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ABSTRACT 

Interphase· mass transfer has been studied experimentally and 

theoretically for cases where resistance to mass transfer is confined to the 

gas phase and where control is distributed between phases. A horizontal, 

rectangular channel of high aspect ratio has been built. The gas and liquid 

phases, which move in stratified laminar flow, are contacted in an 18-in-long 

test section. The exit streams are analyzed in a gas-liquid chromatograph. 

A numerical solution was performed of the laminar transport equation 

for a parabolic velocity profile with a cocurrently moving boundary. Experi­

ments in which pure ethanol was evaporated into two gases, co2 and oxygen, 

showed agreement with this theory within the estimated eXperimental error of 

10%. An earlier solution of a simplified theory for mass transfer to an 

infinite medium with an interfacial velocity and a linear slope in velocity 

has been modified. The appropriate experimental results agree with this 

theory to better than 10%. It may be concluded from this study that cocurrent 

motion of the interface increases mass transfer. Experiments were carried out 

with the same fluids in countercurrent flow. Mass transfer is hindered by a 

flow reversal in the gas phase. A phenomenological model developed for this 

case, involving the addition of a stagnant film resistance to the resistance 

to mass transfer of a parabolic velocity profile, correlated the data to 

within the experimental error o:f the method. 

Numerical solutions were performed of two cases of interphase mass 

transfer. The first is :for parabolic velocity profiles in both phases, and 

the second assumes a parabolic profile in the gas and a constant velocity in 

the liquid. Experiments were carried out in which ether was evaporated from 
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dilute ethanol solutions into two gases, co2 and helium, in cocurrent flow. 

The experimentai results agreed with 1:;he first interphase mass transfer solu­

tion to within 15% in all cases. Equations for a more simplified model in 

which the liquid has a constant velocity and the gas.velocity varies linearly 

with distance from the interface have been solved analytically. Results of 

the appropriate interphase experiments agree with this theory. Interphase 

countercurrent experimental results agree substantially with a model that 

postulates penetration for the liquid phase and with the aforementioned 

countercurrent model for the gas phase. 

A series of cocurrent interphase experiments was made} using water as • 

the solvent. Experimental results were lower tha,n the predicted values by at 

least a factor of two. The apparent cause of the difficulty was accumulation 

of surfactants at the interface. Experimental mass-transfer coefficients 

indicate that the interfacial Velocity was about 10 to 20% of the predicted 

velocity. This was confirmed. by viSual observation. 
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I. GENERAL INTRODUCTION 

If gradients in concentration exist within a single-phase physical 

system at a given time, there will be a movement of molecules within the 

system which in time will bring about complete chemical homogeneity. In 

multiphase systems an equilibrium will be established. The estimation of 

the rate at which such processes occur is the province of the field of study 

known as mass transfer. In an isothermal system mass transfer may occur in 

two ways. First the gradient in concentration provides a driving force for 

the movement of individual molecules" Secondly, bulk movement of a portion 

of the fluid from an area of one concentration to another with a different 

concentration causes a net movement of the individual chemical species. 

Normally, the problems in which we are interested involve a coupling of the 

two processes. 

Of particular interest in the present study is interphase transfer 

of material. To be more specific, the case of mass transfer across a gas­

liquid interface is investigated because devices in which gas-liquid contacting 

is important are so numerous in the chemical industry. These include absorp­

tion towers, distillation columns, and cooling towers. While the complexity 

of these operations forces us to adopt a somewhat empirical approach to the 

design of industrial units, an understanding of the basic pro'cesses involved 

in gas-liquid contacting is of considerable importance in meeting new 

problems. 

One major division must still be made before the specific area of this 

study is defined. The equations describing mass transfer in laminar flow 

are substantially different from those for turbulent flow because of the 

unsteady component.s added by the turbulent flow. This study considers only 

cases involving laminar fluid mechanics. 
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A. Historical Background 

Before 1800 very little of a quantitative nature was known about 

evaporation. Dalton in his classic paper on evaporation in 1801 summarizes 

what was known about the field.prior to his paper14· 

"l. Some fluids evaporate much more quickly than others. 

2. The quantity evaporated is in direct proportion to the surface 

exposed, all other circUmstances alike. 

3. An increase of temperature in the liquid is attended with an 

increase of evaporation, not directly proportionable. 

4. Evaporation is greater where there is a stream of air than where 

the air is stagnant. 

5. Evaporation from water is greater the less the humidity previously 

existing in the atmosphere, all other circumstances the same." 

With this as his basis, and with a series of evaporation experiments at dif­

ferent temperatures he determined that the driving force for evaporation is the 

difference between the equilibrium vapor pressure of the liquid and the 

partial pressure of the transferring substance in the medium to which it is 

exposed. Later workers have shown that when the liquid is a mixture, with 

only one transferring component, the driving force is the partial pressure of 

that component. 

Adolf Fick, 19 in 1855, attempted to analyze his data for the diffusion 

of salt through water, following a mathematical approach originally proposed 
·. 20 

by Fourier for conductive heat transfer. His result for unsteady-state 

mass transfer where convection can be neglected is 

(1-l) 

The constant, k, has become known as the diffusion coefficient and is given 

the special symbol, D. Since that time it has been found that the diffusion 

coefficient is not generally a constant but i.s a function of concentration. 

A modern treatment of the estimation of gas-phase diffusivities, based upon 

• 
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statistical mechanics, is presented in the monographs by Chapman and Cowling9 

and Hirschfelder, et a1. 33 The various theories that have been developed in 

the liquid-phase case are found in the review of the subject by Johnson and 

Babb. 37 

Most early engineering studies of mass transfer involved turbulent 

flow. One result of particular importance to the present study was a postulate 

by Nernst that in turbulent flow the entire concentration gradient is across 

a "stagnant film" at the interface. 50 Within the film all transfer of material 

occurs by molecular processes. Before 1922 fluid-fluid contacting operations 

in which there was mass transfer were a source of some confusion. Applying 

the Nernst stagnant film approach to both sides of the interface, Lewis
46 

and 

Whitman76 were able to correlate such data. Their famous "two-film" theory 

for interphase mass transfer predicted that the individually measured resist­

ances to mass transfer could be added when one desired to ascertain the over­

all resistance to mass transfer. It has since been found that this approach 

need not be confined to films but can describe many laminar situations with 

considerable accuracy. 

The more basic approach, using the partial-differential equations of 

convective transport as a starting point, was developed by the German engi-
69 . 6o 51 neers Thoma, Schmldt, and Nusselt in the l920 1 s. Higbie in developing 

his "penetration" model for liquid-phase mass transfer
18 

and Drew in his 

theoretical approach58 introduced this method to chemical engineering; 
21 

Gilliland and Sherwood used the wetted-wall column to obtain a better 

understanding of the underlying processes of interphase mass transfer. This 

use of a simple flow geometry to study mass transfer has been an important 

step towards a fundamental approach to mass transfer. Recent developments in 

the field of laminar convective mass transfer have centered on the more 

fundamental approach to the problem, with simple experimental devices. 

There have been no interphase mass-transfer experiments in which there 

has been significant resistance to mass transfer in both phases and in which 

the flow geometry of both pha::.es is sufficiently simple to allow solution of 

the convective transport equations. The behavior of the interface 11nder mass­

transfer conditions has been a subject of interest to chemical engineers for 

a number of years. First it was found that equilibrium is established in a 
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62 
shorter time than can be measured. The accumulation of trace contaminants 

on the interface as a surfactant film ha.s been investigated. Finally phenomena 

associated with high mass flux are presently under study. These include surface 

flow patterns which tend to be turbulent in nature. They are caused by gradi.ents 

in surface tension. Another such'phenomenon was discovered in 1901 by Benard. 3 

Cellular patterns are exhibited by thin layers of fluid across which there is 

a gradient in density. While the phenomenon observed by Benard was caused by "' 

gradients in temperature, "B~nard cells" might also be caused by gradients in 

concentration, which arise in rapid interphase mass transfer. 

B. Objectives of the Study 

The objectives of·this study fall logically into two categories, the 

overall goals of the major program being undertaken in this field and the 

immediate goals of this part of the program. We first discuss the long-range 

plans of the entire project. The area of simultaneous heat and mass transfer 

is one which has received little attention from the research point of view. 

Of particular interest is the intimate interrelation between the two processes 

when one is discussing problems of high mass flux rates and high concentrat~on 

levels. Hence the ultimate goal of this study is to gain a better understanding 

of the processes involved in high flux, interphase, simultaneous heat and mass 

transfer. Before this study can be undertaken the areas of pure mass transfer, 

pure heat transfer, and simultaneous heat and mass transfer with the simplifica­

tion of low mass flux rates m11-st he investigated. Only the pure mass transfer 

aspects. of the problem are considered. in the present work. 

The specific objectives of the present study are: 

1. Construction of a piece of experimental apparatus in which a gas 

and a liquid could be contacted under conditions where the hydrodynamics of 

both phases are well::.known. The equipment must be planned i.n such a way that 

it will serve the future studies as well as the present mass-transfer objectives. 

2. Study of mass transfer. with control resident in the gas phase, i.n 

the hydrodynamic situation where the. gas-liquid interface is in moti.on. 

3. Inye~tigation of inte;rphase gas-liquid mass transfer with control 

divic1ed between the.two phases. 

4. Examinati(Jl'l of the mass-transfer behavior of an interface whi.ch is 

covered by natural surfactants. 

• 



-5-

II. EQUIPMENT DESIGN 

In any major study of an experimental nature, much effort must be 

expended in design and construction of the apparatus. It was pointed out in 

Chapter I that the present work is only the first of a sequence of studies. 

From the standpoint of productivity as well as economy, it was desirable to 

construct an apparatus which in its basic concept would serve the purpose of 

the entire program. Hence with the overall goals of the program in mind, 

a series of criteria were established to serve as a guide in the choice of an 

appropriate design for the apparatus. Based upon these criteria, the possible 

designs were compared. Th~ design best suited to the established criteria was 

built. This chapter is an account of these three fundamental steps. 

/ 
A. Design Criteria 

In an effort to design a piece of equipment which minimizes the 

inherent difficulties involved in studying simultaneous heat and mBSS transfer, 

the following criteria were established upon which a logical decision could be 

made concerning choice of equipment. 

l. Hydrodynamics 

The solution of any convective mass- or heat-transfer problem must 

necessarily be based upon a knowledge of the hydrodynamics of the particular 

flow geometry. In a basic transfer study it is of interest to study situations 

where the hydrodynamics are simple so that the underlying transfer processes 

may be thoroughly investigated. As a result it would be desirable for the 

hydrodynamics of the proposed system to be laminar in both phases. Further 

it would be quite important for the velocity of both phases to be expressible 

in simple algebraic terms. 

Many previous studies have been hampered because there were hydrodynamic 

disturbances of the normal laminar flow pattern. Some of the more important 

undesirable effects are: 

a. Ripples. The natural occurence of ripples on the surface of the 

liquid in many of the classical mass-transfer experiments has made it difficult 

to gain a true picture of the mass-transfer process underlying the experiment. 
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An apparatus where the growth of ripples is not a fundamental problem was 

necessary for the present experiment. 

b. Surfactants. While a portion of the present study is concerned 

with mass transfer where there is a surfactant on the gas-liqui.d interface, 

for the remaj_nder of the experiments it was desirable to have a system which 

i.s completely free from the accumulation of surfactants at the interface. 

c. End effects. Hydrodynamic end effects are always present in nxed- .-,;, 

exposure convective-transfer experiments. Hence the effectiveness with which 

one minimizes their importance relative to the overall exposure determines the 

validity of the nor:rna.l assumption that the flui.d mechanics are fully developed. ''!': 

The entrance-end effect is caused by the fact that a developing veloci.ty 

profi.le must be dealt with in the region of the greatest mass-transfer 

coefficient. It is generally very much simpler to deal with the convective­

transfer equations when the velocity i.s fully developed, and therefore this 

condition i.s almost always assumed. At the downstream end of the exposure it 

is normal to find a small capillary wave very close to the exit divider plate. 

This ripple which is caused by the subsequent stagnation of the interface is 

discussed by Lamb. 42 Very little can be done about this effect. 

2. Heat-Transfer Criteria 

While it is sufficient to separate two streams by a solid boundary to 

prevent mass transfer from occuring prematurely, the same cannot be said con­

cerning heat. Hence the adopted apparatus must be designed so that this heat 

leak does not occur in the. entry region. It must also be possible to insu.late 

the entire apparatus from the surrounding atmosphere, so that a proper heat 1~\ 

transfer study may be carried out. 
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3. Test Section Criteria 

Since different lengths of exposure may be needed for various experi­

ments) the length of the test section must be variable. It would be desirable 

to have available a wide variety of gas and liquid flow rates) so that the 

best experiments could be carried out in both heat and mass transfer. The 

possibility of operating both cocurrent and countercurrent experiments would 

be an interesting adjunct to the experiment. It would be important that the 

countercurrent experiments be the exact reverse of the cocurrent ones so that 

a comparison could be made. It must be possible to observe the transfer area 

clearly) and it would be of some advantage to be able to photograph the inter­

face. It is quite evident that all these requirements could not be filled by 

any single piece of equipment. Hence some compromise was the only intelligent 

choice. 

