. 

Equation (2-1) under these additional assumptions becomes 

ac 
u (x) __ A = 

ax ( 2-2) 

1. The Graetz Model 

The physical situation for the Graetz model consists of mass trans.;. 

fer from a fixed interface to a fluid in laminar flow between two flat 

plates as depicted in Fig. 2. The solution of interest was carried out 

7 by Butler and Plewes. For mass transfer into the phase, the concen-

tration at a point obtained by this solution is given by 

cr = -2.1766 f 1 (Y) exp (-14.582X) - 1.431 f
2

(Y) exp (-141X) - ·~· 

(2"-3) 

where X and the series f
1 

(Y) and f
2 

(Y) are defined by Butler and 

Plewes, and cr = (CA/CAs)-1. 

2. The Leveque Model 

At low values of the Graetz number only the velocity profile near 

the wall has any affect on mass transfer. In this region .the velocity 

8 
profile was assumed by Leveque to be in the linear form of 
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Fig. 2. Graetz model: mass transfer to laminar flow between two flat 
plates. 
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u = ay (2-4) 

Figure 3a illustrates the physical situation. The solution carried out 

by Leveque is 

(2-5) 

The local mass-transfer coefficient, based on the initial driving force, 

is 2 1/3 
kc = 0.538(Dxa) 

The quantity, C, is defined as (CA 

3. The Penetration Model 

For mass transfer at a free interface the Higbie penetration 

model (Fig. 3b) is considered.
9 

The concentration, 

C = ( C - C ) I ( C - CA 
00 

) , is given by 
A A ao As 

. C = erfc ( 

1/2 

(2-6) 

(2-- 7) 

and the local mass-transfer coefficient, again based upon the initial 

driving force, is 
1/2 

( 2-8) 

4. The Modified Graetz Model 

When the two phases in cocurrent motion are commonly bounded by a 

tangentially moving interface, this motion tends to increase the rate 

of mass transfer that occurs. The modified Graetz model proposes the 

gas-phase velocity profile to be parabolic with an interfacial veloc-

ity, u • The liquid-phase velocity is a constant, u and hence can be 
0 0. 

represented by the penetration model. Such a configuration is shown in 

Fig. 4. For this problem Byers carried out a numerical solution for 

the case when there is no resistance to mass transfer in the liquid 
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Fig. 3. Simple mass-transfer models: (a) the Leveque model, 
(b) the penetration model. 
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Fig. 4. Modified Graetz model: mass transfer to a fluid in laminar 
flow between two parallel walls, one of which is in cocurrent 
motion. 
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1 2 
phase. ' His results were presented graphically as concentration 

profiles, a plot of fraction saturation, F , as a function of the 
s 

Graetz number (Fig. 5), and a log-log plot of the Nusselt number as 

a function of the Graetz number (Fig. 6) for various values of the 

velocity ratio, u /u • Fig. 6 clearly shows the effect of the inter
m o 

facial velocity on mass transfer. Here, u is the average velocity of 
m 

the gas phase and F is the actual mass transferred divided by the 
s 

mass which would be transferred if equilibrium between the phases 

were reached. See Appendix A for the calculation of these terms. 

5. The Beek and Bakker Solution 

The modified Graetz model can be simplified in the same manner that 

Leveque simplified the Graetz model. That is, at low Graetz numbers the 

region of interest is near the interface where the gas velocity profile 

may be assumed linear, as seen in Fig. 7. 

10 
Beek and Bakker solved this problem for the case of no resist-

ance in the liquid phase and obtained asymptotic solutions for the mass-

transfer coefficient as a function of a dimensionless exposure time for 

short and long exposures. In the region where the solutions overlap 

interpolation was used to bridge them. In order to obtain an exact 

solution which would prove more satisfactory, Byers 
1

'
2 

altered his 

modified Graetz solution to be valid for the case of an infinite medium. 

This solution and the Beek and Bakker asymptotes are shown in Fig. 8. 

1 3 His theoretical solution was generally confirmed by experimental runs. ' 

B. Low-Flux Interphase Mass Transfer 

The addition-of-resistances principle is often used in developing 

models for interphase mass transfer. For gas-liquid mass transfer into 

I( 
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Fig. 7. A simplified model for gas-liquid mass transfer. 
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It has been conunon practice to extend equation (2-13) to the 

familiar addition-of-resistances principle 

1 
= kc a 

( 2-14) 

where the individual resistances are measured or determined in the 

absence or suppression of resistance in the other phase and averaged 

over the entire area of exposure. The term, a, is the gas-liquid 

interfacial area per unit volume of equipment. In addition to (a) 

and (b), the following conditions must be true for equation (2-14) 

to be a valid exterision of equation (2-13): 11 

(c) The hydrodynamics used in the two single-phase models must 

equal those existing in the interphase mass-transfer case. 

(d) The value of either resistance must not be materially 

affected by the existence of the other. 

(e) The ratio (Hkc/k
1

) must be constant at all points on the 

interface. 

To test the validity of equation (2-14) in various situations, 

Byers deyeloped for cocurrent laminar flow a general model for inter

phase mass transfer in semi-infinite media.
1

'
2 

For the simplified model 

seen in Fig.7, the liquid phase obeys the penetration model and the 

gas phase obeys the Beek and Bakker model. The convective diffusion 

equation for the liquid phase is 

and for the gas phase is 

(u 
0 

= (2-15) 

(2-16) 

.... 
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Relating the two phases are the interfacial conditions: 

(a) Equilibrium exists at the interface. If Hehryvs law is 

valid, then 

( 2-17) 

(b) The fluxes across the interface are equal: 

a CG a eLl D -- = D -- . 
G Oy i 

1 ay i 
(2-18) 

The details of the solution of this problem may be found in 

I . h . • l Byers t es1s. The solution is shown graphically in Fig. 9. In this 

case, KCG,loc is the overall local mass-transfer coefficient based on 

the gas-phase driving force. 2 3 
The abscissa, ~ = a DL/u

0 
, is a dimension-

less measure of the exposure time. 

Byers and King expressed equation (2-14) in the form of 

1 1 
= + 

( 2-19) 

Assuming that the penetration model is valid for the liquid phase, 

rearrangement of equation (2-19) leads to 

( 2-20) 

Fig. 8 supplies the value of kC(x/DG u
0

)
112 

since we have assumed that 

the value of either resistance will not be affected by the presence of 

. C I )l/2 C 0) the other. Hav.i ng now the valu0. of KCC x DG u
0 

from equation · 2-2 · , 

i L was comp:ln'd with the solution shown in Fig. 9. It was found that 

the maximum deviation is less than 2% for reasonable values of the 
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Fig. 9. Interphase mass-transfer solution for two unbounded media. 
-------Analytic solution,--- Computer solution. 



-21-

exposure time group,~, (up to 10
5

) thus confirming the validity of 

the addition-of-resistances assumption.
1

'
2 

Experimental runs also con-

firmed the validity of this model. 

Byers and King also solved the equations of convective diffusion 

for the case of a ~arabolic profile in the gas phase and f6r the case 

l 
of parabolic velocity profiles in both phases. 

C. High-Flux Interphase Mass Transfer 

The concentration level can readily be seen to affect the mass-

transfer coefficient if a form of FickVs first law is examined: 

( 2,...21) 

It can be seen that NA (the molar flux of A relative to stationary 

coordinates) is dependent both upon VxA and upon the concentration 

level, xA' if (NA + NB) is unequal to zero. 

The high-flux effect can be best described by a consideration of 

the velocity profile. In low-flux cases the mass flux or physical 

flow of mass (which represents a velocity) is not of a magnitude that 

affects the hydrodynamics involved. Therefore a solution may be 

obtained to the equations of motion and may then be substituted in the 

continuity equations. However in the case of high flux, this cannot 

be done because the flux due to mass-transfer is of such a magnitude 

that the hydrodynamics are altered. 

Bird et al.
6 

define the local mass-transfer coefficient as 

t 
k 
x,loc 

NAo- xAi(NAo + NBo) 

XAi - XACI' 

The low-flux mass-transfer coefficient is 

k 
x, loc 

' lim (k 
1 

) 
x, oc 

(NAo' NBo)-+- O 

(2-23) 
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Also defined are the following dimensionless variables: 

= 

cpAB 

.g.AB = 

NAo + NBo 
v 

k 
x, loc 

NAo + NBo 
k x, loc 

I 
k 
x,loc 

k 
x,loc 

= (2-24) 

(2-25) 

(2-26) 

By applying these variables to a given flow situation, the solution to 

the high-flux problem can be obtained. Figure 10 shows the flux-

level correction factor, .g.AB' for the film, penetration, and laminar 

boundary layer models as a function of the dimensionless flux ratio, 

(l + RAB). A thorough discussion of the use of this method is given 

4 6 
elsewhere. ' 

' 

D. Cellular Convection 

The occurrence of cellular convection can have a marked effect on 

the rates of heat and mass transfer. The driving force causing 

cellular motion is a gradient in either density or surface tension or 

both. This gradient is in turn induced by a concentration or tempera-

ture gradient resulting from a mass or heat transfer situation. 

Consider a situation where ether is evaporating upward from a 

vessel containing an ether-tridecane mixture. The liquid interface 

will be cooler than the bulk liquid due to the heat of vaporization of 

the ether. This will result in the interface being a region of 

higher density and surface tension than the bulk and the system is 

potentially unstable. Considering now the mass-transfer process, the 
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Fig. 10. Flux level correction factor for existing high fl~x solutions 
plotted as a function of dimensionless flux ratio. Solid lines 
indicate the results for laminar boundary layer theory. 
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interface will have a concentration of ether that is lower t~an the 

bulk. Since both the surface tension and density of ether are less 

than those of tridecane, the interface will be a region of high 

density and surface tension and again the system is potentially 

unstable. 

There is some ambiguity to assigning a value of surface tension 

to bulk fluid, ie., fluid that is not at a surfa~e. Realizing that a 

system is at its most stable state when that state corresponds to the 

lowest free energy, the surface will contribute what it can to lowering 

the total free energy of the system. One way, of course, that this is 

accOmplished is for the surface to assume as small an area as possible. 

Since this possibility is not being considered, we are left with the 

process in which bulk liquid of a different concentration than sur-

face liquid migrates to the interface thereby lowering the free 

surface energy, resulting in a more stable system. A more complete 

discussion of the interfacial state and its difference from the con-

12 
tinuous phase is given by Moelwyn-Hughes. 