B. Choice of Equipment 

Most devices are designed with particular attention to the hydrodynamics 

of one phase. The hydrodynamics of the other phase involved in the interphase 

mass are usually quite complex and as a result a solution of the convective 

transport equations for only one phase is possible. Therefore experiments are 

usually performed with the mass-transfer control.totally within the phase with 

simple flow characteristics) the other phase being a medium saturated with the 

fluid of the first phase. When an experiment is attempted in which the control 

is distributed) empirical methods must be used to correlate the results. A 

good example of this is the laminar jet. Scriven and Pigford used a jet to 

study mass transfer to a liquid) where carbon dioxide was absorbed into the 

moving jet. 61 J
62 

Their data are successfully correlated by use of a modified 

penetration theory. Several years later Hatch and Pigford altered the system 

to allow flow of the gas continuously through the vessel which surrounded the 

jet.
2

9 The fluid mechanics in the gas phase were found to be quite complex 

and dimensional analysis was used to correlate the data. The wetted sphere 

used by Cullen ~nd DavidsonJ 13 the rotating drum of Dankwerts and Kennedy) 15 

and the moving-band experiment of Govindan and Quinn27 all suffer from the 

same difficulty as the laminar jet. 
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The wetted-wall column offered a possible solution to the problems 

posed by the previously mentioned devices. Here a gas and a liquid may be 

contacted in a controlled fashion. The long wetted-wall column, which was 

introduced by Gilliland and Sherwood, 21 suffers· because, at liquid film 

Reynolds numbers above 4, visible ripples appear on the liquid interface. 

These disturbances greatly increase the mass-transfer coefficient. The short 

wetted-wall column, which may have lengths varying from l/2 to 6 in., was 

first built by Vivian and Peaceman.
22 

The short exposure makes the end 

effects a quite important portion of the overall length. In addition, the short 

wetted-wall column does not.iend itself to widely varying conditions. 

The device found to suit most closely the criteria for this program is 

a horizontal, rectangular channe.l of sufficiently high aspect ratio that the side 

walls do not affect the velooity,.profile in the central portion of the channel 

width. For sufficiently low flow rates in both phases, lami.nar stratified 

hydrodynamic conditions may be expected, with the velocity profile in the 

central section of the channel width approaching that of fluid flow between 

two flat plates. By segregating the effluent fluids from the center portion 

of the channel, one can study a mass-transfer situation that is essentially 

two-dimensionaL Historically rectangular channels have often been used by 

hydraulics engineers in their experimental studies. 

The first reference to a channel in chemical-engineering mass-transfer 

research concerns a device built by Van Krevelan and Hoftijzer in 1949. 70 The 

apparatus consisted of a shallow pan irt which the liquid flowed. The pan was 

placed inside a slightly inclined circular pipe, which contained the gas phase. fii; 

In 1957 Westkaemper e.nd White reported an experiment in a horizontal rectangular 

channel in which they studied the evaporation of a moving stream of carbon 

tetrachloride into a turbulent air streani. 75 An empirical correlation was q 

found for the mass-transfer coefficient. Since then this rectangular geometry 

has been used in several investigations. These include stuo.ies by Jamond, who 

worked with an inclined channel.and carried out a liquid-phase controlled 

absorption with chemical reaction, 35 and by Gartside and Goodridge, who meas-

ured vel~city profiles in a slightly inclined channe1. 23, 24 .They also 

performed an absorption of carbon dioxide into water. The hydrodynamic 
. . . 

studies showed basic agreement with the equations for the flow of a fluid dovm 
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an inclined plane at angles as low as 20 min to the horizontal. Their mass­

transfer studies were in basic agreement with the penetration model. 

Probably the most influential work as far as the present project is 

concerned is the study of Tang and Himmelblau. 67 Their channel was a two­

phase flow channel in which the liquid was water and the gas was carbon dioxide. 

They observed the rate of absorption of carbon dioxide into water. They pro­

posed three theories to explain their data--the penetration model, a solution 

of the mass transfer to the parabolic profile, and a boundary-layer-type model. 

All three models fit the data very well. It is interesting to note that there 

was really no reason to believe that the parabolic profile would give any 

better agreement than the penetration model since, at most the difference be­

tween the two models is perhaps 10% and the data are not any better than that 

figure. An important fact about all of these studies is that no invalidating 

facts concerning operation of the channels are presented in any of the pub­

lications . 

. The hydrodynamic simplicity of the channel device is probably the out­

standing point in its favor. The hydrodynamics of flow in a two-phase channel 

are discussed in detail in Appendix A. The velocity profile is parabolic in 

both phases. No ripples are induced on the liquid interface by the flowing 

gas, if the gas is in laminar flow. Cohen and Hanratty have shown that a 

turbulent gas stream is necessary to induce ripples to appear upon a horizontal 
10 

liquid surface. 

The fundamental experimental device is shown in crossection in Fig. 1, 

along with a schematic of the basic flow geometry. There was some question of 

the degree of development of the velocity profiles of the two streams at the 

downstream end of the entry section. Schlichting has shown that the parabolic 

velocity profile is fully developed in flow between two flat plates after an 

entry length, 2 , given by the following expression: 
e 

(2-1) 

The longest entry length would exist in the gas phase, where the entering 

velocity, U , is about 80 em/sec. The entry length corresponding to this 
m 

velocity is about 28 em. Since the calming section is 76 em long, we can 
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·Fig. l. Cross sectional view of the laminar interphase mass 
transfer channel showing a typical velocity profile. 

MU B ·11J135 
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assume that, at the point where the two phases are in contact, f~lly developed 

parabolic velocity profiles exist in both phases. 

This fact gives rise to another hydrodynamic entry region. The devel­

opment of the interfacial velocity of a liquid with a suddenly-freed interface 

has been studied by Goren.
26 

Generally speaking, the development of the 

interfacial velocity should be essentially complete within the first few 
' channel widths downstream from the liquid inlet. Hence if the channel is made 

sufficiently long, no measurable effect of the entry region should be manifest. 

The horizontal geometry makes it possible to operate under a wide 

variety of hydrodynamic conditions. Countercurrent flow is quite simple to 

arrange. Finally the flat walls make it quite simple to view the interface 

as well as to photograph the interface if that ever became necessary. 

There are some disadvantages to the use of such a device. Perhaps the 

most important is the fact that surfactant films tend to grow to great lengths 

on a horizontal surface. The magnitude of such a problem was not realized at 

the time of the design of the equipment, basically because none of the pre­

vious workers had reported any surfactant film in their studies. It was 

realized that this was a real problem at a much later date when a film arose 

to alter results significantly (see Chapter V). The second disadvantage is the 

possibility of creating surface instabilities at higher flux rates. While 

these phenomena are of interest in tbemselves, they might not be desirable 

when one is attempting to study high flux rates in a relative simple manner. 

The two problems can be overcome to a considerable extent, if not completely 

eliminated, by the proper choice of gas and liquid phases in which to carry 

out experiments. 

A third potential problem with the operation of the device was realized 

during its operation. Since the liquid is more viscous than the gas phase, it 

appears to the gas as almost a solid wall. At the start of the exposure the 

liquid interface accelerates and the gas near the interface follows it. This 

causes a minimum to occur within the gas-phase velocity profile. This may 

lead to a violent rearrangement in the gas phase, because of the existence of 

a point of inflection in the velocity profile, which could explain any obser­

vation of unduly high mass-transfer coefficients. 
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C. Final Design 

This section describes the device built to carry out the proposed series 

of experiments. It is not the object of this part of the ~eport to give a 

detailed account of the design procedure, but rather to give a broad view of 

the final design. Details of design important to this study are included in 

Appendix B. Appendix A deals with the fluid mechanics of flow in a rectangular 

channel. A typical run is described at the end of this section. 

Figure 2 is a schematic drawing of the overall system. The main piece 

of equipment is the channel in which the liquid and the gas are contacted. 

Two independent systems operate within the apparatus--the gas system and the 

liquid system. Figure 3 is a photograph of the entire system. 

l. The Channel 

The central portion of the equipment is a rectangular channel whose 

interior-cross-sectional dimensions are lin. deep by 3 in. wide. An analysis 

of the hydrodynamics of two-phase flow in a rectangular channel (Appendix B) 

shows that this aspect ratio is sufficiently high that the central inch of the 

channel width has the hydrodynamics of flow between two flat plates. The 

overall length of the apparatus is 6.5 ft, consisting of two calming sections, 

each 2.5 ft in length, and an 18-in. test section designed to fit between the 

two calming sections. Several materials of construction were considered, with 

the final choice being "Lexan" polycarbonate. Use of this material made 

possible operation at temperatures up to l00°C, while maintaining the feature 

of visibility of flow within the channel. The entire channel is mounted on a 

l/2-in. thick steel plate, which in turn is attached to a table. At the down­

stream end a sturdy hinge attaches the plate to the table; the other end merely 

lies upon the table. A rack and pinion gear apparatus may be used to raise and ,•9 
lower the upstream end of the channel when it is desirable to carry out experi­

ments with an inclined channel. A photograph of this part of the overall 

equipment is the subject of Fig. 4. 
The two calming sections are divided into an upper and a lower half by 

a horizontal divider plate. The plate consists of three sheets of 25-gauge 

stainless steel put together such that they form a sandwich with the center 

piece being only a border strip on three sides. The fourth side of the border 
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Fig. 2. Schematic diagram of the experimental apparatus . 

Gas 
Rotameter 

H - Heater using heating tape and controlled by a "Variac" 
S - Sample point. SP. Sample probe used in tak:i.ng profiles 
T - Temperature measurement point 

TP - Temperature probe designed for taking profiles 
V - Vent on surge tanks. 

MUB-10906 
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ZN-5608 

Fi g . 3. Overall v i ew of the rectangular channel apparatus . 
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ZN-5609 

Fig . 4. The r ectangular channel with supporting table . 
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is fitted with a nose plate which is a metal wedge with an angle of 7 deg. 

This apparatus is welded together with the space between the two plates left 

void except for a thin strip of cork which is used to keep the plates from 

collapsing. A vacuum can be pulled on this apparatus which should discourage 

heat transfer between fluids . The long calming sections are crnsidered necessary 

to prevent any turbulence from disturbing the flow pattern in the channel. 

The test section is shown in the photograph in Fig. 5 . The size of the 

apparatus is discussed in Appendix B. This section has a plain rectangular 

cross section so that the fluids are exposed to one another only within this 

18 - in . length. While the calming sections are covered on all sides with I 

Styrofoam thermal insul ation, the test section is designed so that a vacuum may 

be drawn on the plastic jacket surrounding it. This feature allows for insu­

lation of the test section whi le maintaining the visibility of the fluids 

within the channel. 

The three sections of the channel are interlocking, and a seal is 

maintained by 0-rings . The downstream cal ming section is on a sliding track, 

so that the test section may be replaced with another of different length if 

des i r able . 

2. The Ga s System 

The gas wa s drawn from two sources; oxygen was taken from the building 

supply, filtered, dried and used directly, while the other gases came from 

cyl inders . Oil-pumped-grade gas was used in the latter cases. 

The gas flow rate was monitored with rotameters appropriate to the flow 

rate; in all, four rotameters were used to cover the range of flows from 

50,000 cc/min (3/8 - in. stainless steel ball ) to 100 cc/min (3/16-in. stainless 

steel ball). From the rotameters the gas flows to a small glass humidifier, 

4 in. in diameter and 2 ft high, where it passes up through a 6-in. --deep bed of 

l/2 - in . Raschig rings. The humidifying liquid in the bottom of the column is 

recirculated by a pQmp through a sparger and over the bed of Raschi g rings . A 

bed of small beads is above the first bed to prevent entrainment. The gas is 

thermally regulated by the liquid in the humidifier. Any necessary small ad­

justment i n temperature is made by heating tape at the exit of the humidifier. 
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ZN-5610 

Fig . 5. Close-up view of the test section showing micrometer probes on 
the left. 
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The ga s then flows through the top half of the inlet calming section 1 

where it contacts the liquid, and then the pha ses are divi ded once more at the 

downstream ca lming section. The la st 2 i n . of the l ength of this calming 

section i s divided into three 1-in . -wide sections, by means of two thi n metal 

plates placed vertically in the cha!l.ne l. Onl y the cent er section i s of inte:t­

est from a sampling v iewpoint. Gas i n thi s section leaves the channel through 

a 1/4 in. pipe . Before it is sampled , the gas must pass through a pi ping system ' 

ivhich has two 90 -deg elbows . The two sharp changes in flow direct ion and the 

initial drasti c reduction in area provided sufficient mixing t o as sure that 

the sample taken sub sequent to these disruptions i s a representat i ve cup-mixing 

concentration. Afte r sampling, all the gas i s vented t o the atmosphere. 

3 · The Liquid System 

Early problems with liqui d- leve l control in t~e channel made conversion 

f rom a once -through-type system to a recircula t ing system desirable . A "Vantonn 

pump is used to recirculate the liquid. Because of the tendency of the p1m~ to 

surge slightly, surge tanks were placed before and after the pump . These are 

small brass tanks with a capa city of two gallons each. One is situated near 

t he ceiling and the other near t he floor. When it is necessary t o add liquid 

to the system, this operation is carried out by means of a reservior which 

feeds into the system just before the pump. A bypass on the pump is used to 

regulate the head created by t he pump. Liquid leaving the pump passes through 

a cooling unit, whi ch is necessary t o counteract the high temperatures nea:t the 

ceiling. It t hen flows to the ceiling su_t'ge tank, from whence it moves dow·n 

t o the rotameters where it is metered and fed into the lower half of the chan­

nel. After conta cting the gas , liqui d is drawn from the channel and flows to 

t he lower surge tank. From there is is recyc l ed. 

4. Sampling and Control 

All sampli ng of the ga s phase wa s carried out with an Aerograph A-90-P2 

Chromatograph. After s ome test i ng it was found that a dual columx1 consisting 

of 10 ft. of Halomi d M-18 and 10 ft. of Ethofat best suited the analyses that 

were necessary in the entire study. The ch:tomatograph was fitted wi th a 

capillary flowmeter in order to observe closely the carrier-gas flow r a te, 

, 
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Helium was used as the carrier gas for all the runs. Sampling was carried out 

in a 5-cc sample valve which is an integral part of the instrument. The 

results were recorded on a HoneYi>lell recorder equipped with a Disc' integrator. 

Sampling in the gas side of the channel may be done in three places-­

just before the start of the test section, in the central portion of the exit, 

or at the end of the test section. The last sample port is a micrometer type 

sampler used to obtain concentration profiles. This apparatus is described in 

Appendix B. All sample ports are directly connected to the sample valve. 

The flow rate to these ports is regulated by the pressure in the channel and 

by needle valves on the sample lines. Flow through the sample valve is 

metered by a rotameter. To avoid condensation within the sample lines, they 

are heated by means of nichrome wires. 

Where necessary, sampling in the liquid phase is carried out at the 

inlet and exit of the channel. If the two components of the mixture in 

question have a sufficient different in refractive index, a Zeiss differential 

interferometer can be used to analyse the mixture. In the other cases, the 

liquid sampling facilities of the chromatograph were used. 

Temperatures were measured with copper-constantan thermocouples at 

some points and by thermistors at others. All places at which measurements 

were made are indicated by a "T'' in Fig. 2. A thermal probe, almost 

identical in design to the micrometer probe used for concentration profiles, 

is mounted on the test-section exit. Temperature profiles could be measured 

with this probe, whose sensing element is a thermistor. 

Control of the liquid level was a problem throughout the experiment. 

The desired level was found on a cathetometer which was placed in front of 

the channel. If the level was too low, some liquid was added by means of the 

reservior, while if the liquid level was too high, a vacuum was drawn on the 

air pocket in the lower surge tank. 

but tired the experimenter quickly .. 

This controlled liquid level adequately, 

It is suggested that some automatic 

control device be used in future experiments. 

5· A Typical Run 

The procedure described in this section is for the most complex 

series of runs, where control is divided between the phases. Other, simpler 

operations are carried out in the same way except that the unnecessary steps 

are omitted. 
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(a). The liquid rate is set and allowed to settle. Because pressures within 

the surge tanks must have time to come to steady sta_te, this settling operation 

normally requires at least on-half hour. Once the level in the channel has 

settled, it remains fairly stable. 

(b). At the beginning of a set of runs it is necessary to ascertain the 

chromatograph reading which corresponds to a gas-phase mixture that has been 

equilibrated with the liquid phase. This value is found in the channel by 

operating the liquid phase at normal flow rates while the gas phase flows at 

extremely low rates (50 to 100 cc/min). Several values of the chromatograph 

reading for saturation are taken, and their average is used as the saturation h 

reading. The concentration of the liquid phase is also measured. 

(c). The gas rate is set, and the system is allowed to come to steady state. 

Several samples are made of the cup-mixing exit concentration in the center 

section of the gas phase. Slow sampling is necessary to prevent any sudden 

momentary changes from affecting the results. At the same time, liquid samples 

are taken; these are analysed after the series of runs. 

(d). In the runs where concentration profiles are taken, flow through the 

sampler is closely regulated so that only the impingi.ng gas is taken as a 

sample. Hence one of these runs often takes several hours to complete. 

(e). During all of the runs the liquid temperature was kept as close as 

possible tothe gas temperature of 25±3°C. Because of the time consumed in 

taking a concentration profile it is necessary to sample the liquid phase 

several times during one of these runs. 

(f). When the liquid flow rate is changed, reestablishment of a steady inter- ~ 

face requires some time. As a result, all the runs at one liquid flow are 

carried out before the liquid flow rate is changed. 
. .. 
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III. EFFECT OF INTERFACIAL MOTION UPON GAS-PHASE-CONTROLLED MASS TRANSFER 

Before one can undertake a meaningful study of mass transfer with a 

distribution of the resistance between the phases, the individual mass-transfer 

behavior of both phases must be known. In laminar channel flow the mass­

transfer process is quite well understood in the liquid phase. There is still 

an area of doubt in the case of the gas phase, concerning the effect of inter­

facial motion upon the mass-transfer coefficient. This chapter is devoted to 

the investigation of that effect. 

A. Simple Models for Mass Transfer to Laminar Streams 

The starting point of any theoretical study of mass transfer must be 

the convective-transport equation. A derivation of this basic equation is dis-
4d 

cussed by Bird et al. In vector notation the equation for a binary system 

may be written as 

(3-1) 

This simplified equation contains the following assumptions: 

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

fusivity is a function of concentration, we are limited to small changes in 

concentration; since it is also a function of temperature, isothermal systems 

are assumed. 

- (b). The molar density is a constant. This implies the same restric­

tions as were imposed by a constant diffusivity. 

(c). There is no chemical reaction which either produces or removes 

any of either component. , 
(d). The narrow range of concentration dictated by assumptions (a) a':'JY 

(b) allows the simplification that the velocity vector, V, may be either the 

molar-average or the mass-average·veloe:ity. 

--- Even with these restrictions Eq. (3-1) is more. general than the form 

which is used throughout the present study. The added restrictions for this 

study are: 

(e). Only the form of the equation in Cartesian coordinates is used, 

and further only cases where one of the three coordinate directions does not 

enter are considered. This implies that the z direction is infinite in extent 

and that concentration is not a function of z. 
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(f). Only cases where there are laminar, fully developed fluid 

mechanics are considered. 

(g). Steady-state situations are the only ones considered. 

(h). If the rr~in fluid flow by forced convection occurs in the x 

direction, then the diffusive term of the equation i.n this direction is assumed 

to be negligibly small compared to the other terms in the equation. 

(i). Restriction "a" confines us to a narrow concentration range. This ·y 

range is now defined as the region where the concentration of component A is 

low and where one can assume that the diffusion of the component in question 
I 

does not affect the hydrodynamics of the system. This may be called the assump- r 

tion of low mass-transfer fluxes. Solutions with higher flux rates are 

considerably more complex. A good discussion of this area is contained in 

. d S d L. h 4b Blr , tewart, an lg tfoot. 

(j). All cases discussed in the present study are simplified by the 

fact that there is no y 'component of velocity. As a result it is dropped from 

the equation for the remainder of this report. Therefore Eq. (3-1) reduces to 

(3-2) 

The solution of this e~uation for the various important situations occupies a 

considerable portion of the remainder of this chapter. 

1. The Graetz Solution 

The earliest important solution to Eq. (3-2) was car1~ied out by Graetz. 
28 

His solution involved heat transfer from a circular tube at a canstaJ.t temperture 

to a fluid flowing in the tube. The corresponding solution in a Cartesian 

system involves flow between two flat plates of infinite width. The velocity 

profile in thi.s case is parabolic, and therefore the same type of solution is 

possible. The particular solution of interest in this study is that carried 
6 

out by Butler and Plewes. The physical situation is illustrated in Fig. 6. 
A fluid flowing in fully developed flow between two flat plates has 

the following velocity profile: 

. 2 
u(x) = 6 urn [y/b - (y/b) J (3-3) 
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Fig. 6. Mass transfer to laminar flow between two flat plates. 
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If one introduces the nondimensionalizing parameters 

yjb, (3-4) 

the convective-transport equation becomes 

(3-5) 

with the boundary conditions 

c 0 at Y = 0 (3-6a) 

and 

'de/ C)Y o at Y L (3-6b) 

This problem is solved by a separation of variables. It is asst~ed that 

c x(x) · n(Y) (3-7) 

The equation becomes 

X' D" r}. 
X 

(Y-Y
2

)n 
(3-8) 

The two solutions are 

2 
X=Ae_(f3X) (3-9) 

and 

D = k + k Y + 
2 k yn k2 y + --- + 

0 l n (3-10) 

The constants are evaluated in Ref. 6. The concentration at any point is given 

by 

C -2.1766 e-(14.582 X). sl (Y)- 1.431 e-(141 X). s2(Y)- ... 

(3-ll) 
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where the numerical values for the series 5
1

(Y) and ~2 (Y) are tabulated by 

Butler and Plewes. Overall results are expressed in terms of mean fractional 

saturation at exit. For flow between two flat plates the Graetz number becomes 
;i,t!'"'"' ~ .... 

(3-12) 

and the mean fraction saturation is 

¢ = l -0.8956 e-( 2 . 4303~)- 0.1044 e-( 23 ·~)_ ... (3-13) 

2. The Leveque Solution 

At low Graetz numbers the solution of the Graetz problem requires a 

great number of terms in the series. 
2 

At low val. ues of DAB L/Um b only the 

velocity profile near the wall h~s an effect upbn the mass transfer. 
''',·-· 

Leveque 

approximated the velocity profile' in this region by the linear form 

u ay (3-14) 

The physical situation is illustrated in Fig. 7a. If one carries out the 

transformations 

c yjL and A. (3-15) 

the convective transport equation reduces to, 

(3-16) 

Equation (3-16) may converted to an ordinary differential equation by the 

following transformation 

(3-17) 

In these new coordinates the boundary conditions are 

44 



' ' ~· . 
. · '" 

-26-

= a y 

(a) 

-
' 

l y ~ ~ 
~"'--"-· 

~ ~ 
~ 

CA 
. 

0 

(b) 

M U B -11334 

Fig. 7. Simple mass transfer models; (a) the Leveque model, (b) the 
penetration mode~. 
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C l at x 0 

(3-18) 
C 0 at x = oo 

The solution is 

c (3-19) 

The mass-transfer coefficient is given as 

(3-20) 

In Eq. (3-20) the concentration, C, is the dimensionless quantity given in 

Eq. (3-15) which defines the driving force for mass transfer as the ini.tial 

difference in concentration, CAs - CAO' In order to maintain a uniformity of 

approach, all the cases considered in this study are based upon the assumption 

of an initial concentration difference as the driving force. This solution is 

almost always applicable in the case of mass transfer to liquids with extremely 

low diffusion coefficients. In the present study the solution is applicable 

when a gas is flowing in the channel at a high velocity. 

3. The Penetration Model 

If, inst~ad of considering mass transfer to a fixed wall, we turn our 

attention to the case of a free interface, the situation shown in Fig. 7b is 
. 30 applicable. This case is the familiar Higbie penetratlon model. The con-

vective-transport equation for this model is 

2 
0 CA 

C; y2 
(3-21) 

C -C 
A A

0 

CAs -CAO 
Now if we again let c = and 

then Eq. (3-21) becomes an ordinary differential equation: 
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0. (3-22) 

Transforming the boundary conditions we get 

C l at y = 0 

C 0 at y = oo 

The solution to this equation is 

c 1 - ed{ 4~~Bx] 1/

2 
(3-23) 

and 

(3-24) 

The penetration model has proved to be quite accurate for a free laminar liquid 

interface. Its prediction of a one-half-power dependence on diffusivity can be 

extended to many important industrial situations. For example, Vivian and King 

have shown that it is apparently applicable to the very complex flow of the 
71 

liquid phase of a packed column. 

Several simple models have been omitted from this section, not because 

they are not important but merely because they do not bear directly upon our 

problem. Such models as the film and the boundary-layer flow models as well 

\. 

as those for common turbulent flow are discussed in standard texts in the ~ 

field. 
4

' 
65 

B. Mass-Transfer Models with Tangential Interfacial Motion 

When a flowing gas is exposed to a liquid that is concurrent with it 

the mere fact that the interface is in motion enhances mass transfer between 

phases. In the past many studies have been carried out with wetted-wall 

columns in which the mass transfer was controlled by the gas phase. In 

laminar flow it has commonly been assumed that the Graetz solution, or in the 

case of short columns the Leveque solution, describes the situation. That the 

interface is in motion is entirely neglected. Another approach is to subtract 

the interfacial velocity from the velocity of the gas flow. The remaining 
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velocity is solved for in the usual manner. The degree to which each of these 

methods is in error is of considerable interest. 

A gas-liquid mass-transfer model, in which there is an interfacial 

velocity due to the motion of the liquid, may be built upon the addition-of­

resistances principle if good models are knmm for both phases. The pene-­

tration model has been shown to be a good model for a liquid phase; however, 

for the gas phase an appropriate model for a parabolic profile with inter­

facial motion has not been proposed. The model corresponding to the Leveque 
2 

solution with an interfacial velocity has been solved by Beek and Bakker. 

This solution is investigated and modified in the present study. Concentration 

profiles are also calculated for this model. 

1. The Solution of the Modified Graetz Problem 

·-·The modification in the velocity profile. Fig. 8 shows the problem 

that is the subject of discussion for the remainder of this section. There is 

one moving wall which has a velocity 

wall is stationary and has zero flux. 

u
0 

and a concentration 

If the average incoming 

velocity is U , then the velocity profile may be expressed as 
m 

u = u + ( 6um - 4u
0

) y/b + (3u
0 

- 6um)(y/b )
2 

0 

The equation of convective transport is 

2 
~CA C) CA 

u- D --
~X AB C) y2 

If we let: 

CA - c 
DABL Ao 

c 
CA - c 7/J --2 y y/b 

An u
0

b 
s \) 

X = X:jL u uJu0 

then we have 

1 + (6U-4)Y + (3-6U)f 

c 
a s 

The other 

gas 

(3-25) 

(3-26) 

(3-27) 

(3-28) 
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Fig. 8. MasG tranr3f'er to a fluid in laminar flow between two parallel 
walls, one of which is in cocurrent motion. 
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with th~ boundary conditions 

c 0 at X = 0 

c = 1 at y 0 

and 
dC 0 at y l 
C,)Y 

(3-29) 

This problem may be solved directly in the same way the Graetz 

problem was handled. Unfortunately there is the added parameter, U, in this 

equation with which we must deal. It would be necessary to generate constants 

for each different case of U, the ratio of the average velocity to the inter­

facial velocity which was encountered. With the computer this is not a 

particularly difficult task. The real problem is in tabulating all of the 

constants and later in putting them to use. Many terms would have to be 

generated if the solution were to be valid near the entry region. On the other 

hand we may choose to solve the equation numerically as it stands and thus 

generate the concentration profiles and Nusselt numbers in a graphical manner. 