A summary of history and contributions in the area of cellular 

4 . 13 
convection is given by Clark and by Berg, Acrivos and Boudart. 

1. Theoretical Work 

Studies in stability analysis have shown that it is possible to 

predict a region of stability relative to a single dimensionless 

group. If the value of this group for a given situation is less than 

a predetermined critical value of the group, the system will remain 

stable. The dimensionless variable for the temperature-induced 

density-gradient problem is called the Rayleigh number and is defined 

R (2-27) 

.. 
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If R is greater than the critical Rayleigh number, R , then cellular 
cr 

convection can occur. When the density gradient is concentration 

induced, R is defined in the following manner: 

R 
3 D(:>;v 

(2-28) 

Cells associated with the density-gradient problem have been termed 

Benard cells. 

A dimensionless group known as the Thompson number, Th, is the 

criterion for predicting stability in the surface tension-gradient 

situation. When temperature induces the surface tension gradient the 

Thompson number is 

Th ( 2-29) 

and when the gradient is concentration induced 

Th = (2-:30) 

The cells which arise from the surface tension-gradient system are 

called Marangoni cellso For a discussion of stability analysis 

theory in determining the onset of cellular convection as well as a 

listing of numerous references one is referred to the thesis of Clark.
4 

2. Prior Experimental Work 

q Until the thesis of Clark
4 

there had been little experimental 

work concerning the effect of surface tension-driven cellular con-

vcct.i.on on mass transfer •. Most work, such as that of Orell and West-

14 15 
water and Berg, was of a photographic nature describing the shape 
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and pattern of cellular motion. Berg found that the size and shape 

of the cells is dependent on both the type of system and the magni-

d f h d . . f . 1 d 15 
tu e o t e r~v~ng orces ~nvo ve • 

Ellis and Biddulph
16 

observed interfacial velocities due to cellu-

lar motion for various systems. 

Q · 1 17 , 18 , 19 f d M . 11 . 1· .d 1· .d u~nn et a • oun arangon~ ce s ~n a ~qu~ - ~qu~ 

contacti~g jet and a radially-moving-film liquid-liquid contactor. 

20 
Muenz and Marchello reported that either Marangoni or B~nard 

cells increased the mass-transfer coefficient in an experiment on gas-

liquid mass transfer at a rippling interface. 

21 Bakker, Buytenen, and Beek reported increased rates of mass 

transfer in liquid-liquid systems due to cellular convection. 

Maroudas and Sawistowski
22 

carried out quantitative mass-transfer 

experiments in a liquid-liquid wetted-wall column for systems exhib-

iting Marangoni cells. The fractional rate of surface renewal (1/sec) 

was found to vary from Oe01 to 10 depending on the contact time. 

They were not able, however, to predict the increase in mass-transfer 

rates. 

Brian, Vivian and Matiatos 23 used a short wetted-wall column 

for the study of co
2 

absorption into monoethanolamine, simultaneously 

desorbing an inert tracer, propylene. By runnins the desorption-

absorption process together, it was possible to determine if the chem-

ical absorption process was in fact causing a change in the physical 

mass-transfer coefficient. They found this to be the case and re-

ported that the physical mass-transfer coefficient is substantially 

increased. The increase was attributed to interfacial turbulence 

driven by surface tension gradients. By using the actual physical 
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mass-transfer coefficient they were able to improve considerably 

the agreement between the penetration theory solution and the exper-

imental data on the absorption rate in the co
2 

- MEA process. 

Danckwerts and Tavares da Silva
24 

have studied the formation of 

Marangoni H:Jstabilities set up by absorbing co
2 

into 1M MEA drops and 

conclude that convection currents are not observed until after one 

second of time. How then can cellular convection affect mass transfer 

in a short wetted-wall column such as that used by Brian, Vivian and 

Matiatos
23 

where contact times are less than 0.2 second? B 
. 25 

r~an 

points out that the vast difference between the hydrodynamics of a 

static drop and of a falling film may contain the answer. The falling 

film' is unstable at all Reynolds numbers. Add to this a Marangoni 

instability and there results a system that is certainly much less 

stable than a stagnant drop. Brian further suggests that the two 

modes of instability, the falling film and the Marangoni, may interact, 

all of which tends to point out that Marangoni instabilities can 

exist in the short wetted-wall column. 

Thomas and Armistead
26 

studied concentration-induced, density-

driven convection by measuring the dissolution rate of a KCl crystal 

in contact with various solvents. The mass-transfer rate due to 

cellular convection seemed to vary with the Rayleigh number to the 

one-third power. They observed a regular pattern of etch pits on the 

crystal face which was attributed to the cellular motion of the solvent. 

Bakker, Fentener van Vlissingen, and Beek
27 

studied cocurrent 

liquid-liquid extraction for several systems in a vertical contactor 

w.i.Lh mass transfer occurr:ing at a common annular interface. The 
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hydrodynamics of the system were well defined and the flow rates were 

adjusted so that there was no velocity gradient at the interface. There-

fore, since contact times were sufficiently short, the penetration model 

was valid in both phases. Three-component systems were studied, with 

the solute being transferred in both directions. They found an increase 

in the mass-transfer coefficient whenever the driving force was 

sufficiently large. The ratio of the experimental mass-transfer rate 

to that predicted ignoring cellular motion, F, was found to vary from 

the value 1.0 at low concentrations (where one would not expect to 

encounter cellular convection) to an asymptotic value of about 2.5 

at higher concentrations. In further experimentation they incor-

porated a rapid chemical reaction with the extraction process. At 

high concentrations it was observed that cellular convection died out 

and F approached one. This was explained by the fact that the inter-

facial concentration of solute approached zero thereby eliminating the 

driving force for cellular convection in the reacting phase. 

3. The Experimental Work of Clark and King 

The study of Clark and King
4

'
5 

resulted in a correlation of the 

quantitative effect on mass-transfer coefficients caused by the 

presence of Marangoni cellse Utilizing the same experimental con-

tactor that Byers had used, Clark carried out experimental runs evapo-

rating a volatile solute from a flowing tridecane liquid phase into 

cocurrently flowing nitrogen. By fixing both flow rates and stream 

temperatures, the system variables were reduced to choice of solute 

and concentration of solute. Consideration of various solutes limited 

the selection to carbon disulfide, n-pentane, cyclopentane and ethyl 

, 
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ether. For each of these the liquid mole fraction was varied from 

zero to about 0.4. 

His experimental results were directly compared to the high-

flux prediction for the existing flow pattern. The results were 

presented graphically showing the functionality of gas-phase fraction 

saturation with liquid-phase mole fraction. As seen in Fig. 11 the 

experimental results for cs
2 

gave excellent agreement with the high-

flux prediction. The other three solutes, however, showed a marked 

increase in the mass-transfer coefficient at high concentrations over 

that predicted by the high-flux solution. The results for ethyl 

ether seen in Fig. 12 evidenced the greatest deviation. The upper 

line in these figures represents F for the system assuming the 
s 

liquid-phase mass-transfer coefficient equals infinity (zero liquid 

phase resistance). 

The increase in the mass-transfer rates was found to be caused by 

surface tension-driven cellular convection. That cellular convec-

tion was actually occurr:ing was further demonstrated by taking temper-

ature probes of the liquid phase in the region near the interface. 

Because of the latent heat of vaporization of the solute a temperature 

gradient is established in the liquid phase near the interface. At 

low concentration levels the thermocouple output indicated that the 

liquid temperature was constant with respect to time and varied only.· 

with depth beneath the interface. However at high concentration 

levels this was no longer true, as seen in Fig. 13. It is clear 

that temperature is now varying with respect to time due to units of 

liquid of varying temperature flowing past the thermocouple tip. 



-30-

0.8 r----r----~--,..----r----, -c: 
0 Carbon disulfide/Tridecane system 
+-
c 

0.6 ~ 

:::) 

+-c k4> = <X> 
(/) 

c: 
0 0.4 
+-
(.) •• c 
~ • •• '+-- 0.2 

(/) 

LL 

o.~----~----~------~----~------
0 0.1 0.2 0.3 0.4 0.5 

(liquid phase mole fraction) 

XBL 675-3125 

Figure 11. Gas-phase fraction saturation (cup-mixing) as a function 
of liquid-phase mole fraction (bulk) for the system carbon 
disulfide-tridecane evaporating into nitrogen. 0 ••• indicates 
the experimental da:ta. The lower solid line represents the 
predicted high-flux behavior usinB the addition-of-resistances 
approach. Temperature= 30 ~ 0.1 C. QL = 0.4 gpm, QG = 166 cc/sec. 
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Fig. 12. Gas phase fraction saturation (cup-mixing) as a function of 
liquid phase mole fraction (bulk) for the system ethyl ether
tridecane evaporating into nitrogen. e ... indicates experimen
tal data. The lower solid line represents the predicted behavior 
using the high flux addition-of-resistances approach. Temperature 

0 = 25 ~ 0.1 c. QL = 0.4 gprn, QG = 166 cc/sec. 
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Fig. 13. Output from thermocouple probes showing oscillation of liquid
phase temperature as a function of time for various vertical 
positions. Distance units are inches measured from bottom of 
channel. 
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Such behavior would result if bulk and interfacial liquid cells were 

being exchanged under the impetus of a surface tension gradient~ 

As further evidence that the mass-transfer increase iB due to 

an occurrence in the liquid phase, a concentration profile in the gas 

phase was experimentally measured (Fig. 14). It was found to lie 

between the predicted profile and the profile for k
1 

equalling infinity, 

indicating that k
1 

is greater than the predicted value. The individ

ual gas-phase coefficient corresponding to the extrapolated inter

facial coefficient was within 8% of the value predicted by simple 

convective diffusion theory. 

There are four possible mechanisms which could be responsible for 

the observed celiular convection: 

(a) Temperature-induced surface tension gradient. 

(b) Concentration-induced surface tension gradient. 

(c) Tempe~ature-induced density gradient. 

(d) Concentration-induced density gradient. 

An inspection of the systems showed that all four mechanisms operate 

in the direction which leads to instability, therefore Th or R was 

calculated for each situation. From this analysis Clark showed that 

the concentration-dependent Marangoni cells were two to three orders 

of magnitude more predominant than any of the other mechanisms. 