It is this latter course which was chosen to carry out the solutions. 

Since Eq. (3-28) is a parabolic partial differential equation, a 

marching solution may be used. One solves one entire row of concentrations 

in the direction perpendicular to the motion before moving on to the next 

step in the direction of fluid motion. As a result the x-direction calcu­

lation may be carried out for as many steps as one desires. T1J.e Crank­

Nicholson six-point implicit formula was used in the solution of the partical 

differential equation. 43a The boundary condition at the initial line, x = 0. 

allows us to start the marching solution. The first problem encountered was 

with the interface condition at the point of first exposure. The infinite 

gradient at that point tends to make the solution unstable at the start. This 

instability tends to persist for several lines downstream. If, on the other 

hand, we used the Laasonen four-point formula to solve for this area of the 

problem, the point would be ignored. It was found that this approach was 

effective in removing the instability. 
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Another problem that arises in solving these equations is a result of 

the zero-flux condition at the wall where there is also a zero-velocitycondiJdon. 

When this condition is put into finite-difference form, the final line is no 

longer diagonally dominant (that is, the sum of the off-diagonal terms is equal 

to or greater than minus the diagonal term). The solutions for the matrix are 

not stable unless diagonal dominance is satisfied. A new approach was tried, 

which involved making a material balance upon the half element nearest the 

wall. This new approach gives a diagonal dominance to the entire matrix and 

proved to give satisfactory results. 

The tridiagonal matrix that resulted from this analysis was solved ( 
43b 

directly by the Thomas method. However, because of truncation and round-

off error it was necessary to seek more accuracy. Hence a Gauss-Seidell 
. 43c . 

iterative analysls wlth an overrelaxation factor of 1.25 was used to cut 

down the error. No more than two iterations per row were needed to give four­

decimal reproducibility of all points· on a concentration profile. 

Once the concentration profile was available, the fluxes could be 

calculated. A five-point formula was used in calculating the interfacial mass­

transfer fluxes. The method used to nondimensionalize the solution leads to a 

direct calculation of the local Nusselt number based upon the initial difference 

in concentration. The five-point formula is 

The interfacial concentration is c
1

; the remaining concentrations have interesting 1. 

subscripts with increasing distance from the interface. The dimensionless 

increment is denoted by H. The cup-mixing concentration was also calculated. 

Here the concentration profile was integrated by means of Simpson's rule. These 

two calculations are quite accurate at points away from the beginning of the 

exposure. Near the beginning of the exposure, local Nusselt numbers tend to 

be slightly inaccurate because of the steep gradients. This inaccuracy almost 

completely disappears after the first few steps downstream. 
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The Fortran source program for this solution is included in Appendix D, 

along with an explanation of how to use it. Even though all the output was 

printed, it was decided that the "Calcomp" plotter would be used as the means 

of presentation of the data. Concentration profiles, the cup-mixing concen-
2 

tration as a function of the modified Graetz number (DL/U b ), and a log-log 
m 

representation of the Nusselt number as a function of the Graetz number were 

plotted for the velocity ratio (u~u0 ) equal to 10, 4, 2, l, 2/3, and l/2. The 

concentration profiles are included wi.th the program in Appendix D. Fi.gures 

9 and 10 are the cup-mixing-concentration and the Nusselt number graphs. 

Figure 9 shows the overall effect of increasing interfacial velocity. 'I'he 

amount of mass transfer increases considerably with increasing motion of the 

interface in the direction of the fluid motion. 

Of particular interest is the case where the average velocity is two"'' 

thirds of the interfacial velocity. This is the case of mass transfer to the 

free surface of a fluid which is flowing down a plane, with zero shear stress 

upon the interface. The most practical example of this is the wetted-wall 

column. It is common to use the penetration model to predict the mass­

transfer coefficient and the concentration profile. Figure ll shows a com­

parison of concentration profiles predicted by the penetration model (the 

dotted line) and the present solution (the solid line). It is evident that 

above a Graetz nmnber of 0.04 (cup-mixing concentration of 4o% of saturation) 

the penetration model is no longer valid. Pi.gford carried out an eigenvalue 
54 

solution of this problem. It is compared with the present solution on a 

log-log plot of cup-mixing concentration against the reciprocal of Graetz 

number in Fig. 12. The Pigford solution (dotted line) is only valid down to 

concentrations of about 15% of saturation. 

2. Gas-Phase Mass Transfer Near a Moving Interface 

The problem of mass transfer near a moving interface may be simplified 

in the same way Leveque was able to approximate the Graetz solution. In the 

case shown in Fig. 13, a medium of infinte extent with a linear slope in 
' velocity, a, is exposed to a fluid of different constant concentration, Ca , 

which is moving with an interfacial velocity, Uo. The initial concentra- s 

tion of the upper phase is C Beek and Bakker
2 

have solved the equations in 
a 

the following way: 0 
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Fig. 9. Mean Fraction Saturation as a Function of the Graetz Number. 
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Fig. 11. A comparison of concentration profiles for different Graetz 
numbers in a falling film. --The exact solution. --- The 
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Fig. 13. The Beek and Bakker Model for Mass Transfer to an 
Infinite Medium with an Interfacial Velocity. 

~: 

.,., 



-39-

The convective mass transfer equation for this case is 

de 
(Uo + ay) __ a 

CJx 

with the boundary conditions 

eA = e 
Ao 

at X 0 

eA = c at y 0 
As 

and 

CA = e at y = 00 

Ao 

ay/00 
2 T 3 

For T] and s = a Dxju0 

-;;e A ;/eA 
we have (l-TJ) ~ s = ch2 

(3-31) 

(3-3la) 

(3-32) 

The problem i.s solved by means of the Laplace transformation (; is transformed 

top). After all the boundary conditions are satisfied, the solution in the 

Laplace domain for concentration is 

e = ( l +T) ) 1/2 
p 

Kl/3 [2/3 pl/2( l +TJ )3/2] 

Kl/3 [ 2/3 pl/2] 
( 3-33) 

No general solution for the concentration profile was presented because of the 

complexity of the equation. However, it is possible to solve for the mass­

transfer coefficient: 

de 
1 dT] 0 . l 2 K ( 2/ 3 lj2,)-

p 1/3 p 

(3-34) 

This equation may then be inverted to obtain the asymptotes for both long and 
2 3 . short exposures" The solution for short exposures (a Dxju

0 
<< 1) lS 

(3-35) 
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while for long exposures (a
2

Dxju0
3>> l) the solution is 

k(u:D r = 0.538 ( ::~ r ~+0.37~):J/3

] (3-36) 

This solution is shown in graphical form in Fig. 14. The limits of the model 

are of some interest. As the group a
2
Dxju0

3 approaches zero we would expect 

the solution to approach the penetration model. Since for the penetration 

model k(xju
0

D) 1/
2 

is a constant equal to (·n) -l/
2

, it is represented in Fig. 14 
2 3 

as a horizontal straight line. On the other hand for high values of a Dx/u
0 

the Leveque model becomes more accurate. If we multiply both sides of the ( 
• ~2 

Leveque solution (Eq. (3-~0 )) by (xju0D) , the result becomes 

k(u> r2 
= 0.538 (~)"r (3-37) 

The Leveque solution is also shown as a dotted line. It approaches the 

solution for a moving interface when a
2

Dxju0
3 exceeds 100. 

Since the above solutions are not valid in the region of a
2

Dxju
0

3 near 

unity, Beek and Bakker extended both asymptotes to an abscissa of one, and the 

solution was assumed to be an interpolation between them. In justifying this 

they say "We made some calculations to find the right interpolation between 

the two given relationships in the neighborhood of~ = 1.0". They conclude 

that their interpolation is valid to within 10%. Since this section of the 

curve is where the greatest difference from the limiting models occurs, some 

further investigation of the interpolation seems in order. 

If the asymptotic solution for high values of ~ is calculated forvalues 

of ~ below unity, it reaches a minimum. It crosses the low values of ~ at 

about 0.2. It must be understood that the asymptote for high ~ values is not 

valid in the region in question, but the f~ct that the two solutions cross 

leaves grave doubts about the validity of an interpolation between them in 

this region. This question led to a search for a true solution in this region. 

Since the computer program for a parabolic profile was available, it 

was modified for use with an infinite medium. The velocity profile was modified 

to make it linear. This program appears in Appendix D under the title "Bakker". 
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Fig. 14. The Solution of The Beek and Bakker Problem. 
Legend:-----Exact solution to the problem including computer 
solution.----limiting models ---·--asymptotic solutions. 
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Figure 15 is a plot of concentration profiles for this solution. Where there 

appears to be penetration to the wall, the profiles are not valid. The solid 

line in the region of Fig. 14 is the computer solution to this problem. Note 

that it meshes with the two asymptotic solutions. It does, however, fall be­

low the two lines in the central region, proving that interpolation is not a 

proper procedure in this case. With a correct solution in the region of 

interest, it is possible to find overall mass-transfer coefficients. 

3· Mass Transfer to Countercurrent Flow 

In all previous cases, cocurrent flow was assumed. However counter­

current flow is of much more importance industrially. It is normal practice 

to assume that the mass-transfer coefficient for countercurrent operation is 

the same as that for cocurrent flow, and that there is an increased driving 

force. The question of the effect of interfacial velocity upon mass-transfer 

coefficients again casts some doubt upon this procedure. 

A typical velocity profile for counterflow confined by two walls is 

shown in Fig. 16. The interfacial velocity, which is opposed to the main flow, 

causes a flow reversal in the less viscous upper medium. Since only molecular 

diffusion may take place at that point, it would be expected that the mass­

transfer coefficient would be substantially less that would be predicted by 

the corresponding cocurrent theory. 

The fact that there is a flow reversal makes an exact solution to this 

problem much more difficult. The prob~em lies in the fact that the part of the 

gas which flows in the same direction as the liquid enters the test section at 

the downstream end of the exposure with a definite but unknown concentration. 

Any numerical solution of this problem would necessarily be iterative. Since 

this involves major changes in the existing solutions, the idea of carrying out 

such a solution was abandoned. 

A simpler approximation can be made in this case. Since the backflow 

enters at a concentration close to equilibration, it is assumed that, as a 

limiting case, the area between the interface and the flow reversal is a 

stagnant film. The Graetz model is assumed to hold in the remainder of the 

channel. If it is assumed that the resistances to mass transfer may be added, 

the result is 

( 
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Fig. 15. Concentration Profiles for the Beek and Bakker Pr~blem. 
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l l 
+ l 

K--
kGz ~ c 

(3-38) 
avg avg avg 

where 

~ DAJ~ (3-39) 
avg 

and 

k =fk~~f) gzavg 
(3-40) 

The variable, ~, is the distance between the interface and the flov reversaL 

The point of flow reversal may easily- be found from Eq. (A-14). The velocity 

used in the Graetz portion of the solution is the average velocity of the inlet 

gas plus the aver·age velocity of the backflow. The driving force is based upon 
,/ 

the inlet concentration difference. The proposed film model will give a con-· 

servative estimate of the amount of mass transfer which we may expect. It is, 

however, fairly safe to predict that the mass-transfer coefficient will de­

crease rather than increase with increasing interfacial velocity. 

C. Experimental Results 

l. The Liquid Phase 

The hydrodynamics of the liquid phase of the channel used i.n this study 

are similar in many respects to those of the channel used by Tang and Himmel1ilau?7 

In their study they found that the rate of absorption of carbon dioxide i.nto 

water in two-phase flow in a l- by 6-in. channel obeys the penetration theory 

to better than 7%. The diffusivity used for their analysis was approximately 

5% lower than the value found by most other workers (1.85 X l0-5 cm
2
/sec vs 

. 5 2 
1.95 x 10- em /sec). For complete liquid-phase control of the mass transf2r, 

one would expect, on the basis of all the available experiments, that the 

penetration model would be applicable. In order to ascertain the effect of the 

parabolic velocity profile upon w..ass transfer in the liquid phase, Tang solved 

the appropriate transport equation by a separation-of-va:t::>iables method. The 

small depth of penetration of the mass transfer precluded any vis:ible change 

in the solution from the penetration solution. This is especially true when 

one considers that the experimental error in the study was appreciable and that 
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one must attain a concentration of 4o% saturation before there is a s11bstantial 

difference between the two solutions. 

There has been no previous experimental study of gas-phase-controlled 

mass transfer in the presence of a moving interface in a channel. Therefore, 

before interphase studies were undertaken, an experimental program was per-

formed which filled this gap. 

2. The Graetz Runs 

The first series of runs was used as a check on the hydrodynamics of 

the gas phase. The channel was filled with pure liq~id (industrial grade, 100% 

ethanol) and this stagnant phase was exposed to a series of flow rates of pure 

nitrogen. The liquid level was maintained by adding liquid between runs. A 

series of nine runs was performed in this fashion. In this series as in all 

the succeeding series, the velocities were calculated from the measured flow 

rate by means of the hydrodynamic equations developed in Appendix A. Butler 
6 

and Plewes have solved for this situation. 