The cs
2 

results, as mentioned earlier, exhibited no concentration

induced cellular convection. This is to be expected since both the 

density and surface tension of cs2 lie in the wrong direction from 

tridecane. Stability is expected to result. However, at high concen

trations of cs2 the effect of temperature-induced, density-driven 

cellular convection is seen. 
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Fig. 14. Gas phase concentration profile for evaporation of n-pentane 
from tridecane into nitrogen. 0 ••• indicates experimental data. 
The dashed line indicates the predicted profile in the absence of 
cellular convection. QL = 0.4 gpm, QG = 166 cc/sec. 
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After it had been determined that the anomalous mass-transfer 

behavior was being caused by Marangoni cells, it was desirable to 

correlate the results. Clark concluded that a reasonable form for 

the correlation to take was 

' k 
0,cr 

= f(T~h, Sc, Re) 
cr 

(2-31) 

' Here k is the predicted value of the liquid-phase mass-transfer 
0,cr 

coefficient at x • It was found that a single value of Th = 8000 
cr cr 

predicted the point of instability for all the systems. For ethyl 

ether the mole fraction corresponding to Th = 8000 was found to be cr 

X = 0.014. 
cr 

The correlation, shown plotted in Fig. 15, gives the factor of 

increase in the individual liquid-phase mass-transfer coefficient due 

to the Marangoni cells. For the three systems agreement is good. 

Note that in some cases the observed mass-transfer coefficient was 

roughly 10 to 20 times larger than that predicted from the high flux 

solution. 

In view of the work of Clark and King it was desirable to 

determine whether interfacial rippling would alter the magnitud·e of 

the Marangoni effect. 
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Fig. 15. Correlation of the effect of surface tension driven cellular 
convection upon liquid phase mass-transfer coefficients. 
0 experimental results for cyclopentane-tridecane 
0 experimental results for n-pentane-tridecane 
~ experimental results for ethyl ether-tridecane 
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III. EXPERIMENTAL APPARATUS 

The exper'imental equipment used in this study is essentially 

the same as that used by Clark
4 

and prior to him, Byers.
1

'
3 

The 

heart of the apparatus, the two-phase contactor, was unchanged but 

much of the supporting equipment such as piping, the pump, etc., 

was altered to reflect the need to operate at considerably higher 

liquid flow rates. 

A. Existing Equipment 

The 18-inch horizontal two-phase contactor has a rectangular 

cross section with inside dimensions of 0.5 in. by 3.0 in. for each 

phase. It is constructed of Lexan polycarbonate, a transparent 

plastic, and has positions for three temperature probes (P
1

, P
2 

and P3) and two concentration probes (c
1 

and c
2

) as seen in Fig. 16. 

Both types of probes are micrometer-mounted allowing complete trav-

ersing of both phases for obtaining profiles. Figures 17 and 18 

illustrate the configuration of these probes. For further infor-

mation concerning the design of the channel contactor and the con

ceritration probes, see Byers' thesis.
1 

One is referred to the thesis 

of Clark for additional information about the chromel-constantan 

h 1 b d 
. 4 

t ermocoup e pro e es~gn. 

The inlet section to the contactor is constructed so that the 

gas conduit approaches the contactor in a parabolic arc with a final 

entry angle of 6 degrees.- The liquid conduit approaches the contactor 

horizontally allowing the two phases to be physically insulated from 

each other so that heat-transfer experiments in a prior study could 

4 
be conducted. The channel-entry configuration is seen in Fig. 19. 

Although heat-transfer experiments were not a part of the current 
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XBL675 -3121 

Fig .. 16.. Test section with overall dimensions and placement of the 
temperature (P

1
,P

2
,P

3
) and concentration (c

1
,c

2
) probes indicated. 
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Xl3L 676-4142 

Fig. 17. Cross sectional view of.the:tmocouple probe. A, channel wall; 
B, probe sheath; C, thermocouple lead exit; D, central shaft; 
E, head; F, barrel; G, probe tip; H, 110-ring" seal; J, thermo
couple lead. 
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M U B -11292 

Fig. 18. Detailed drawing of the micrometer composition probe. 
A, channel wall; B, sample probe; c, syringe adapter; D, 
central shaft; E, head; F, barrele 
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Fig. 19. Cross sectional view of channel, with the position of all 
the points for temperature determination indicated. 
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project, there was no reason to lower the gas entry to a horizontal 

plane because it was shown that the gas-phase hydrodynamics are not 

4 
altered by the parabolic entry at Reynolds numbers less than 1200. 

The exit section has a thin metal divider plate separating the 

phases as they leave the contactor. 

The nitrogen, obtained fr9m a cylinder, flows through a heater 

to the inlet calming section. The flow rate is monitored by any one 

of four rotameters mounted in parallel. Passing through the con-

tactor, the N enters the exit calming section where it is separated 
2 

from the liquid phase by the divider plate and finally is vented to 

the hood. 

B. Equipment Alterations 

The entire liquid flow system was altered to permit the higher 

flow rates required by this study •. To obtain larger capacity the 

original positive displacement liquid supply pump was replaced with 

an ECO Centri-Chem TA-3 centrifugal.pump with a 3-3/4-in. fully 

inclosed impeller and·~-h.p. motor. A surge tank needed to damp the 

pulsating output of the previous pump was eliminated. Because the 

pump represents an actual source of heat input to the system, a 

cooler was installed on the liquid stream. The size of all lines 

and valves was increased to reduce pressure drop and the liquid 

rotameter was replaced with one of a larger capacity. 

C. Integrated Apparatus, Sampling and Instrumentation 

Figure 20 is the experimental flow sheet showing both liquid and 

gas flows. Features of the system are: 

(a) A liquid bypass around the channel allows for rapid mixing 

of the liquid phase. 



,. 

gas 
vent 

-43-

nitrogen 
supply 
cylinder 

channel contoctor 

liq. return line 

voc/oir 

gas 
rotameter 

make-up 
tonk feed 

tonk 

system drain 

Fig. 20. Experimental flow sheet. 

c.w. in 

gas 
heater 

liquid 
cooler 

liquid 
rotameter 

XBL 698-1164 



-44-

(b) The liquid cooler is balanced against the heat input of the 

pump, resulting in precise temperature control of the liquid phase. 

(c) The liquid level in the contactor was controlled manually 

at the divider plate height either by adjusting the vacuum on the feed 

tank or by manipulating the liquid level control valve. Vertical move

ment of the interface was visually observed by sighting through a 

Gaertner cathetometer. 

(d) ·Since the liquid return line appeared to comprise the major 

pressure drop restricting higher flows, it was enlarged from 1/4-in. 

to 1/ 2-in., reducing the .OP by a factor of about 32. 

(e) The gas heater raises the N
2 

temperature so that it is 

slightly warmer than the liquid phase, thereby eliminating any 

possibility of temperature-induced convection currents in the liquid. 

(f) Chromel-constantan thermocouples were used to monitor the 

interfacial liquid temperature during the high flux runs. Actually 

the liquid bulk temperature was controlled at a higher value to yield 

the desired interfacial temperature. 

(g) Several thermistors were used to monitor various stream 

temperatures throughout the process. Figure 19 shows the location of 

these probes. T
1 

through T
9 

indicate the fixed thermistor locations 

and P
1

, P
2

, and P
3 

are the micrometer mounted thermocouple probes 

used for measuring the interfacial temperature. The liquid bulk 

temperature was measured by T
4 

and the gas temperature by T 2 ~ 

(h) A sidestream of the gas phase was continuously passed through 

the chromatograph sample loop by holding a slight vacuum on the loop. 

To obtain a sample for analysis it was necessary simply to actuate the 

chromatograph sample valve. In this manner it was possible to obtain 



-45-

either the cup-mixing concentration of the center one-third of the gas 

flow or, if preferable, a concentration profile. 

(i) Bulk liquid samples were stored and analyzed with the chromato-

graph after the run was completed. 

Following is a description of the supporting instrumentation for 

the system: 

(a) The gas and liquid analyses were performed on an Aerograph 

Model A-90-P2 gas chromatograph using a helium carrier. The column 

used was 10 ft. by 1/4 inch 20% SE-30 on 60/80 chromosorb W. The 

chromatograph output was recorded on a Brown electronic recorder with 

a disc integrator. 

(b) The thermistor outputs were read on an Atkins Model 3L01J-

C/AO/AP/AR/AS thermistor indicator. 

(c) A Sargent Model SR recorder was used to record the chromel-

constantan thermocouple outputs. 

D. Equipment Operation 

The following sequence describes the procedures carried out for the 

experimental runs: 

(a) The gas chromatograph detector was switched on and at least 

an hour.was allowed for it to establish equilibrium. 

(b) With the desired ether concentration in the tridecane solvent, 

the liquid was circulated long enough to attain the desired interfacial 

t t Of 25oc. empera ure 

ture within 0.2°C. 

It was usually possible to maintain this tempera-

For the low-flux runs this value was assumed equal 

to the measured bulk temperature. For high-flux runs the interfacial 

temperature was actually measured because of the cooling effect asso-

ciated with the evaporation of the volatile ether. 
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(c) At the same time, the liquid level in the contactor was 

~stablished either by adjusting the vacuum on the liquid feed tank or 

by adjusting the liquid level control valve. Increasing the vacuum in 

the tank tended to lower the liquid level while decreasing the vacuum 

would cause the level to rise. 

(d) After (a) and (b) the nitrogen gas flow rate was established 

and the temperature adjusted to 25-26°C. The liquid temperature was 

then readjusted to give the correct interfacial value. The timer was 

then started. 

(e) Cup-mixing gas samples were analyzed about every 30 minutes. 

Three samples would be analyzed, one after the other, and the data 

averaged to obtain a composition for that run. Bulk liquid samples 

were taken by syringe from the probe c
1 

(see Fig. 16) at about 50 

minute intervals and held for later analysis. The liquid concen

tration changed very slowly with respect to time allowing one to 

assume constant liquid composition for any one set of gas analyses. 

(f) .It was always necessary to observe the liquid level in the 

contactor constantly andmake minute adjustments as it drifted off in 

one direction or the other. 

(g) The liquid samples were analyzed on the chromatograph after 

completion of the run and the results were plotted as concentration 

versus time as seen in Figures 21 and 28. One could then determine the 

liquid concentration for the time that a given gas sample was analyzed. 

E. Experimental Errors 

There are several areas of the operation from which experimental . 

errors can arise. The most critical is in the area of level control in 
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Fig. 21. Behavior of liquid phase concentration with respect to time 
for the system ethyl ether-tridecane at 25°C. 
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the channel, because a very small change in the level can lead to a 

large change in mass-transfer areae Although fluctuations could be 

eliminated for periods of up to five minutes, the level would eventually 

tend to drift. However, it was usually possible to maintain the proper 

level for the duration of the run. Occasionally, a gross error would 

cause flooding of the gas inlet and exit sections causing a cessation 

of runs. 

A related concern was that of the rippling interface lapping over 

the channel divider plates. The degree of rippling present throughout 

the high liquid flow rate runs however, was not great enough for this 

to cause any problem. 

The control of the gas-phase temperature at one-half to one ·degree 

higher than the interfacial temperature was difficult although with 

practice these limits could be reasonably maintained. 
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IV. LOW-FLUX EXPERIMENTS 

The hydrodynamics of the two-phase contactor have been we'll 

defined theoretically and experimentally for conditions of low flux 

d 1 . . 1 . fl 1,2,3 an ow concentrat1on 1n .am1nar ow. At these low flow rates 

the interface is smooth and free from any wave motion. The region of 

interest for the current study however, is where interfacial rippling 

occurs. In order to achieve this the liquid flow rate was stepped up 

to the point where the interface was visibly disturbed by wavelets. 

Low-flux, low-concentration runs were conducted at this flow rate to 

determine the effect of interfacial rippling on mass transfer and to 

determine a base of compa~ison for the runs under high flux conditions. 

In this manner the validity of the Byers prediction for conditions of 

higher flows could be examined. 

A. Prior Work 

As already mentioned, Byers and King carried out solutions for 

several models of interphase mass transfer. 1 ' 2 Of primary interest is 

the solution to the problem depicted in Fig. 7. Recalling from Subsec. 

li-B, equation (2-15) for liquid-phase convective diffusion is 

= 

The boundary conditions are 

CL = CLoo at X = 0 

CL = CLeo at y = -co 

The equation for gas-phase convective diffusion is 

(u + ay) 
0 

= 

(2-15) 

(4-1) 

(4-2) 

(2-16) 



-50-

with boundary conditions 

CG = CGoo at X = 0 (4-3) 

CG = CGoo at y = 00 (4-4) 

The interfacial conditions linking equations (2-15) and (2~16) are 

(a) Equilibrium: 

CGi = '):f eLi ( 2-17) 

(b) Equality of fluxes: 

DG ~I DL 
~ CL 

()y = --ay 
i i 

( 2-18) 

· Although it was not possible to obtain concentration profiles 

Byers did solve for the mass-transfer coefficient through the use of 

the 
1 2 

Laplace transform. ' In the region qf small exposure time, 1: , 

the series solution takes the form 

~ 
k ) 

c:nG) 
1 ( 1 

t'2 
K = U>f-+1 

. --r + 4( (}" 'H + 1) (4..;5) CG,loc 1f"2 

where 

= (4-6) 

Note that equation (4-5) is a corrected form of the solution given 

by equation (35) in reference (2). See Appendix A for an additional 

note on this correction. 

For large values of the exposure time, 1:, the solution is 

1 ( 1 -
= (f~ ? 

0.515 

cr?+ 't'1! 6 
+ 0.343 ) 

Ccr?:f)2 ,f-13 · 

(4-7) 

These solutions have already been presented graphically as the 
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solid lines in Fig. 9. The dashed lines are computer solutions obtained 

by a numerical method for the region where the series solutions are not 

valid.
1 

Note that the parameter a~ tends to show the degree of resis-

tance'to mass transfer in a phase. For V'*= 0, the solution in Fig. 9 

is simply the Byers computer solution of Fig. 8; i.e., no mass-transfer 

resistance is in the liquid phase. At q)f = 1 the mass-transfer resis-

tance tends to be evenly distributed between the phases. 

In order to confirm their theoretical solution experimentally 

Byers and King conducted low-flux interphase mass-transfer experiments 

utilizing the contactor described in Subsec. III-A.l,J They evaporated 

ethyl ether into a flowing gas stream of either co
2 

or He. It was found 

that the model depicted in Fig. 7 was applicable to the experimental 

runs if the gas flow rate is greater than a value such that the gas 

phase may be treated as an infinite medium. This flow rate was found 

to be 60 cc/sec. The experimental results of their study showed that 

the data followed the theory with good agreement and hence, the theo

retical model is valid.l,J 

Clark and King also carried out a few low-flux experimental runs 

to confirm that the somewhat modified apparatus was functioning as it 

4 5 
should. ' Good agreement between the data and Byers' low-flux predic-

tion was obtained. 

B. Low-Flux Prediction 

Once the conditions under which to conduct the experimental runs 

(Subsec. IV-C) had been determined the low-flux prediction for KCG was 

sought. The runs were made at a low value of the dimensionless exposure 

tinw, 'e' = 0.0376; consequently the region of interest is at the far 
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left in Fig. 9. However, because readings from this graph are not 

precise, the predicted value of KCG is obtained directly from equation 

(4~5). For the ethyl-ether, tridecane, nitrogen system the parameter 

ct'H-= 0.758 and consequently KCG,loc = 0.077 em/sec. Since both 

phases obey the penetration model, KCG,avg = 2 (KCG,loc) = 0.154 em/sec. 

In light of this information it was possible to determine a predicted 

low-flux value for the mass-transfer rate. This is presented as the 

fraction saturation, F , of the gas phase which is defined as the ratio 
s 

of the mass transferred to the mass that would be transferred if 

equilibrium between the phases were reached. Relating F and K 
s CG,avg 

is 

F 
s 

= (0.915)(A)(KCG,avg) 

QG 
(4-8) 

where A is the mass-transfer area, QG is the gas flow rate, and 0.915 

is the corner 'correction factor (see Appendix A). The low-flux 

prediction, then, is F = 0.292. The average low-flux liquid-phase 
s 

mass-transfer coefficient, kL , as.determined from the penetration ,avg · 

-3 I model is found to be 2.84 x 10 em sec. It is these values for 

K F , and kL to which the low-flux experimental results 
CG,avg' s ,avg 

will be compared. 

c. Experimental Results 

At this point it is important to stress why the need for the gooa 

adherence to the additivity-of-resistances principle demonstrated by 

B d K. 1,2 . . d · yers an ~ng 1s requ~re • Although it is quite easy to obtain 

the overall mass-transfer coefficient experimentally, it is exceedingly 

difficult to measure a liquid-phase mass-transfer coefficient experi-

mentally. Therefore one must obtain kL by the addition-of-resistances prin

ciple. When the liquid-phase resistance represents only a minor portionof the 
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overall resistance (as is expected for this study) it is doubly 

necessary that the additivity principle be an accurate assumption. 

Put another way, it is critical to this study that the kc measured 

in the absence of a liquid-phase resistance not be altered when a 

liquid-phase resistance is introduced. This, too, was shown by 

B d K~ng 1 ' 2 to be 1·d · yers an L a va ~ assumpt~on. 

A number of low-flux experimentai runs were planned and carried 

out in order to establish a base of comparison for the high-flux runs. 

To minimize the number of variables, it was decided to keep fixed the 

volumetric flow rates of both phases. The temperatures of the phases 

were also constant at an equal value (25°C) so that the only heat 

effect was that associated with the heat of vaporization of the solute. 

The use of the nitrogen-tridecane system was continued because 

both substances were readily available and their properties are well 

defined and easily obtained.4 Of the solutes used by Clark and King4 '
5 

ethyl ether resulted in the greatest deviation from the high-flux 

prediction and therefore it was used for the current study. The 

nitrogen flow rate was fixed .at 168 cc/ sec, the gas phase Reynolds 

number equalling 247 at 25°C. The liquid flow rate was 2.3 gpm, and 

the corresponding Reynolds number at low concentrations of ether was 

2480 (see Appendix C for calculations). The transition between the 

laminar and turbulent regimes in open channel flow occurs in a range 

30 
of Reynolds numbers from 2400 to 4800. Thus, the flow appears to 

be .at the upper end of the laminar regime. It was decided to maintain 

the liquid volumetric flow rate, rather than Re
1

, at a constant value 

as the bulk liquid composition changed because the penetration theory 

k
1 

is directly proportional to u
0 

to the one-half power. 
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All of the low flux runs (nos. 35-40) were conducted at xL = 

0.005 to 0.01, insuring low-flux, low-concentration conditions. The 

value of the fraction saturation, F , for the average of these runs 
s 

was 0.317 (the spread 12% of the average value) deviating in the 

high direction from the low-flux prediction of 0.292. The experimental 

value for kL was 3.45 x 10-3 em/sec. This is an increase in kL ,avg 

of 21%, which is attr-ibuted to the presence of interfacial rippling. 

These results lead to a qualitative examination of the degree of inter-

facial rippling present throughout these runs. The expected result was 

that interfacial rippling would tend to increase the mass-transfer 

coefficient and hence, F • Visual observation of the interface revealed 
s 

that although rippling did occur, it appeared to be mild. However, the 

experimental data show that the rippling was pronounced enough to affect 

the mass-transfer coefficients. This result is further substantiated 

by the work of Byers and King
1

• By increasing the gas flow rate to a 

value greater than 200 cc/sec, Byers was able to cause rippling at the 

interface. This resulted in mass-transfer coefficients too large to he 

explained by laminar theory. 

Jepson, Crosser, and Perry28 have shown that in a channel inclined 

9°44 1 from the horizontal, rippling becomes important a:t liquid 

Reynolds numbers greater than 700. For the horizontal geometry of 

the current study much higher Reynolds numbers were required before 

rippling was evident. This is to be expected because, as Yih
29 

has 

noted, horizontal channel flow is neutrally stable to small disturb-

ances. 