The temperature of the interface was a cause for some concern, since 

evaporation from the interface tends to have a cooling effect. Temperature 

profiles were taken at the channel exit, and the temperature at the interface 

was deduced from this profile by extrapolation. Since this temperature was 

always within 3°C of the temperature of 'the bulk gas, the interface temperature 

could be used as the temperature of the system without making a significant 

error in gas-phase properties. The interfacial velocity caused by drag. on the 

liquid by the gas may be shown to be small and is neglected in this study. 

The mean fraction saturation of the effluent gas stream was measured, 

and the data were reduced to 25°C using the properties tabulated in Appendix E. 

These data are listed in Table C-l in Appendix C and are accompanied by a 

set of sample calculations. Theory and experiment are compared in Fig. 17. 

In this plot of mean fractional saturation (¢) as a function of Graetz number 
2 

(DL/U b ), the solution of Butler and Plewes is represented by a solid line, m -
while the experimental data are shown as circular points. The agreement with 

theory was better than 5%, which is well within the limits of the estimated 

experimental error. Concentration profiles were taken for Runs 9 and 10. The 

experimental results are tabulated in Table C-2. The actual profiles and the 
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Fig. 17. A comparison of runs with zero interfacial velocity with 
the solution of Butler and Plewes (Ref. 6). ••• Data. 
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theoretically calculated values are compared in Figs. 18 and 19. Here the 

agreement is better than 7 mole percent, with no readily discernible trend in 

this error. 

3. Cocurrent Mass Transfer with Resistance in a Single Phase 

The next step was to put the liquid phase in motion. Again ethanol was 

used as the pure liquid while two gases, oxygen and carbon dioxide, were used 

as the other phase. The experiments were performed at 25°C ± 3°C, and there- ~, 

fore most properties were estimated at 25°C. The one exception is the vapor 

pressure of the ethanol, which was estimated at the interfacial temperature. 

Because of the rather low vapor pressure of ethanol (57 mm Hg at 25°C) and the 

substantial flow rates of the liquid, the possibility of an important secondary 

flow of a cellular nature is very remote. Under the most extreme conditions(the 

highest gas flow rate and the lowest liquid flow rate), the maximum possible 

temperature drop at the interface is l.85°C. Only a few runs were made under 

these conditions. The majority of the runs were performed under conditions 

where temperatures at the interface differed from the bulk-phase temperatures 

by less than l°C. The former case corresponds to an increase 'in density at the 

interface of roughly 0.004 gm/cc. Since the interface was cooled and the 

evaporating vapors were denser than the gas phase, there was no possibility of 

natural convection in the gas phase. 

Since it was quite difficult to vary the liquid rate and maintain a 

constant level in the channel, the liquid rate was set, and then a series of 

runs was carried out with different gas rates. For each gas, three different 

liquid rates were used. The range of Um/Uo covered was from 0.5 to 12.0. 

Interfacial velocities were calculated from the liquid and gas flow rates by 

means of t~e hydrodynamic equations discussed in Appendix A. These ranged 

from 2.5 to 10.0 em/sec. Concentration profiles were carried out on one run 

at each liquid rate. In all, 70 runs were carried out, three of them with 

concentration profiles. Since the accuracy of the runs with both gases is about 

equivalent, it was decided to present only the carbon dioxide data. All the 

data for both gases are presented in Appendix C. 

The overall-mass-transfer data for carbon dioxide are shown in Figs. 

20, 21, and 22. The mean fraction saturation is shown as a function of Graetz 
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Fig. 20. Mean fraction saturation as a function of Graetz number for 
cocurrent motion of co2 and ethanol (18.0 cc/sec); ••• Data. 
--- Theory for zero interfacial velocity. --- Computer solution 
for experimental conditions. 
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Fig. 21. Mean fraction saturation as a function of Graetz number for 
cocurrent motion of C02 and ethanol (30.0 cc/sec); ••• Date. 
--- Theory for zero interfacial velocity. -----Computer solution 
for experimental conditions. 
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Fig. 22. Mean f'raction saturation as a f'unction of' Graetz number f'or 
cocurrent motion of' C02 and ethanol (51.0 cc/sec); ••• Data. 
--- Theory f'or zero interf'acial velocity. --- Computer solution 
f'or experimental conditions. 
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number for liquid flow rates of 18.0, 30.0, and 5LO cc/sec, respectively. 

The soli.d line represents the theory for a moving interface, and the dotted 

line is that presented by Butler and Flewes for zero interfacial motion. At 

the highest gas flow rates, low Graetz numbers, there is some error in the 

data, especially for the lowest liquid flow rate (Fig. 20). However with an 

increase in the liquid flow rate, where there is greater difference in fraction 

saturation between the two solutions, the effect of the interfacial motion be­

comes more evident. The fact that the data are generally lower than theory 

might be explained by two effects" Although we checked for any slowing of the 

interface by the action of surfactants in later runs and found no effect, there r 

is a possibility that they might have been a factor in the earlier runs. The 

saturation value might have been a little high causing all the runs to appear 

a little low. 

The experimental results given in Fj_gs. 17, 20, 21, and 22 for the mass 

transfer are in terms of the mean fraction saturation. A conversion to average 

mass-transfer coefficient based upon the initial driving force may be performed 

using the following relationship: 

k = ¢ Q I 0. 915 w L 
cav g 

(3-40) 

Here W and L are, respectively the width and length of the mass-transfer 

area, while 0.915 is the corner correction. A discussion of this correction 

is contained in Appendix B. From this point it is a simple matter to compute 

the Stanton nurr1ber: 

St k /U = ¢b/L c m (3-41) 
av 

Finally we may define the mass-transfer Nusselt number (the Sherwood number) 

based upon the overall length as 

Nu k L/D = cpQ /0.915 D W 
cav g 

(3-42) 
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Since the mass-transfer coefficient is defined on the basis of the initial 

difference in concentrations, the two dimensionless groups are also defined 

on this basis. 

The three concentration profiles are shown in Fig. 23. The theoretical 

profiles corresponding to the three runs are also included. The data follow 

theory quite well except for one point in Run 63, which is probably erroneous. 

All the carbon dioxide data were generally within the estimated experimental 

error limit of 10%. While the points tended to be systematically low, they 

are sufficiently accurate to show the effect of interfacial velocity. 

All the data for which the Beek and Bakker solution should be applic­

able--i.e., experiments where the mean exit concentration was less 50% of 

saturation--are shown in Fig. 24. The solid line indicates the theory. Within 

the estimated experimental error, the data agree with theory. The data using 

oxygen as the gas phase are included in this graph. 

4. Countercurrent Data 

The carbon dioxide runs discussed in the previous section were repeated, 

but this time the two fluids flowed in opposite directions. It was anticipated 

that there might be some trouble with ripples and level control with this mode 

of operation. However, no particular problem was encountered in operating 

countercurrently. A series of 33 runs was carried out at three different 

liquid rates. The results are reported in Figs. 25, 26, and 27. The results 

are compared with the Graetz model (the dotted line) and with the proposed 

theory of adding a stagnant zone between the surface and the point of flow 

reversal. The stagnation zone varied in thickness from 0.009 to 0.29 em. 

The data agree almost quantitatively with the proposed theory and certainly 
' within the error of the experimental method. For the highest liquid flow rate 

the cocurrent data are compared with the countercurrent data in Fig. 28. The 

solution for zero surface motion is included for comparison. The ordinate may 

be converted from mean fraction saturation to Stanton number by multiplying by 

the factor b/L. It is quite evid~nt that the direction of motion of the inter­

face is very important and that one must exercise great care in applying 

cocurrent data to countercurrent design. 
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Three concentration profiles were carried out vrl th countercurrent 

operation. One of these (Run 100) i.s presented in Fig .. 29" The best line :l_s 

dra\\rn through the data, and the profile is compared with that expected for the 

corresponding co current case. The tiifference is quite sizeable. 

D. Experimental Errors 

Several sources of error apply to all experiments dLscussed in this 

chapter and in the following two chapters. Sor:1e of the more important of them 

are discussed in the following section. 

(a). The reference value for the gas analysis, using the gas-l:i.quid 

chromatograph, is dependent upon the attainment of a saturation value for the 

component that is being transferred. In this work this was accomplished by 

flowing the liquid phase at the normal rate and flowing the gas at extremely 

low rates. The gas flow viaS held_ at about 50 to 75 cc/min, and a saturation 

compositi.on was measured. Then the flow rate was doubled. There waB no change 

in the amount of component in the sample. It was then concluded that this was 

the saturation value. 

The number of units that the integrator on the recorder indicates li::' 

directly proportional to the carrier-gas flow rate. As a result the flow rate 

of the helium carrier gas must be maintained at a constant value, once a 

saturation value has been established. The carrier gas flow was monitored by 

means of a capillary flow meter. It was observed that the flow rate tended 

to drift to some extent, and a correction was necessary in the flow rate. 

Control of the carrier flow rate was better than 2%.. Other errors of a lesser 

magnitude are involved i.n the control of tempera,tures within the detector of 

the v.nit, small variatione in filament current, and in transmission and 

recording of the signal. 

Implicit in the method of analysis is 'the assumption that the peak area 

recorded for each sample is a linear function of concentration. Since very lmv­

concentrations were measured in all cases (less than 8 mole%), this assmnpt.ion 

is probably the source of very little error. 

A rotameter on the sample line from the apparatus to the sample valve 

on the chromatograph was used to insure that sufficient gas had flowed from 

the apparatus to the sampler to purge it completely before the sample was 

... 
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analysed in the chromatograph. A set time was used in flushing the sample 

valve, so that desorption from the sampler wall would be ·Lmiform. 'I'here were 

small human errors i.n timing of the length of purging. All of these small 

errors were probably not responsible for more than a total of 1% error. 

Successive samples of the same concentration tended to confirm this estimate 

of the combined minor errors. 

(b). The channel itself contained within :i.ts construction several 

sources of error. First the control of the height of the gas-liquid interface 

was one of the main sources of difficulty in operating the apparatus: Although 

it was closely controlled, it could vary to some extent. That extent could 

become disastrous if a close watch was not kept upon operations. The fact 

that the liquid was in a relative thick layer was helpful in that minor 

variations in liquid level tended to change the hydrodynamic:=. of the liquid 

in only a minor way. However a slightly too high liquid level for instance,_ 

would increase gas velocity and thus increase the mass transfer coefficient. 

It is estimated that this effect could not amount to more than 2% error in 

any one run, because of the close observation which was made of the level. 

The hydrodynamics of the entry region tend to introduce a systemati.c 

effect into the data. The result should be mass-transfer results lower than 

predicted by the fully developed flow models used. It :is difficult to estimate 

whether this effect was important, since the entry region was probably quite 

short compared to the overall length of the exposure. The cocurrent data. 

were between 0 and 8% below the theoretically predicted value for fully 

developed hydrodynamics. While the entry region might have been a partial 

cause, it cannot account for all of the error. 

Although tests showed that there was no visible slowing of the inter­

face due to the presence of surfactants if ethanol was used as the solvent, 

it is entirely possible that some small effect might have passed unnoticed. 

Certainly the possibility should not be overlooked. The problem of the 

existence of a surfactant on the surface is discussed i~ detail in Chapter V. 

Minor disturbances were noted at the interface, especially when the 

flow rates were high. These were probably due to the vibrations of the pump. 

However the wave length of these ripples was sufficiently long that their 

effect upon the mass-transfer coefficient should be negligible. 



(c). Rotameters were used to measure the gas and liquid flow rates. 

They can be relied upon, in their central range of operation, to have an 

accuracy of about 5% in metering flow. The meters used in this study were 

found to follow the calibration curves provided by the manufacturer to better 

than 2%. However, since the flow rates are almost impossible to keep exactly 

where one would like them, small inaccuracies in flow rate must be accepted. 

Withthe ball-type rotameter used to meter the gas flow, it is often difficult 

to decide the exact positon of the center of the ball. Thus the proposed 

figure of 5% would seem to be a valid one. 

(d). Temperatures within the system could be controlled to the 

closest degree Celsius. Thus at any one time the bulk gas and bulk liquid 

might have a temperature difference of about l°C. Furthermore, temperatures 

read by means of thermistors and thermocouples were accurate to only about 

0.2°C. This introduced an error of about l% in the estimation of the vapor 

pressure and hence an error of l% in the data. 

(e). In all the runs an extrapolation had to be used to estimate the 

surface temperature. The vapor pressure was estimated on this basis. Since 

vapor pressure is a sensitive function of temperature, any error in the 

extrapolation has a direct effect upon the accuracy of the data. The tem­

peratures were measured at the end of the exposure where the temperature 

would be highest. Due to the sharp curvature of the temperature profile in 

the gas phase near the interface and the difficulty in accurately measuring 

temperature in the region of the interface with the available probe, an 

error in the estimate of the vapor pressure of about 2% was possible. The 

error was probably responsible to some degree for the low values obtained in 

the cocurrent mass-transfer runs. 

As a result of this analysis it is evident that an estimated error of 

about 10% would not be unexpected for this experiment. 

E. Conclusions 

The following may be concluded from the results discussed in this 

chapter. 

(a). The channel gas phase effectively follows the Graetz solution 

both in its overall mass transfer and in point concentrations. 
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(b). A computer solution to the problem of mass transfer from a 

moving interface to a parabolic velocity profile proved quite effective in 

describing many different situations. This procedure is as effective as the 

generation of eigenvalues and eigenfunctions and is much less difficult. ~ne 

use of the 11 Calcomp 11 plotter makes the method even more effective. When the 

present solution was compared with penetration theory for the case of the 

wetted-wall column, the penetration theory proved substantially in error at 

cup-mixing concentrations above 40% of saturation. 