These low-flux experimental results will be used now as a base of 

comparison for the high-flux experiments. 
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V. HIGH-FLUX EXPERIMENTS 

After the analysis of the performance of the contactor at a high 

liquid flow rate and low concentration, the region of interest shifts 

to conditions of high flux and high concentration. As noted earlier, 

it was demonstrated that the addition-of-resistances assumption for 

the contactor gives less than 2% error.
1

' 2 Recall, however that this 

was only for the case of low flux. The addition-of-r.esistances 

principle generally tends to be valid though, if the resistances have 

the same dependence on the exposure time. It has been noted that the 

presence of high-flux and high-concentration conditions does not affect 

. 4 
the exposure time dependence of the resistances. ·· Hence, the assump-

tion in question should provide a valid means for the prediction of 

high-flux mass-transfer behavior. 

Of interest here is an investigation of the effect that inter~ 

· facial rippling will have on cellular convection. Will higher flow 

rates and resulting interfacial rippling enhance or hinder the forma-

tion of these cells and their influence on mass transfer? Will there 

be any discernible effect of cellular convection at all? The answers 

to these questions will be sought in this section. A .discussion of 

the experimental results will be presented as well as a consideration 

of the work of Clark and King4 ' 5 which pertains to the subject. 

A. Prior Work 

The solution for the interphase mass-transfer·problemrequires 

the simultaneous solution of two partial differential equations linked 

by the interfacial behavior. If conditions of high flux and high 

concentration are imposed, the problem becomes more complex. In order 
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to carry out the addition of resistances under these conditions, 

Clark and King'·developed an iterative method for predicting the mass

transfer coefficient.4 

By assuming constant partial molal volumes of either component 

with respect to changing mole fractions, the liquid-phase mass-

transfer coefficient can be defined as 

I 
k = 
0,loc 

In the limit of low flux, the coefficient becomes 

k = 0,loc 

The dimensionless high-flux parameters for the liquid phase are 

defined as 

= 

~AB = 

.g.AB = 
k ' 

I 

,w 

VB 
+ -- N ,., Bo v 

A 

k 
0,loc 

VB 
+ --N V Bo 

A 

0,loc 

k 
0,loc 

= 

The analogous set of equations for the gas phase is 

(5-l) 

(5-2) 

(5-3) 

(5-4) 

(5-5) 
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k 
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(5-6) 

(5-7) 

(5-8) 

It may be interesting to note that the above two sets of equations 

have different forms because they arise from slightly different but 

equivalent forms of Fick's first law. For the gas phase in terms of 

mole fractions we have 

= (5-9) 

The solution of .this equation upon which equations (5-6), (5-7) and 

(5-8) are based assumes that cG is constant. For the liquid phase 

in terms of volume fractions we have 

,., 
'/JAi (VANAo 

,., 
) DL V'/JA VANAo - + VBNBo = - (5-10) 

(5-10) by 
,.., 

leads Dividing equation VA to 
,., 

'/JAi (NAo 
VB DL 

V'/JA NAo ""' +-N ) = ,., Bo ,.., 
VA VA 

(5~ll) 

The solution leading to the use of equations (5-3), (5-4) and (5-5) 

as correction factors is based upon equation (5-11), which does not 

assume a constant liquid molal density but instead assumes that VA 

and VB are each constant. 

Average mass-transfer coefficients are also defined using fluxes 

and c<mcPnlr;ttions averaged over the entire mass-transfer exposure 

length: 
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-58-

,., 
v 

N - 0 . (N + _2. N ) 
Ao,avg A1,avg Ao,avg V Bo,avg 

A 

0 - 0 Ai, avg AOtJ , avg 

N - y (N + N ) Ao,avg Ai,avg Ao,avg Bo,avg 

y Ai,avg - y Aoo ,avg 

For convenience the following additional assumptions are made: 

(5-12) 

(5-13) 

(a) The perfect gas law is a valid equation of state for the 

gas phase and, hence 

= (5-14) 

where the total molar concentration, cG' is constant. 

(b) The liquid solvent is non-volatile and the gas solvent is 

non-condensable, i.e., NBo = 0. 

(c) The liquid binary components have constant partial molal 

vo 1 ume, i • e. , 

= 

By dividing equation (5-13) by its equivalent for the liquid 

phase, equation (5-12), there results 

v 
k 
y,avg 
I 

k 
0,avg 

= 
(0Ai - 0Aoo )(1 - YAi) 

(yAi -yAoo)(1 - 0Ai) 

k .g. 
y,avg AB,gas 

= 

k0,avg .g.AB, liq 

In order to obtain the equilibrium relation between the phases; 

Henry's law and equations (5-14) and (5-15) are combined to yield 

* where yA is in equilibrium with 0A. Solving equations (5-16) and 

( 5-15) 

(5-16) 

(5-17) 

( 5-17) wi 11 determine the two unknowns, y Ai and 0 Ai. Because both 
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~AB and ~AB 1 . are dependent on the two unknown interfacial con-,gas· , 1.q 

centrations, an iterative or trial-and-error solution is required. 

The procedure as outlined by Clark and King is as follows: 4 

(a) A value for YAi_ (and hence, 0Ai) is assumed. 

(b) The value for ~ for the penetration model is deter-AB,liq 

mined. from Fig. 10. 

(c) The value for ~AB is obtained from a plot similar to ,gas 
' 4 

Fig. 10 constructed from a high-flux solution for the Leveque model. 
I 

In actual practice the Leveque and penetration solutions are nearly 

identical on the ~AB vs. (1 + RAB) plot, and therefore ~AB,gas can 

be obtained from the penetration curve in Fig. 10. 

(d) New values for yAi and 0Ai are now calculated from equations 

(5-16) and (5-17) and the process is repeated until yAi converges 

(usually two iterations). 

(~) With the final value for 0Ai' equation (5-12) is used to 

~btain k: . A value for the fraction saturation, F ,~is determined 
v,avg s 

for comparison with the experimental data. In this manner the lower 

line on Fig. 12 was obtained. 

The experimental work of Clark and King
4 

described in Subsec. 

II-D-3 resulted in data which were compared to the high-flux solution. 

Cellular convection was not expected in the case of cs
2 

and, in fact, 

these data agreed well with the predicted behavior, as has been seen 

in Fig~ 11. The behavior of ether is representative of the other 

systems used and showed a definite deviation which led to their study · 

of the effect of Marangoni instabilities on cellular convection. 

B. Experimental Results 

With the low-flux runs completed, a series of high-flux, high-
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concentrations runs were planned. A high-flux solution was sought in a 

manner similar to that described in Subsec. V-A. Implicit in this 

procedure is the assumption that the rippling interface will have no 

effect on the high-flux correction factor. Although this may not be 

rigorously valid, it should be accurate enough because the solution 

obtained from the ~AB vs. (1 + RAB) relationship doesn't involve the 

experimental results in any way. It just provides a basis or reference 

point to which the data may be compared. To be entirely correct, 

experimental runs could be conducted with a system that doesn't produce 

Marangoni instabilities, such as the cs
2
-tridecane system. In this 

manner one could test the degree to which the above assumption is 

accurate. 

The procedure for seeking the high-flux solution is exactly the 

same as is outlined in the previous section, albeit there is a distinc

tion to be made. In the case of Clark and King
4 

the ratio of the mean 

gas velocity to the interfacial velocity, u /u , equals 4.2 and the 
m o 

gas phase obeys the Leveque model. However, for the current study 

u /u is 0.78 and hence, the gas phase is more nearly described by the m o 

penetration model as depicted in Fig. 22. But because ~AB is the same 

for both models the distinction is academic for the purpose of obtain-

ing the high-flux solution. The results of the iterative procedure 

appear as the lower line in Fig. 23 (see Appendix C for a sample calcu-

lation). 

In order to determine if the ether-tridecane-hitrogen system 

could be used for this series of runs it was necessary to consider the 

mass-transfer resistance in the liquid phase at low-flux conditions. 

For low liquid flow rates (0.4 gpm) this amounts to about 50% of the 
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Fig. 22. Mass transfer model for 2.3 gpm runs. System: Ethyl ether
tridec~ne-nitrogen. 
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E thy I ether I Tridecane system 

----------~---------
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XBL 698-1165 

Fig. 23. Gas phase fraction saturation (cup~mixing) as a function 
of liquid phase mole fraction (bulk) for the system ethyl ether
tridecane evaporating into nitrogen. 0 ••• indicates 2. 3 gpm 
experimental data. A o•• indicates 0.96 gpm experimental data. 
The lower solid line is the predicted high flux behavior based 
on the low flux experimental results using the addition-of
resistances approach. The lower dashed line is the predicted 
high flux behavior based on the laminar prediction of Byers and 

I L o o · 
King. ' Temperature = 25 C..::!:. 0.2 , QG = 168 cc/sec. 
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totai.resistance. By increasing the liquid flow rate it is expected 

that this value will be reduced. However, if it is reduced too much 

the system will be unacceptable for use in studying a liquid-phase 

resistance phenomenon because only a small per cent of the total 

resistance will be available to work with. If this then were the case, 

means of decreasing the gas-phase resistance would have to be consid-

ered. This could mean using higher gas flow rates or using a different 

gas with a higher diffusivity, such as heliume From the low-flux 

results given in Subsec. IV-C. the liquid-phase resistance is found 

to be 40% at 2.3 gpm. It is apparent that this value is still large 

enough to work with and, hence, the ether-tridecane-nitrogen system is 

satisfactory. 

The experimental conditions prevailing throughout the high-flux 

runs were identical to those of the low-flux runs except, of course, 

for the solute concentration. The ether liquid-phase mole fraction 

was varied from 0.03 to about 0.31. At QL = 2.3 gpm, the liquid phase 

Reynolds number varied from a value of 2480 to about 4000, due mainly 

to the variation of viscosity with concentration. 

The results of these runs are presented in Fig. 23. The fraction 

saturation is found to vary with solute concentration in a manner 

similar to that in Fig. 12. For purposes of comparison, the predicted 

behavior for the case of no liquid-phase resistance is plotted as the 

upper line (labeled k
1 

= 00) in Fig. 23. This was calculated from 

Fig. 5 for the case where V~= 0. The dashed line represents the 

predicted high-flux behavior based upon the laminar prediction of Byers 

d K . l,Z . . f . 1 . 1" an 1ng, 1.e., no 1nter ac1a r1pp 1ng. The lower solid line is 
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obtained by assuming that the high-flux behavior predicted for the 

experimental conditions is 21% greater than the laminar prediction 

for all Reynolds numbers. This approach does not allow for a possible 

I 
increase in kL at higher values of xL due to a possible higher degree 

of interfacial rippling encountered at higher values of ReL. As seen 

later, any error i~troduced by this assumption will be on the conser-

vative side. 

The deviation from the high-flux solution appears to commence at 

approximately the same mole fraction as in the low flow case (Fig. 12). 

This suggests that perhaps mole fraction may be a criterion for the 

onset of cellular convection in a given system at different flow 

conditions. However, additional experimentation at various flow rates 

would be required to verify that this is the case. Leveling off sooner 

than the low flow case, F s does not approach the kL = t» 1 imi t as closely. 

It is apparent that at the higher flow rate the enhancement of mass 

transfer by Marangoni cells is somewhat reduced at the higher ether 

mole fractions in comparison to the behavior at the lower flow rate. 

In the high flow rate case the per cent resistance in the liquid phase 

at a liquid mole fraction of 0.3 has been reduced from 40% for low flux 

conditions to about 18/o. By comparison at the lower flow rate of Clark 

and at the same mole fraction the liquid phase resistance was reduced. 

from 50% to 5/o. 

A comparison of mass-transfer coefficients at xL = 0.3 shows that 

KCG , the average overall coefficient based on the gas phase, is 
,avg 

0.238 em/sec for 2.3 gpm and 0.208 em/sec for 0.4 gpm. For both cases 

the gas flow rate has remained constant. As expected, more mass was 

transferred at the higher liquid flow rate. The values for k 
L,avg' 
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the average liquid phase coefficient, at xL = 0.3 are 0.011 em/sec at 

2.3 gpm and 0.029 em/sec at 0.4 gpm. This is quite an unusual result 

when one considers the orthodox relationship of increasing mass-transfer 

coefficient with increasing flow rate. However, a study of the relative 

approaches to the kL = oo limit in Figures 12 and 23 will illustrate that 

this is indeed the case. Because. ScL)) ScG' these values for kL can be 

obtained by assuming that the interfacial mixing cells have no effect 

The following two inequalities have been shown to be true at xL 

0.3: 

N 
A,2.3gpm 

k 
L,2.3gpm 

> 

< 

N 
A,0.4gpm 

k 
L,0.4gpm 

Therefore it must be concluded that 

Ax ) Ax L,2.3gpm · L,0.4gpm 

and hence,.some mechanism at the higher flow rate is hindering the action 

of the Marangoni cells in increasing the interfacial concentration of 

solute. The conclusion one is led to then, is that interfacial ripplirig 

has a dampening effect upon the Marangoni instabilities at high mole 

fractions. However, at low values of xL it appears that Fs rises 

faster for the 2.3 gpm runs. To examine this behavior further, the 

quantity ~ kL 

I 
(k - k ) 

L,exp L 

was plotted as a function of xL in Fig. 24. Here, AkL = 

and is a measure of the increase in kL over the high flux 

prediction. After increasing quite rapidly at low solute mole fractions, 

AkL tends to level off as xL increases, as though kL were approach-,exp 

ing a finite limit. Figure 25 shows the same quantities plotted for the 

2.3 gpm runs and for the 0.4 gpm runs of Clark. It is clear that AkL 
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Fig~ 24. Increase of liquid phase mass-transfer coefficient above 
high flux prediction as a function of liquid phase mole fraction 
for ethyl ether-tridecane. 0 ••• indicates 2.3 gpm data. 
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Fig. 25. Increase of liquid phase mass-transfer coefficient above 
high flux prediction as a function of liquid phase mole fraction 

·for ethyl ether-tridecane. e ... indicates 2.3 gpm data, • • •. 
indicates 0.96 ~pm data, dashed line indicates 0.4 gpm results of 
Clark and King. 
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h, 

initially rises faster for the 2.3 gpm case but quickly levels off, 

whereas for the 0.4 gpm case AkL increases more slowly (and is 

actually less than kL 
2 3 

) at low values of xL but quickly rises 
' • gpm 

as kL approaches the limit of kL = QO • 
,exp 

Note that 

w 

Ak 
L,2.3gpm 

would be still smaller if the assumption that kL is unaffected by 

Reynolds number is not valid. A plot such as this is advantageous 

because it shows the increase in kL above the high-flux prediction 

due solely to the Marangoni effect. 

It appears that interfacial rippling tends to increase the 

effect of Marangoni cells near their point of inception but drastic-

ally reduces their effect at higher values of xL. It seems reasonable 

to assume then, that interfacial rippling provides a disturbance which, 

at low xL' allows the Marangoni cells to grow at a faster rate. With 

increasing XL however, the same interfacial rippling appears to dampen 

this effect to the extent that kL approaches a finite limit. 
,exp · 

Three runs were also made at an intermediate flow rate of 0.96 

gpm (the geometric mean between 2.3 and 0.4 gpm) and the results are 

also shown on Fig. 23. The relative velocities for these runs are seen 

in Fig. 26. At this flow rate the liquid phase Reynolds number was 

about 1400, and no rippling was apparent at the interface. As expected 

the re~ults fall between the data for 2.3 gpm and 0.4 gpm. More 

interesting are the results as they appeat on Fig. 25. This shows that 

as the liquid flow rate is increased from 0.4 to 0.96 gpm A kL appears 

also to increase. The flow rate has not yet increased to the point 

where interfacial rippling occurs; hence, the Marangoni cells increase 

tlw l iquid-phasc mass-transfer coefficient substantially at higher 

solutP mole frHc.tions. However, in this case it should be realized 
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·Fig. 26. Mass transfer model for 0.96 gpm runs. System: Ethyl ether
tridecane-hitrogen. 
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that because the liquid-phase resistance is such a sl1lall per cent of 
I : .. >; 

the overall resistance, it is ,difficult to plot .Ak
1 

wfth a high . 

degree of precision. 

C. Correlation of Results 

The experimental data were correlated in the manner of Clark and 

King4 ' 5 in order to facilitate direct comparison with their results. 

By dimensional analysis they concluded that the data could be corre-

lated in the form 

where 

k 
0,red 

k 
0,red 

k f/J,exp 
I 

k 
0,cr 

= f (Th d) re 

and Th d = re 

Th 
exp 

Th cr 

Here,.k111 d and Th dare the reduced values for those variables. 
YJ, re · re 

I 

(5-18) 

(5-19) 

The 

quantity, k 111 is the liquid phase mass-transfer coefficient predicted 
· YJ, cr 

at the liquid concentration, x • For the current study k
1

, rather than 
cr 

k
0

, has been used, and they are related by 
,.., 

kL = VA kf/J (5-20) 

The value, x , is defined as that concentration where Marangoni · cr 

instabilities are first detected. For ether in tridecane this was 

found to be at x 
cr 

0.014 for both 0.4 gpm and 2.3 gpm. The critical 

Thompson number, Th , evaluated at x , was found to be 1450 at 2.3 gpm cr · · cr 

at 2980 at 0.96 gpm. For the work of Clark Th was 8000 at 
cr 

. 4 
0.4 gpm. 

In calculating the values of the Thompson number the following 

assumptions are made: 

(a) Both surface tension and density are assumed to vary linearly 
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with concentration. The largest error is about 20% for the ethyl 

ether-tridecane surface tension.
4 

(b) The penetration model, ignoring the presence of cells, is 

used to calculate the concentration profiles and the depth of penetra

. 4 
t~on. 

(c) The values for DL' ·)It and f' are. assumed constant evaluated 

at the interfacial conditions. 

(d) The interfacial concentration is assumed to be that associated 

with the low~flux solution. Note that because of the Marangoni cells, 

this value will be lower than the experimental value. Clark and King4 

list several reasons why it is preferable to use this value of inter-

facial concentration. 

It might be noted here that h, the depth of penetratio~ calcu-

lated with no cells present, was of the order of 0.01 em, substantially 

less than the depths at which cell activity has been seen (see Fig. 13). 

Note that Bakker et a1. 21 found the size of convection cells to be on 

the order of the depth of penetration. 

The experimental results for the 2.3 gpm runs and the 0.96 gpm runs 

are presented in Fig. 27 in the form suggested by equation (5-18). 

This plot shows the increase in mass transfer for.the given flow 

situation due to both the high-flux prediction and the Marangoni effect. 

The mass-transfer coefficient correction factor, k
1 

. d' can be ,re 

determined' .~s a function of the Thompson number alone. 

Again it is seen in Fig. 27 that k · increases faster for· the 
L,exp 

high flow case at lo~ values of Thred but at high Thred the reverse is 

true. At a value of the reduced Thompson number equal to 20 the mass-

transfer coefficient is ~een to have increased by a factor of only 2.9 



-72-

30.0 

20.0 

• 

10.0 

8.0 

6.0 

"' Cl) 
~ .. 
..J 4.0 ....::: , 

3.0 

2.0 

1.0 ac:::;;.____...._.....,~,........~~...-~---~.._"""-~-'--'-..a....&---'--""'----L~ 
1.0 2~0 3.0 4.0 6.0 8.0 10.0 20.0 30.0 

Thred 
XBL 698-1167 

Fig. 27. Cotrelation of the effect of surface teneion driven cellular 
· convection upon liquid phase mass-transfer coeffi.cients. 

0 • o. experimental results for ethyl ether-tridecane, 2.3 gpm. 
A ••. experimental results for ethyl ether-tridecane, 0.96 gpm. 
Dashed line indicates results of Clark and King, 0.4 g~m.4 

.. 
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whereas at 0.4 gpm an increase of roughly 10-20 times is seen. Although 

it may be coincidental it is interesting to note that the slope of the 

line in Fig. 27 is about 0.36. which is very similar to the one-third 

power dependence upon the Rayleigh number found by Thomas and 

Armistead for the acceleration of mass-transfer coefficients due to 

.. 26 
concentration-induced, density-driven cells. Note that the corre-

lation of Clark and King (Fig. 15) actually represents three different 

experimental systems. It would be of interest to determine if the 

correlation shown in Fig. 26 would also represent various systems. 

Also desirable would be a Schlierien photography study of int~r-

facial cellular convection in a flowing gas-liquid system. 