(c). Experiments generally confirmed the theoretical solution. The 

effect of an interfacial velocity is to enhance the mass-transfer coefficient 

in cocurrent flow. Concentration profiles also agree with theory within the 

experimental error of the method. 

(d). If the effect of the interfacial velocity on gas-phase mass 

transfer is ignored in wetted-wall column studies, a substantial error may 

occur. If one attempts to correct for this effect by subtracting the velocity 

of the liquid interface from the gas-phase velocity and using a Graetz model, 

the resulting correction will be in the wrong direction. 

(e) . A computer solution has shown that the solution of Beek and 

Bakker must be modified to be made correct. Concentration profiles were 
I 

developed for this case. Generally, experimental data confirmed the validity 

of the theory with the suggested modifications. 

(f). Counterflow experiments indicated a substantially lower mass 

transfer coefficient than would be expected if there were no motion at the 

interface. This fact may be attributed to the flow reversal in the gas phase, 

which tends to create a stagnant area near the interface, thereby adding to 

the mass-transfer resistance. Adding a film resistance for the area between 

the flow reversal and the interface to the resistance of the Graetz model for 

the remainder of the channel width provided quantitative agreement with the 

data. It must be concluded that in packed-tower design, cocurrent data can­

not be used to estimate countercurrent coefficients for the gas phase. 

(g). The estimated experimental error is about 10%. The major sources 

of error are the measurement of flow, the estimation of concentration, and the 

uncertainty of the hydrodynamics of the channel. 

.,. 
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IV. INTERPHASE MASS TRANSFER 

While mass transfer controlled by the resistance of a single phase 

finds some application in industrial practice, a large majority of design 

problems involve estimation of mass-transfer coefficients where there is re­

sistance to mass transfer in both of the contacting phases. This problem is 

the subject of this chapter. 

A. Introduction 

The question of designing contacting devices in which there is re­

sistance to mass transfer in both phases stood in a state of confusion until 

Lewis46 and Whitman76 proposed their two-film theory for resistance to mass 

transfer. Since then the theory has been interpreted more generally as apply­

ing to whatever models are employed for th~ two phases under consideration. 

In this latter way the theory is applied in the remainder of this study. The 

mass transfer coefficients (kc and K1 ) are defined as 

NA 
== 

c - c 
g 

i 
and 

g 
- c 

l 

(4-l) 

It is inconvenient to have an equation that included the interfacial concen­

trations, cgi and eli' since it is not possible to measure these quantities. 

As a result, one defines an overall mass-transfer coefficient based upon the 

overall difference in concentration between the bulk phases. This coefficient 

is defined as 

NA 
(4-2) kc * c - c g g 

* ==:Uc where c g l 

The second part of Eq. (4-2) is the assumption that Henry's law is a valid 

equilibrium relationship between the two phases. A simple algebraic manipu­

lation of these equations produced the final expression for the two film theory: 

(4-3) 
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This relationship is necessarily valid at any given point at the interface, as 

long as kc and k
1 

are indeed the prevailing individual phase coefficients at 

that point. 

On the other hand, experimentally measured mass-transfer coefficients 

must be· values which are estimated over a finite region. Usually kc and k
1 

will vary from position within the region. In such cases the fact that 

Eq. (4.3) holds for each point of interface within the region does not imply 

that a similar relationship will hold true for the average coefficients meas­

ured for the entire region .. 

In addition, most common usages of the two-resistance theory imply that ~ 

independently measured resistances to mass transfer may be added by Eq. (4-3) 
to obtain an overall mass-transfer coefficient at any point or for a region of 

interface. This is the addition-of-resistances principle. If this practice 

were universally applicable to all models there would be no need for interphase 

mass-transfer studies. Recently, however, the universal validity of such an 

assumption has been questioned. 

King has discussed the validity of adding individually measured re­

sistances to ascertain the overall mass-transfer coefficient in physically 
39-41 important cases. 

King points out the following five criteria that must be satisfied in 
· 4o 

order for the additivity of resistances to be valid. 

(l). The Henry's law coefficient, :U, must be a constant throughout the 

region of the exposure. The equilibrium relationship at the interface may take 

on the form "· 

( 4-4) 

provided. :U and b' are both constants for the exposure in question. 

(2). The resistances added must be the only ones present. Equilibrium 

must be achieved at all points along the interface instantaneously upon the ex­

posure of the two phases. 

(3). The hydrodynamic conditions used in formulating the two-single­

phase models must be the same as those that actually exist in the interphase 

mass-transfer case. 
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(4). The existence of either resistance to mass transfer must not 

materially affect the value of the other. 

(5). The ratio, H k~/ki, must be a constant at all points on the in­

terface. The reason for the necessity for this condition is thoroughly dis­

cussed by King. 40 

The other, and more fundamental way in which the problem may be 

approached is to solve the partial differential equations for the two-phase 

problem, with the proper coupling interfacial conditions. However, very few 

situations are sufficiently simple to allow a comparison between the theory 

of addition of independently measured resistances and a solution to the over­

all mass-transfer problem by using the basic transport equation. Additivity 

can be compared with several models where solutions exist. For instance King 

has solved for.the case where penetration theory applies in the liquid phase 

and the film model is assumed in the gas phase.
40 A comparison of the 

analytic solution for the average overall mass-transfer coefficient with the 

one found by adding average individual resistances shows that the deviation is 

at most 5%· However, since the addition of resistances gives the lower values, 

it is conservative. On the other hand the true local overall coefficient at 

any point is considerably less than that derived by the additivity principle 

from the local coefficients exhibited by either phase in the absence of, re­

sistance in the other phase. 

In general for single exposures of gases and liquids, no deviation from 

additivity is observed if the chosen models predict the same dependence of the 

mass transfer coefficient upon distance from the start of the exposure. An 

example of this type of solution is given by Potter. 55 Mass transfer between 

two streams whose initial velocities are different but constant is considered. 

Upon contact the interface achieves a velocity between the two bulk velocities. 

The development of the velocity profiles in both phases may be described by 

means of a boundary-layer approach. This produces a solution to the convective­

transport equations for each phase. The two independent resistances to mass 

transfer may be added because both have the same dependence upon the length of 

exposure, and therefore the interfacial concentration is constant. The special 

case of equal entering velocities may be treated by the penetration model in 

both phases. Here again the addition of the two resistances yields exact 

agreement with the analytical solution. 
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When counterflow is involved, even the simplest situations must be 

solved on the computer. Even then some unrealistic models must be chosen in 

order to maintain some simplicity. Two models for COQntercurrent flow are 

examined by King. 41 Model l·assumes slip at the-interface with counter-flow 

of two phases with constant velocities, while Model 2 assumes the same model 

in the liquid while flow in the gas phase is assumed to follow a simplified 

boundary-layer model (the first term of the Pohlhausen poiynomial approxi­

mation). The maximum deviation of the true overall average coefficients from 

those predicted by the additivity of,resistances was found to be 20% for 

Model 1, while Model 2 gave maximum deviations of approximately 14%. These ~· 

two models are approximate, but they show the trend to be expected in the 

counterflow cases. 

There are two primary reasons for the scarcity of interphase mass­

transfer studies. Until recently, no critical analysis had been made of the 

assumptions underlying the principle of addition of independently measured 

resistances. As a result, the assumption has always been made that the 

principle was valid and therefore most studies only considered cases where 

the· resistance to mass transfer was entirely residenf in one phase. The 

second reason is that no device had been developed in which the principle 

could be tested under controlled conditions in both phases. The few plate 

and packed- and plate- column studies which have dealt with interphase mass 

transfer have shown that the addition of independently measured resistances 

predicts mass transfer coefficients which are in error by as much as a factor 

of two. ~hese studies may not be considered as being completely valid,S0, 66 

since no experiments were made with complet liquid-phase control. On the 

other hand, the stirred-flask study carried out by Goodgame and Sherwood 

indicated that addition of the resistances was valid at least to the accuracy ~· 

of the method. 22 The validity of the principle has not been tested experi-

mentally in laminar flow. 

The geometry of the device developed for this study is particularly 

well adapted to a thorough study of interphase mass transfer. The simple 

hydrodynamics of both. phases allow for the development of exact models for 

single-phase controlled mass transfer. It is possible to solve the transport 

equation for interphase mass transfer to the same degree of precision. A 

comparison may then be made on the addition of the individual resistances with 

the exact interphase model. Finally all the models may be checked experimentally. 
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B. Analytical Solution to the Equations for Interphase Mass Transfer 

It would be of some interest to develop a general model for interphase 

gas-liquid mass transfer for cocurrent laminar flow) which would also be 

applicable to the case of flow between two flat plates. With the fact in mind 

that mass transfer is most dependent upon the velocity profile very near the 

interface) the model shown in Fig. 30 is proposed as an interphase transfer 

model. A liquid with interfacial velocity u
0 

and a gas with slope a in the 

velocity profile are contacted. Initially the gas has a concentration C ) and 
g 

Near any gas-liquid interface this 0 the liquid has a concentration c1 . 

approximation will be valid. Onl~ where a long exposure is encountered will 

the fact that the velocity profile is oversimplified have any effect. A 

solution to the equations of change for this interphase case is now considered. 

In the liquid phase) since the velocity is a constant) the equation 

reduces to 

( 4-5) 

with the following boundary conditions 

0 

(4-6) 

This equation may be solved by means of the Laplace transformation. If c
1 

is defined as 

-SX cl e dx (4-7) 

then Eq. (4-5) transforms to 

( 4-8) 
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The boundary conditions are used to eliminate an integration constant, and the 

solution of this differential equation in the Laplace domain is 

C1 [ u s )l/ 2 ] C\ = s 0 + 1\_ . fi=Xp ( ~1 y ( 4-9) 

(u0s)1
1

2 [(u0s )1/
2 J = 1\_ -- exp --· y 

Dl Dl 
(4-10) 

The interface has two conditions that relate the two phases. 
·.~. ·~ 

(1). Equilibrium is assumed to exist between the two phases at the 

interface. If we assume that this system obeys Henry's Law, then we have 

(4-11) 

(2). There must be equality of fluxes across ·the interfac-e 

( 4-12) 

As is shown in Fig. 30, the velocity in thegas :phase is 

U = u
0 

+ ay ' ( 4-13) 

Therefore the transport equation for the gas phase is 

(u + ay) dcg 
0 C)x (4-14) 

with the boundary conditions: 

C C at x 0 
g go 

( 4-15) 
C C at y = co 

g go 
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The transformed equation in the Laplace domain is 

a
2

D d
2c 

<u 3 g) d ~ + ~ y) 2 
0 . uo 

(4-16) 

This is a form of the Bessel equation. Hildebrand31 gives its solution as 

(
. a ) l/2 [KU0;3 )l/2 l/2~ a )3/2] e l+- y r -- s .. l+- y 

l u0 ! 3 a2D u0 
3 g 

e I,+ ~ )l/2 K ~(uo3 )l/2 ;L/~ + ~ )3/2] 
+ 2 ~ u y l 3 2 s ~ u y 

0 3 a Dg 0 

( 4-17) 

When the boundary conditions are taken into account, the result in the Laplace 

domain is 

and 

dC 
~= 
dy 

c l/2 u 3 l/2 - 3/2 
C = ~ + 8 tl+~y) K r~(-0-) s;t-/q"l+ ~y) J 

g s \ uo !D a2D \ uo 
3 g 

u 3 l/2 3 l/2 3/2 

-8~ (l + ~. . \ (-0 ) l/2K ~2 &__)· ... s l/9'1 + ~ ) J U \ U ~ 2 s_ 2 3~2 \ U y · 
0 0 a D -- a D 0 

g 3 g 

( 4-18) 

( 4-19) 

The two constants, ~ and e, are obtained by simultaneous application of the two 

interfacial conditions to the solutions in the Laplace domain. 

- t£ r~cr K -2/3 ~/3 Rsl/~ . l 
A - 8 IJicrK _2/ 3 ~~ 3 R;;lf J + K l/ 3 [2/ 3 R~l/ 2Jj ( 4-20) 

e 6C ;u-
-s :f!crK _2/

3 
[2/3 Rs

1
/

2
]+ K1/

3 
[2/3 Rs

1f 2J ( 4-21) 

where 

CJ (DiDl)l/2 

R = [~(J l/2 ( 4-22) 

c 

b.C 
go 

cl =- -}! 0 

..... .,.., 
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and 

( 4-23) 

It is quite obvious that concentration profiles would be very difficult to 

generate. As a result only a solution for the mass transfer coefficient is 

sought. The local overall mass-transfer coefficient is defined as 

k 
D dC I g g· 

-D.C dy y=O 

In the Laplace domain this is found to be 

2 

( 4-24) 

:k- iliuo . [ K-2/3(z) 1 
- 3za : Cill(k_

213
(z)J +K

1
/

3
(z)j (4-25) 

No simple general solution is available for this problem. However it is pos­

sible' to find asymptotic solutions for short and long exposures. For large 

values of the function z the following simple functionality may be given to 

the Bessel ·function of the second kind. 

where R and S are series in n 
n n 

and z 

( 4-26) 

8 given by Carslaw and Jaegero 

If this approximation is included in the solution, the result is 

1 r 455 £ 2 

k- = G [ 1 + 72 J + IC53ti5J J 
ex - ~3 J 

where 
f = 1/z 

2 
G = iliu0 /3a 

CX=ciU+l 

_ 5-7(GU+l) 
~ - 72 ) 

(4-27) 

( 4-28) 



The binomial in the denominator is made into a series, and this is multiplied 

by the existing terms in the numerator. The result is 

k = ~rc +(~ + L)52 + 1~2 + 455 +·772 ~)53+ .... __ -·] 
ex~ ex 72 ~2 10,36e ~ -

( 4-29) 

This series may be inverted term by term. The overall mass-transfer coefficient 

based upon the gas phase is ""-< 

K_ = .~ [ 3 I + _2_ (~ + Lj +; •••• ] 
--c · ex 2 (R) ( ?TX)l 2 4R2 ex 72 

(4-30) 

Rearrangement gives 

( 
x ·~l/ 2 J{R [ l 6x

1
/

2 
(5-7ciJ:! 71 ] 

~ U
0

Dg = cm+l R .fn + 4R2 72((ill+l) + 72 + ''' (4-31) 

The grouping; GU, is of interest since it denotes the degree of control that 

is resident in a single phase. If its value is much greater than 5, the second 

term on the right side of Eq. (4-31) drops out, and the equation becomes 
-' 

(4-32) 

Now if we rearrange and find the overall mass-transfer coefficient based upon 

the liquid phase, then 

(4-33) 

Thus in the limit the model becomes the penetration model. This is the 

anticipated result. On the other hand if the grouping, ciM, is very small the 

equation becomes 

( 4-34) 
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This is merely the Beek and Bakker short-exposure solution. Hence the variation 

of GM. serves to change the degree of control between the phases. 

The solution for low values of Z is a good deal more difficult, and the 

solution in this case is not quite as satisfactory. For small values of Z 

we have 

(4-35) 

For this case Eq. (4-25) becomes 

- G ( l ) 
k ~ z GM+Dzl/3 ( 4-·36) 

A solution is very difficult in this case and we therefore seek a solut:i.on only 

for the situation where 

(4-37) 

with 

D 

Let -r GUjD. Then for z1/ 3;-r much greater than one we have 

( 4-38) 

The solution is inverted and rearranged. Finally the coefficients are 

evaluated. ~'he result is 

-0.515 
em 2 J-/6 

[
a D X l 
u ~ 

0 . 

+ ~~~~ 2 l/3 +, '] ( 4-39) 

+ fifl 
0 

Note that for high values of aM the solution becomes the penetration modeL 

For low values of the control function, the solution does not become the 
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limiting gas-phase-controlled model. This is not unex~ected since Eq. (4-37) 
~ 

has already precluded the agreement between the models ip the limit. 

The results 

presentation of 

ferent values of 

of this solution are shown graphically in Fig. 31. A log-log 

K (x/U
0

D )1
/

2 
as a function of a

2
D xju

0
3 is made for dif-

g g g 
the parameter G.U. The solid line represents the analytic 

solution, while the dotted line shows the results of a computer solution of 

the same problem in the regions where the analytic solution is not valid (see 

Section C). 

The additivity of resistances should be quite a good theory for the pre­

diction of this result, since both phases obey penetration at very short times, ~ 

and the deviation thereafter is from a minus one-half power dependence on the 

length of exposure to a minus one-third power dependence at very long exposures. 

The additivity principle is used for prediction of K from the local coefficients· 
- c 

exhibited by either phase in the absence of resistance in the other phase. It 

is assumed that the penetration model holds in the liquid phase. 

l l + 
J_{ 

( 4-4i) K (-X r2 k r-x r2 r X r ~~:r/2 c DgUO g DgUO kl DlUO 

-If this equation is rearranged and put in the nomenclature of the previous 

derivation, we have 

( 4-42) 
l ~nciUk (-x-)l/

2 
c DgUO 

Th l f kc(x/Duo) l/
2 · t k F. 14 . h . e va ue o · lS a en from lg. , whlc lS a composite of 

Eqs. (3-35) and (3-36) and a computer solution. The solution using the 

additivity of resistances was compared with the analytical solution where it 

is applicable and the compute·r solution in the remainder of the region. It 

was found that the deviations of the additivity solution were greatest in the 

region where cil:! is unity, that is where control is evenly divided between phases. 

Also the deviation tends to increase as a
2

Dgxju
0
3 increases, The maximum 

deviation is less than 2% for any reasonable value of the length group (100,000). 

Since it has already been shown that the estimated experimental error for this 

method is 10%, no effect of the nonadditivity of local resistances can be 

expected in the experimental data. 
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Fig. 31. Interphase Mass Transfer Solution for Two Unbounded 
Media. ~nalYtic solution ----Computer solution. 
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The local mass-transfer coefficients cannot be estimated experimentally, 

and as a result the average mass-transfer coefficients must be computed fromthe 

theory for the local coefficients. The local coefficient is integrated overthe 

entire exposure and divided by the length of the exposure. Since the solution 

for the central region of the exposure is a computer solution, the integration 

had to be carried out in sections with the central portion integrated by first 

fitting the computer solution to a fourth-order polynomial and then integrating ~­

the polynomial. The final equation is given as part of the "SURFER" program in 

Appendix C. 

C. Computer Solutions to Interphase Mass-Transfer Problems 

While the solution discussed in the previous section is adequate for 

most mass-transfer studies where low percent saturation is achieved, the full 

parabolic profile must be taken into account when higher concentrations are 

considered. It is also anticipated that the corresponding heat-transferproblem 

will require a solution of this kind in order to describe the behavior of the 

channel. With these objectives in mind it was decided to write three -different 

programs to solve for cases with different degrees of approach to the actual 

situation in the channel. These solutions examine the problems with parabolic 

profiles in velocity in both phases, with a parabolic profile in the gas and a 

linear profile in the liquid, and with a linear slope in profile in the gas and 

a constant velocity in the liquid. 

1. Method of Solution 

All three programs used the same numerical approach. In this section 

the most complex program (with two parabolic profiles) is discussed. Figure 

32 is a drawing of the physical situation for which a solution is sought. The 

·-

partial differential equation to be solved in this case for the gas phase is -~ 

with the boundary conditions 

X 0 c = c 
g go 

y a CJC!CJY = 0 

D ~2c 
L C) g 

u ':"'\ 2 
0 V'y 

( 4-43) 

(4-44) 
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Fig. 32. Interphase Mass Transf'er between Two Elat Plates. 
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In the liquid phase we have 

(4-45) 

with the boundary condition 

X 0 

(4-46) 
y = -b CJC/C}y 0 

At the interface the equilibrium condition assumed is Henry's law: 

c = J:t 
g l (4-47) 

at y = 0, while the other condition is the continuity of the flux. 

D g (JC I 
grdy o+ 

( 4-48) 

If the velocity profiles are compared with those for the general case of 
I 

confined flow, it will 1 be found that the profiles used in this solution are 

not exact. The error is the assumption that there is no drag of the gas upon 

the liquid. Thus the liquid profile in velocity is slightly different from 

the actual solution. If the exact profile is specified, much of the generality 

of the solution is removed because the viscosities of both phases must beknam 

as well as the physical dimensions of the channel and the flow rates. By 

allowing the small error in the velocity of the liquid, the number of variables 

necessary to define the hydrodynamics of the system may be reduced to one, the 

ratio of.the average gas velocity to the interfacial velocity. 

The mass-transfer variables are the gas diffusivity group (D L/U
0 

a
2

), 
2 g . 

the liquid diffusivity group (D
1 

L/U0 b ), and the interfacial group (DglU:i/D
1

a). 

Of these four variables, only three are independent. A Crank Nickolson six-
. 43a point iterative technique was used to solve the coupled equat1ons. The 

solution was carried out in exactly the same way as the solution for the single 

phase case. That solution is discussed in Chapter III. At the interface it is 
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necessary to use the interfacial boundary condition in order to eliminate the 

definition of concentrations in the gas phase in terms of the liquid phase and 

vice versa. The source program is reproduced in Appendix D along with an 

explanation of mechanics of using the program. 

The three independent parameters that must be established for each case 

of flow between two flat plates make a general solution of this case on the 

computer very time-consuming. For mass transfer in the liquid phase, the 

curvature of the velocity profile is not very important, because of the small 

penetration depth during mass transfer. Therefore a second interphase mass­

transfer program was written in which the liquid phase has a constant velocity. 

This reduces the number of independent parameters by one. 

2. Results of the Computer Studies 

A computer solution for the first case, where there are two parabolic 

velocity profiles, was c~rried out for the two experimental systems. The 

concentration profiles and Nusselt-number curves for these cases are included 

in Appendix D with the remainder of the information pertaining to the "GRAGRA" 

program. A few other·cases of interest were also solved. 

Figure 33 is an example of the concentration profiles which may be 

expected for the exposure of two phases where the average velocity of the gas 

phase is twice that of the liquid interface and the mass-transfer control is 

three-quarters in the liquid phase. The gas and liquid have equal diffusivity 

groups. Figure 34 shows the results for the same situation with the mass­

transfer control three-quarters in the 

the average Nusselt number, defined as 
2 

phase Graetz number, D L/U b . As the 
g m 

liquid. Figure 35 is a comparison of 

K (av)L/D , as a function of the gas-
c g 

Graetz number approaches zero, the 

average mass-transfer coefficient approaches infinity with a half-power de-

pendence upon the length of exposure, L. Therefore, Nusselt approach infinity 

with decreasing L with a half-power dependence upon distance. The middle 

curve indicates the case where control is equally divided between the two 

phases, while the other two cases are those considered in Figs. 33 and 34. 
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Fig. 33. Theoretical concentration profules for various values of 
Graetz number for two streams flowing at the same velocity, with 
3/4 of the mass transfer resistance in the upper stream. 
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Fig. 34. Theoretical concentration profiles for various values of the 
Graetz number for two streams with the same properties flowing at 
the same velo~ity. The resistance to mass transfer is 3/4 in the 
lower phase. 
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The second program, with the velocity of the liquid phase a constant, 

could be used to find a general solution to the mass-transfer problem. Five 

different values of the control parameter, varying from So% to 20% gas-phase-

controlled were chosen, and 'for each, the velocity parameter uju0 was 

varied from 0.5 to infinity in seven steps. The results for the local 

Nusselt number based upon the initial concentration difference and for the 

cup-mixing concentration are given as a series of ten graphs in Appendix DJ 

as a part of the information included with the "GRAPEN" program. Figure 36 

is representative of the local Nusselt-number curves. It shov1s equal distribution 

of resistances between phases. For low values of the Graetz number the numer­

ically computed derivative at the interface is quite inaccurate. The Nusselt 

numbers for Graetz numbers less than 0.001 are not shown because of this 

inaccuracy. 

This program was used to compare interphase mass-transfer coeffi.cients 

with those predicted by the addition of the two individual resistances to ma.sL> 

transfer. It has been found that when the resistance to mass transfer is 

evenly divided between the two phases the greatest deviations from additivity 

occur. The case of 50% gas-phase control was used as the test case. The 

penetration model vas used in the liquid phase and the computer-solved case of 

mass transfer to a confined phase with an interfacial velocity vas used as the 

gas-phase model. The ratio of the actual local mass-transfer coefficient to 

that predicted by addition of the tvo resistances is plotted as a function of 

Graetz number (D x/U b
2

) for a value of the velocity parameter, U ju
0

, equal 
g m m 

to 4 in Fig. 37 as a solid line. The addition of resistances is very much in 

error at high Graetz numbers (by as much as a factor of 4) because of the 

changing nature of the gas-phase resi-stance as saturation is approached ·by 

this phase while the liquid-phase resistance does not change. Thus ve are 

in error because one of the conditions for the addition of resistances has 

been violated. If the same comparison is made using the local driving force 

in the calculation of Nusselt numbers, the dashed curve in Fig. 37 is the 

result. It is evident that the use of the cup-mixing concentration in the gas 

phase as the local driving force overcorrects in the area of very high con­

centration. The other tva curves on the figure are comparisons of average 

Nusselt numbers. The upper curve is based on the local driving force, vhile 
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Fig. 36. Local Nusselt number curves as a function of Graetz number for 
different values of the parameter, U /U0 . A constant velocity is m . 
assumed in the liquidwith mass transfer control equally divided 
between phases. 
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the lower one is based on a logarithmic-mean driving force. In the area of 

experimental interest, between a Graetz number of 0.1 and 1.5, the average 

Nusselt number based on the initial driving force may be predicted to within 

2% by the addition of the two independent resistances to mass transfer. The 

average Nusselt number based on the logarithmic-mean driving force yields a 

prediction that is much less accurate. Therefore the former is preferred 

because it is more simply calculated and more accurate. 

The results of the third program have already been discussedin Section 

A of this chapter. It postulates two phases of infinite extent with a constant 

velocity in the liquid and a linear velocity profile in the gas. Care ~ust be r-

taken to insure that there is no significant penetration of either phase. Hence 

the solutions were limited in length of exposure due to the limitations of the 

storage space in the computer. The addition of resistances gave excellent 

agreement with theory, so that this program is not really necessary except for 

estimating the extent to which this type of solution is valid and to check the 

addition equation. 

D. Countercurrent Interphase Mass Transfer 

Interphase mass transfer is normally carried out in countercurrent 

flow in industrial practice. The fundamental difference between cocurrent 

and countercurrent flow is that in the countercurrent case a flow reversal 

occurs in one of the phases. Only molecular diffusion may occur across this 

plane. If the gas-phase velocity is rapid compared to that of the liquid 

phase, only a small difference in mass-transfer coefficient is observed be­

tween the two types of flow. However, if the flows rates are comparable about 

50 cc/sec in both phases) a 20 to 30% difference may be observed between the 

two. In single-phase mass transfer (Chapter III, Section B-3) it is found 

that the resistance of the area between the interface and the flow reversal 

is that of an essentially stagnant layer. If we are considering interphase 

mass transfer in the flow between two flat plates, the resistance of the 

liquid phase must be added to the two assumed for the gas phase alone in 

Eq. (3-38). The resulting equation is 

l l 

kGZ 
avg. 

+ l 

~ 
+ H 

~ avg. avg. 

( 4-38) 
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where the individual gas-phase resistances are defined in Eq. (3-39) and the 

liquid-phase mass-transfer coefficient is defined as 

. (DU0)l/2 
IS_, = 2 7TL 

avg 

41 
The fact that the counterflow models chosen by King 

( 4-39) 

showed an appreciable 

deviation from additivity suggests that this model might predict mass-transfer 

coefficients slightly higher than one would actually measure. 

E. Experimental Investigation of Interphase Mass Tran.sfer 

No good experimental studies of interphase mass transfer have been 

carried out under conditions where the situation could be analysed using the 

convective equations of change. The series of experiments discussed in this 

section are the interphase extension of the ones discussed in the experimental 