Any application of these mass-transfer coefficient correction 

factors to systems with different characteristics must, of course, be 

made with caution. For example, it has been shown that surface active 

agents will have an inhibiting effect upon c-ellular convection. 13 
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APPENDIX A 

1. Low-Flux Correction 

Equation (29) of reference (2), ' 

= 

gives the local overall mass-transfer coefficient (ba~ed on the ini-

tial driving force) in the Laplace domain. The quantity Ac is a gas-

phase concentration difference. Equation (27) of the same reference 

is 

Ac 
eGo 

= --- c ')f Lo 

a liquid phase concentration difference. This expression for A c 

was apparently substituted into equation (29) instead of 

By substituting the gas phase be, equation (30) becomes 

= 
3za 

Equation (j5), the expression for the local overall mass-transfer 

coefficient based on the gas phase becomes 

. ~ 

KCG ( U x D ) 
o G 

= 

which reduces to 

1 

];,. 

+ 6x
2 

( 5 - 70"'H 
4~2 (a-~+ 1)72 

];,. 

(]" '}:f + 1 ( 

1 t' 2 

1T~ + 4(o-')t:f + 1) + ···) 
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Note, too, that the expression for (3 in equation (33) should be 

5 - 7cr'+ 
72 

Upon studying Fig. 6 of the same reference (or Fig. 9 of this paper) 

one can see that the right-hand-side of equation (35) should not be 

multiplied by the factor il)t(. because nowhere in Fig. 6 does I1J+ appear 

as an isolated parameter. 

2. Corner Correction 

Because the model developed by Byers and King
1

'
2

'
3 

is based upon 

flow between flat plates, a correction factor must be applied in order 

to relate to flow in a rectangular channelG This is done by finding 

the ratio of the measured flow rate to the flow rate between flat 

plates which yields the identical interfacial velocity and inter-

facial slope (of the gas-phase velocity profile) as actually exists in 

the center portion of the channele1 For this channel it has been found 

1 
that 

Qactual = 0.915 
Q . 
flat plate 

3. Use of Initial Conc~ntrations as Driving Force 

Throughout this work it has been assumed that the initial con-

centration difference (at the channel inl~t) is the driving force 

for mass transfer. In the case of mass transfer to fluids with very 

low diffusion coefficients this assumption is nearly always appli-

cable. For the current study, when the velocity of the gas flowing 

in the channel is high the assumption is valid. 
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APPENDIX B 

Experimental Data 

Included in this section are high and low-flux experimental 

fraction saturations and the corresponding liquid concentrations. 

Also shown is a typical graph (Fig. 28) of liquid-phase concentra

tion as a function of time.in the run. It is from graphs like this 

that the liquid mole fraction corresponding to a gas sample analysis 

is determined. 

System: Ethyl ether-tridecane liquid evaporating into nitrogen. 

Interfacial temperature == + 

QG 168 cc/sec QL 2.30 gpm 

Run Number XA F (cup-mixing) 
s 

Low-Flux Runs 

35 0.0108 0.297 

36 0.0079 0.318 

38 0.0070 0.312 

. 39 0.0063 0.324 

40 0.0057 0.334 

Average - 0.317 

Hi~h-Flux Runs 

,.. ·, 

41 0.3125 0.452 

42 0.2950 0.452 

~~~. 43 0.2810 0.442 

44 0.2705 0.445 

45 0.2610 0.442 

46 0.2560 0.464 
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Ethyl ether-tridecane system (continued) 

Run Number XA F (cup-mixing) 
s 

47 0.2440 0.458 

48 0.2330 0.423 

49 0.2110 0 .. 417 

50 0.1888 0.429 

51 0.1665 0.425 

52 0.1440 0.416 

57 0.0903 0.386 

58 0.0822 0.406 

59 0.0742 0.401 

60 0.0483 0.379 

61 0.0440 0.378 

62 0.0397 0.367 

System: Ethyl ether-tridecane evaporating into nitrogen 

Interfacial Temperature: 

QG = 168 cc/sec 

Run Number 

63 

64 

65 

25°C + 0.25° 

QL = 0.96 gpm 

XA 

0.2386 

0.2216 

0.2044 

F (cup-mixing) 
s 

0.398 

0.382 

0.388 

. 

... 
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XBL 698-1172 

Fig. 28. Behavior of liquid phase concentration with respect to time 
for the system ethyl ether~tridecane at 25°C. · 
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APPENDIX C 

Calculational Details 

1. Gas-Phase Reynolds Number 

The gas-phase Reynolds numbers were calculated as though the 

gas were flowing through a 311 x ~ 11 rectangular channel, the interfacial 

motion being ignored. The hydraulic radius, ~' defined as the cross-

sectional area divided by the wetted perimeter is 

= 
(W)(b) 

(C-1) 
2W + 2b 

where W is the channel width and b is the half-height. The value of 

~ for the test channel is 0.554 em. The Reynolds number, Re, is 

determined from 

Re = 

2. Liquid-Phase Reynolds Number 

The hydraulic radius for the liquid phase is 

(W) (b) 

w + 2b 

(C-2) 

(C-3) 

and for the channel this becomes 0.952 em. Ignoring the drag on the 

upper surface the Reynolds number is determined from equation (C-2). 

The "Civil Engineering Handbook"
30 

lists the transition from 

laminar to turbulent flow to occur in a range of Reynolds numbers of 

600 - 1200. However, the equation used to determine Re is given as 

Re = 
(~)(G) 

}A 

or one-fourth the value which would be obtained by using equation 

(C-4) 

(C-2). Therefore, converted to the Reynolds number definition used 

throughout this project, the transition from laminar to turbulent . 

.. 

-·· 
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flow occurs at Re = 2400 - 4800. 

3. High-Flux Interphase Transfer Coefficients 

The following conditions will be assumed for this sample calcu-

lation: 

System: Ethyl ether-tridecane-nitrogen 

Gas Flow = 168 cc/sec T -- 25°C emperature 

Liquid Flow = 2.3 gpm Liquid mole fraction, xA 

(a) The procedure to be used is described in section V-A. 

(b) Letting ether be component A and tridecane be component B, 

the bulk liquid volume fraction of ether, 0A' is found from 

(C-5) 

to be equal to 0.1539. 

(c) For a starting point the low-flux experimental results are 

used to obtain an initi~l value for the intertacial concentrations. 

This leads to 

= 0.212 

0Ai 0.1025 

From the equilibrium relationship of Fig. 29 yAi is found to be equal 

to 0.176. Using these interfacial values the flux level correction 

factors are .found: 

RAB, liq 
0Ai - 0 = . A 

- 0.057 (C-6) 
1 - 0Ai 

1 + RAB, liq = 0.943 (C-7) 

0.3 
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Utilizing the penetration mod~l curve in Fig. 10 we find 

For the gas phase, 

and from the same curve 

.g.AB, liq 

R 
AB,gas 

.g. 
AB,gas 

1.03 

= 0.215 

= 0.89 

Using the initia1 interfacial values it is found that 

0.288 

(C-8) 

(C-9) 

(C-10) 

(C-11) 

Substituting equations (c;,.8), (C-10) and (C-11) into equation (5-16) 

leads to 

v 
k 
y,avg 

' k 
0,avg 

= 0.249 

Using this value one can find·a new value for 0Ai (and hence yAi) 

from equation (5-16). These new interfacial conditions are 

0.105 and = 0.180 

With these values one seeks revised .g.AB's: 

= 1.03 and .g. 
AB,gas = 0.88 

(C-12) 

These values are used once more in equation (5-16). The new inter-

facial conditions are found to be 

= 0.105 and = 0.180 

hence the process has converged. 

,. 

.• 
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4. Thompson Number 

(a) Assumptions Used. 

(i) Surface tension and density are linear functions of 

concentration. 

(ii) The penetration model, in the absence of cells, is 

used to calculate the concentration profile and the 

depth of penetration. 

(iii) The values for n
1

, .).A, ~ a:r.e assumed constant at the 

interfacial conditions. 

(iv) The interfacial concentration is that which is asso-

ciated with the low flux solution. 

(b) The Penetration Model. 

Equation (2-7) gives the point concentration for the penetration 

9 
model: 

c = erfc ·(· uy 
4DAB X 

0 

(2-7) 

The derivation of this equation is also given on page 539 in Bird, 

Stewart, and Lightfoot.
6 

The concentration gradient is found to be 

- 1 
exp ( 4:Ly: ) 

0 

(C-13) = 

At th~ interface (y = 0) this reduces to 

~c 

0 y y = 0 

- 1 (C-14) 

In terms of mole fractions this becomes 
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dxA (1 - xAi) (xAi) (C Aoo- CAi) 

~ = 
y = 0 CAi~ 1T DL X)> 

u 
0 

(C-15) 

A close approximation to this is 

= (C-16) 

The depth of penetration, h, is seen to be 

h (C-17) 

(c) Thompson Number 

The Thompson number is given by 

Th = (C-18) 

Consider the ethyl ether-tridecane system with the following 

conditions: 

QG = 168 cc/sec 

QL 2.30gpm 

= 0.014 = X cr 

x = L = 45.72 em 

u = 24.6 em/sec 
0 

The low flux results show that 

= 0.0082 

and· hence 

DL 
-5 2 1.177 x 10 em /sec = 

The penetration solution leads to 

h = 
-3 8.3 x 10 em 

)J.o = 0.0171 poise • 

... 
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and 

= 0.693 
-1 em 

at the channel exit. 

From equation (D-3) we find 

"f = 25.7-9.2 XA 

and hence 

= - 9. 2 dyne/em 

By substituting these values into equation (C-18) we arrive at 

Th = 2180 

at the channel exit• It has been shown by Clark and King 4 that 

Th = (2/ 3) Th
1 avg oc 

therefore 

Th = 1450 = Th 
avg cr 

To find the Thompson numbers for the various runs the same 

procedure is repeated. The resulting values for Th are then divided 

by Th = 1450 to arrive at Th d• cr re 

5. Miscellaneous Formulas 

(a) M 1 
. 1 ean gas ve ocLty: 

QG 
·u = . m. 

0.915 b w 

(b) Interfacial velocity:
1 

u 
0 

= ...,.....,,...,.1...,. • .....,5_w ( QG 
0.915 b 

+ QL (~) ) 

)J.L 
1 +-

}JoG 



(c) Slope of gas velocity 

6 
a = 

w b 2 

(d) Graetz number: 

Gz 

(e) Fraction saturation: 

F = s 
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at interface: 
1 

( QG - QL ) 

1 + .Me 
fAL 
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APPENDIX D 

Physical Properties 

The normal-tridecane used as the liquid solvent throughout this 

project was a distillation cut with the following composition: 

n-Cl2 16.0 mole % 

n-c
13 

57.5 mole io 

n-Cl4 25.0 mole io 

n-Cl5 1.5 mole io 

Because the properties of the normal alkanes are well-behaved, the 

properties of the mixture were det-ermined by weighting the pure component 

properties by the mole fractions. In the case of viscosity and density 

this procedure was shown experimentally to be 0.5% accurate. 4 To 

illustrate this method, the molecular weight of the mixture.is 

MWmix = O.l6MW12 + 0.575MW13 + 0.25MW14 + O.Ol5MW15 

MW . 0.16(170.33) + 0.575(184.35) + 0.25(198.38) + 0.015(212.40) 
m:LX 

MW . = 186.04 
m:LX 

Other properties such as diffusivity and surface tension are weak 

functions of chain length for these compounds. 

1. Molecular Weights . 

These values are obtained from the "Handbook of Physics and 
.. 31 32 
Chemistry" and Maxwell's "Data Book on Hydrocarbons. 11 

Molecular Weight 
(gms/gm-mole) 

Critical Temp. 
OK Substance 

Ethyl ether 74.12 466.9 

n-Tridecane 186.04 

N i trogt'n 28.0 126.2 
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2. Vapor Pressure and Surface Tension 

a. Pure Substances. These data were obtained from two primary 

sources: "Physical Properties of Organic Compounds", "Advances in 

Chemistry Series",
33 

and "Physico-chemical Properties of Pure Organic 

34 Compounds. 11 
_ 

Vapor Pressures of Pure Substances, mm Hg 

Substance 

'Ethyl ether 112.3 185.3 291.7 442.2 647.3 

Tridecane (Vapor pressure = 1.0 mm Hg at 66.3°C) 

Values for the surface tension are given in the following table. 

To interpolate between temperatures one can use 

((T -T )/(T -T )) 1• 2 
c 1 c 2 

35 where T is. the critical temperature. 
c 

Surface Tension of Pure Substances, dynes/em 

Substance 

Ethyl Ether 17.06 

Tridecane 26.1 

Carbon Disulfide 33.07 

15.95 

25.2 

32.25 

b. Mixtures. The vapor pressure data for the binary system, 

4 
ethyl ether-tridecane, was determined experimentally by Clark and 

this result is shown in Fig. 29. All calculations involving vapor 

pressure were based on this relationship. 

(D-1) 

The method used for obtaining the surface tension of mixtures is 

35 the one recommended by Reid and Sherwood, 

~ x. '6. 
• J J 
J 

(D-2) 

.,. 

-· 
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1.0 

Ethyl ether- Tridecone system 
at·25°C 

0.8 

E -0 .. 
~ ... 

0.6 :s 
en 
en 
cu ... 
0. 

0 - 0.4 ... 
0 
0. .. 
o.<l. 

0.2 

0.2 0.4 0.6 0.8 1.0 

xA, liquid phose mole fraction 

XBL 698-1173 

Fig• 29. Partial pressure of ethyl ether versus liquid ghase mole 
fraction for the system ethyl ether-tridecane at 25 C. 
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For a binary this becomes 

(D-3) 

3. Density and Viscosity 

a. Pure Substances. Th h . 1 . d k 31' 33' 34 e t ree prev~ous y c~te wor s 

were used to obtain these data.. Density was assumed to vary linearly 

with inverse temperature (°K). 

Density of Pure Substances, gm/ml 

Substance 

Ethyl ether o. 714 o. 708 o. 702 

Tridecane 0.756 0.753 0.749 

Carbon Disulfide 1.263 1.256 1.250 

Viscosity was assumed to vary with temperature (°K) according to 

the following equation obtained from Reid and Sherwood:
35 

' ' = A + B log10 (T) 

t ' The constants A and B were determined from the existing data. The 

4 
values for tridecane were experimentally determined by Clark. 

Viscosity of Pure Substances, cp 

Substance 

Ethyl ether 0.284 0.233 0.222 

Tridecane 1.920 1.731 

I 
b. Mixtures. The density and viscosity of the ethyl ether-tridecane 

binary were measured experimentally as a function of concentration by 

4 
Clark. Density was found to vary linearly with volume fraction. 

Figure 30 shows the variation of viscosity with concentration. 

,, 
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2.2 r-----r----r-----r-----..-----. 

1.8 

1.4 

1.0 

0.6 

' ' ' ' ' ' 

Ethyl ether-Tridecane 
at 25° C 

' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' 0.2 .....__ __ _.___;_ _ __._ ___ '--_...;............._ __ ~ 

0 0.2 0.4 0.6 0.8 1.0 
xA, liquid mole fraction 

.· XBL 698-1174 

Fig. 30. Viscosity versus liquid phase mol5 fraction of ethyl ether for 
the system ethyl ether-tridecane at 25 C. 
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4. Gas-Phase Diffusivities. 

The gas-phase diffusivity for the nitrogen-ethyl ether system was 

4 2 0 reported by Clark to be 0.0975 em /sec at 25 c. The method used for 

obtaining this value was the Wilke-Lee modification of the Hirschfelder-

. 36 39 B1rd-Spotz method. ' 

5. Liquid-Phase Diffusivities. 

The functionality of diffusivity with concentration was determined 

4 
by Clark using the fact that the group (DL)A) tends to vary linearly 

. h 1 f . 37 w1t mo e ract1on. Viscosity was represented by 

1,1 I! " 
where A , B , and C are constants determined from Fig. 30. The values 

of the diffusivities at infinite ~ilution, n
12 

and n
21

, were obtairted 

f h 
. 38 rom t e equat1on 

- -8~ V2) 1/6( AH2 ~1/2 
- 4.4xl0 V AH 

1 1 

where V is the molar volume at the normal boiling point and A H is 

the heat of vaporization. This leads to the equation for the diffusion 

ff . . 4 coe 1c1ent 

= 

" A 

F h h 1 h "d h" . 4 or t e et y et er-tr1 ecane system t 1s 1s 

10-S (2.024- 1.176 XA ) 
= 2 

( 1.730- 2.332 xA + 0.824 XA ) • (D-4) 
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a 

a 

A 

b 
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c.w. 

c 
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c 
c• 
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Gz 
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APPENDIX E 

Nomenclature 

-1 slope of velocity profile at exposure surface, sec 

-1 gas-liquid interfacial area per unit volume of equipment, em 

area of interface, cm2 

half-height of channel, em 

total concentration, gm-moles/cc 

cooling water 

species concentration, gm-moles/cc 

species equilibrium concentration, gm-moles/cc 

dimensionless concentration, see eqs. (2-5) and (2-7) 

dimensionless concentration, see eq. (2-3) 

binary diffusion coefficient, cm2/sec 

diffusion coefficient of species 1 at infinite dilution in 

species 2, cm
2
/sec 

7 variable defined by Butler and Plewes, see eq. (2-3) 

fraction saturation of the gas phase 

. . 1 1 . I 2 grav1.tat1.ona acce erat1.on, em sec 

2 mass velocity, gm/(sec)(cm ) 

Graetz number, dimensionless 

depth of penetration, em 

HenryVs law constant, atm/(gm-mole/cc) 

dimensionless Henry's law constant = H/RT 

heat of vaporization, cal/gm-mole 

gas-phase mass-transfer coefficient, em/sec 

2 
gas-phase mass-transfer coefficient, gm-mole/(sec)(cm )(mole 

fraction) 



' k 

1 

MW 

QG 

QL 

R 

R 

Re 

Sc 

t 

'I' 

Th 
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liquid-phase mass-transfer coefficient, em/sec 

liquid-phase mass-transfer coefficient, gm-mole/(sec) 

2 . 
(em )(mole fraction) 

liquid-phase mass-transfer coefficient, gm-moles/(sec) 

(cm
2

)(volume fraction) 

gas or liquid-phase high-flux mass-transfer coefficient 

' kL,exp - k1 , em/sec 

overall mass-transfer coefficient based on the gas phase, 

em/sec 

length of channel contactor, em 

molecular weight, gm/gm-mole 

molar flux of species A with respect to stationary coor

dinates, gm-mole/(sec)(cm2) 

partial pressure of species A, atm 

total pressure, atm 

log mean pressure of species B 

gas volumetric flow rate 

liquid volumetric flow rate 

gas constant, 82.06 (atm)(cc)/(gm-mole)(°K) 

Rayleigh number, dimensionless 

Reynolds number, dimensionless 

hydraulic radius, em 

dimensionless flux ratio 

Schmidt number, dimensionless 

time, sec 

t <'111pt' Ll t urc 

Thompson number, dimensionless 



•· 

u 

v 

,.., 
v 

v 

vac 

w 

X 

X 

X 
cr 

X 

y 
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velocity, em/sec 

velocity vector, em/sec 

partial molal volume, cc/gm-mole 

species molar volume at normal boiling point, cc/gm-mole 

vacuum 

channel contactor width, em 

distance coordinate measured in the direction of flow, em 

liquid mole fraction 

liquid mole fraction at onset of cellular convection 

7 
variable defined by Butler and Plewes, see eq. (2-3) 

distance coordinate measured normal to area of exposure, em 

y gas mole fraction 

y* gas mole fraction in equilibrium with xA 
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Greek Letters 

~ thermal diffusivity, cm
2
/sec 

~ coefficient of volumetric thermal expansion, cc/°C 

t surface tension, dyne/em 

BAB mass-transfer coefficient correction factor, dimensionless 

jJ. viscosity 

Y kinematic viscosity, centistokes 

~ density, gm/cc 

dimensionless exposure time 

0 species volume fraction 

~ AB dimensionless rate factor 

Mathematical Terms 

del operator 

erfc complementary error function 

r gamma function 



.. 

A 

avg 

B 

cr 

cup 

exp 

G 

gas 

i 

00 

L 

liq 

lac 

m 

mix 

0 

red 

s 
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Subscripts 

species A 

averaged over area of exposure 

species B 

evaluated at x 
cr 

cup-mixing concentration 

experimental 

gas phase, or based on the gas phase 

gas phase 

concentration evaluated at the interface 

quantity evaluated in the bulk phase 

liquid phase, or based on the liquid phase 

liquid phase 

local or point quantity 

mean quantity 

quantity evaluated for the mixture 

quantity evaluated at the interface 

reduced value 

quantity evaluated at a surface 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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