sections of Chapter III. It was desirable to choose a system of gases and 

liquid which had roughly the viscosity of water, was nontoxic, and most im­

portant, divided control of the mass transfer between the two phases. Initial 

calculations showed that the ether-water system would be a desirable mixture, 

since water is available in such large quantities. Experiments with such a 

system proved to be unsatisfactory, because the liquid interface became 

covered with surfactants, which drastically altered the results. These 

experiments are discussed in Chapter V. After this system proved to be un­

satisfactory, we decided to shift to dilute solutions of ether in ethanol. 

These experiments proved more satisfactory. 

L Cocurrent . Experiments 

Two series of experiments were carried out in cocurrent flow. In the 

first, carbon dioxide was the gas phase, while in the second, the gas was 

helium. In both cases solutions of reagent grade, ether (about 0. 5 mole pe~eit) 

in 100% ethanol were used as the liquid. Both gases were saturated with ethaml 

in the humidifier, so that only ether would be transferred. The constant, 

(D~D1 ) 1/~, is equal to 0.427 in the first series while in the second series 

it is 0.948. Thus the control lay about 80% in gas phase in the first series, 

--------------------------~a~n~d~Rso~% in the gas in the second series. Because of the lo~ concentration of 

ether, the maximum drop in the interfacial temperature was less than O.l°C. 
" 

Hence this factor was not a problem in these runs. 
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The results of this study are tabulated at Table C-7 in Appendix C. 

Generally speaking, the interphase studies were much more difficult to control, 

because the liquid-phase hydrodynamics played a much more important role in 

the WBSS transfer. No variations of liquid level could be tolerated~ The fact 

that the liquid concentration was always decreasing made it necessary to re-

move samples from the system and readjust the liquid level frequently. Be-

cause concentration profiles require the maintenance of control over the 

apparatus for several hours, none were attempted in the interphase studies. 

Each series of runs was carried out using four different liquid flows 

and several different gas flow rates. Forty four runs were made in all. It 

was found that if the gas rate was greater than about 200 cc/sec, somewhat 

greater mass-transfer coefficients were observed than could be explained by 

laminar theory. Since this was not observed in the analysis of the single­

phase case, it must be concluded that some rippling of the liquid interface 

was being induced. Towards the end of the runs some difficulty was experi­

enced with the carrier-gas flow to the chromatograph. As a result there is 

some uncertainty concerning some runs in the helium series. 

The simplified model could be applied to all runs in which a suffi­

ciently low fraction saturation was obtained to make the assumption of an 

infinite gas phase applicable. In Fig. 38, all gas-phase flow rates above 

60 cc/sec satisfy this condition. The results are given as a plot of 

k (av)(Lju0D) 1/ 2 as a function of the group a2D L/u0
3 for different values 

o~ the parameter (Dg/D1 ) 1/~. The line that sho!s complete control of the gas 

phase is given for comparison. The triangles give values for carbon dioxide, 

while the circles are the points for helium. The theoretical lines are shown 

to agree with the theory within the limits of the accuracy of this series of 

experiments. With the added difficulties, it is estimated that the experi­

mental error is about 15 to 20%. A few· points were deleted because the data 

were of a dubious nature, due to changes in the flow of the Carrier in the 

chromatograph. The tendency for the values at high values of the abscissa 

to be high is possibly due to rippling of the liquid interface at relatively 

high gas flows, while the tendency to be low at low values is attibutable to 

the curvature of the velocity profile in the gas phase and the presence of the 

wall. Except for a few runs which were discarded, the error is less than 15%· 
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Since it is not possible to present the comparison of all data with 

the exact computer solution, some typical data were selected. In the carbon 

dioxide series, Runs 222 to 228 were used. In this case the liquid rate was 

)0.86 cc/sec. Note that in Fig. 39 the experimental points indicated by the 

squares are in substantial agreement with the theory, which is shown as a 

solid line. As has been mentioned previously the points at high flow rates 

(low Graetz number) show a slight positive deviation from theory. The other 

point in disagreement with theory is probably a piece of spurious data. The 

helium runs for the same liquid rate (Runs 243-247) are shown as circular 

points. The theoretical prediction for these data is shown as a dashed line. r 

The high-flow-rate run is considerably spurious. The remainder of the data 

are compared in tabular form as a part of Table C-7. Generally the agreement 

with the theoretical line is of the same order as has been illustrated in 

Fig. 39· 

Within the experimental error of the method, data followed theory in 

all but a few cases. We may conclude therefore that a valid model has been 

developed to predict interphase mass-transfer coefficients in laminar coeur­

rent flow. 

2. Countercurrent Interphase Experimental Data 

The final runs in this study involved mass transfer in countercurrent 

flow with the control of the mass transfer distributed between the two phases. 

Generally speaking these runs were a repetition of the previous series with 

the liquid phase flowing in the opposite direction. The emp~asis was laid 

on helium data because the control was more evenly divided between the phases 

in this case. The results of these experiments are ·tabulated in Table C-8 

-in Appendix C. In runs 258 to 283 the carrier gas in the channel was helium, 

while carbon dioxide was used in runs 284 to 288. 

In Fig. 40 the data are compared with the theory developed in section 

C of this chapter. Runs 258 to 262 were chosen as representative of the helium 

data, while the carbon dioxide data for runs 284 to 288 are also shown. The 

liquid flow rates in these series of runs were 61.82 cc/sec and 39.86 cc/sec, 

respectively. The solid line in each case represents Eq. (4-38), which 

postulates a stagnant region between the flow reversal and the interface, 

.... 
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Fig. 39. Interphase mass transfer and a comparison with an 
exact computer solution: I Carbon dioxide data, - carbon 
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while the dotted line represents the addition of the Graetz solution and a 

penetration model with no regard for flow reversal. The theoretical curves 

for the experimental conditions are calculated by means of a simple computer 

program and are listed as a part of Table C-8. It is evident that the helium 

data, shown by circles, follow the predictions of the simple model for inter·­

phase mass transfer proposed in Section C of this chapter. The carbon dioxide 

data are more scattered, and agreement with theory is not as good as in the 

heliUm. runs .. 

The trouble in carrier-gas control experienced in the previous series 

of runs became more acute in the present series. There seems little doubt 

that this trouble led to a good deal more inaccuracy in the carbon dioxide 

data than in the previous runs. 

F. Conclusions 

The following may be concluded from the studies in interphase mass 

transfer: 

(a) A model has been developed for laminar cocurrent interphase mass 

transfer. For normal lengths of exposure, this model agrees to within 2% with 

the prediction derived from the addition of the resistances of the two phases, 

provided the correct model is used in both phases. 

(b) A computer solution has been made of the problem of interphase 

mass transfer between two streams in cocurrent laminar flow between two flat 

plates. This solution is of particular use to the present study in that it 

provides the theory necessary when saturation is approached in the gas phase. 

(c) The cocurrent experimental data, which are probably only valid 

to about 15% agree with the model developed for this 
2 I 3 are high at high values of the parameter a DgL u0 

study. That the data 

may attributable to the 

induction of ripples by the high gas flow rate. However there was no visible 

change in the condition of the interface. At the other end of the scale, low 

values are attributable to penetration of the gas phase. 

(d) Countercurrent data generally agreed with the model postulated 

for the laminar countercurrent flow of two streams. This postulates that the 

liquid phase obeys penetration theory, the area between the interface and the 
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flow reversal is stagnant, and the area between the flow reversal and the wall 

obeys the Graetz solution. The three models are reciprocally added, and the 

overall mass-transfer coefficient is calculated. The error in these data is 

slightly higher than in the previous runs because some difficulty was en­

countered in the control of the carrier gas flow to the chromatograph. 
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V. EFFECT OF A SURFACTANT FilM UPON INTERPHASE MASS TR.I\NSFER 

Contamination of interfaces by surfactant films has been a subject of 

continuing interest to engineers in the field of mass transfer for the past 

15 years. In our case the topic arose when a series of mass transfer data 

points for the evaporation of ether from water into various gases gave results 

that did not follow theory. After the equipment was checked for possible 

operational difficulties, it was decided to check the interfacial velocity, 

which was found to be about 15% of the expected velocity. Upon examination 

of two papers by Merson and Quinn, 40 , 49 in which the contamination of horizontal 

surfaces is discussed, it was decided that contaminants in the water caused a 

surface film to form. The resulting surface stagnation caused a change to 

occur in the velocity profiles near the interface and in this way drastically 

altered the mass-transfer coefficients. This chapter is devoted to a study of 

these data and the behavior of surface films. 

A. Previous Investigations 

Recent publications in the field of mass transfer contain many refer­

ences to the occurrence of surface films upon virtually every kind of gas­

liquid mass-transfer device used. A review of the observations of others is 

desirable for comparison. The experiments have been classified according to 

the vertical orientation to the liquid interface. 

1. Vertical Surfaces 

This class of devices includes laminar jets and different types of 

wetted-wall columns. Where surface active molecules are present, a stagnant 

film about 2 em or less in length is observed at the downstream takeoff point. 

Several examples have been reported. Matsuyama in his laminar-jet study 

absorbed carbon dioxide into aqueous barium hydroxide solutions. 47 He foUL~d 
that the precipitated barium carbonate tended to collect in a stagnant film 

at the receiver. Cullen and Davidson in 1957 found that the addition of a 

surfactant (Teepol) to a jet of water caused a stagnant film to appear at the 
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liquid collector. 12 Stagnant films of about the same length as those observed 

in laminar jets have been found by Wendel74 and Lynn, Straatemeier, and 

Kramers16 in their studies of mass transfer in short wetted-wall columns. 

Motion within the films has been described as a 11pinwheel11 type circulation. 

Danckwerts and Kennedy found that their rotating-drum apparatus manifested 

the same type of behavior. 15 A photograph of the interface of the apparatus38 

is shown in Fig. 41. Water enters at the 12 o'clock position, is contacted 

with a gas, and is removed at the 3 o'clock position. The white band at the 

bottom of the exposure is powder, that has collected within the stagnant film. 

Since the length of the exposure is about 6 em, the length of the film appears ~'; 

to be about l em. They too found lazy irregular motion within their film. 

2. Spherical Geometry 

Whether one is considering flow over a solid sphere or the movement 

of bubbles and drops through a medium, one finds that if a surfactant is 

present, a film or cap accumulates on the downstream side of the sphere. In 
/ 

a'n experiment with flow of a liquid in a laminar regime over a string of 

spheres, Davidson, et al. found that the presence of a surfactant prevented 

mixing of the fluid between spheres. 16 More recently Ratcliffe and Reid have 

found that the same sort of phenomenon occurs with a liquid-liquid system.56 ,57 

They found that the cap on the downstream side of the solid sphere attained 

an equilibrium length. 

A vast amount of literature exists concerning the motion of bubbles 

and drops. Generally speaking, the rate of fall is retarded by the existence 

of a cap of surfactant on the downstream side of the bubble or drop. Levich45 

and Davies and Ridea117 go into considerably more detail on the subject. 
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3. Horizontal Surfa_ces 

Merson and Quil1n in carrying out absorption with a radially moving 

horizontal int·erface encountered stagnation when the interfacial tension 

exceeded 10 djnes/cm. 48 In their experiment, liquid issued radially onto a 

horizontal suTface and was removed at the wall of the cylindrical containing 

vessel. The exposure to the other medium occurred during the radial motion. 

It was found that .~hen 'Water was used as the radially flo·.ving fluid and such ~~' 

substances. as be:t\zene, carbon dioxide and air were used as the other medium, 

the surface became stagnant with the film of surfactant building up from the 

wall towards the center of the apparatus. 'lhe enti:re interface was quickly 

stagnated. The data for the transfer of carbon dioxide into water and 

benzene into water when the surface was stagnated indicated that the mass­

transfer coefficients fell between a theory for the case where there was 

motion of the interface uninhibited by surface-active agents and one for the 

case where the surface was entirely stagnant. This indicated motion might 

be attributable to circulation patterns within the film on the interface. 

Subsequent to this study, Merson and Quinn studied the growth of 

films on a horizontal surface using a rectangular channel (Fig. 42). 49 

Their main conclusions concerning naturally-occurring contaminants in 

distilled water are. as follows: 

(a) The surfactants contained in their water tended to form films 

that were in an expanded state. Adsorption into a moving interface was quite 

rapid and was definitely the rate-determining step in the growth of films. 

,!''', 

(b) The greatest pains must be taken to exclude any other surfactants ~-

from an experimental device. 

(c) Once formed the film is very difficult to disrupt and tends to 

reform quickly after being disturbed. 

(d) Circulation patterns such as the one shown in Fig. 42 were 

observed within the film. 

(e) The concentration based upon controlled runs carried out with 

dodecyltrimethyl ammonium chloride was estimated to be 0.2 to 0.4 weight 

parts per million. It was thought likely that the surfactant was ionic in 

nature. 
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Fig. 42. (a) Channel used by Merson and Quinn for observation of film 

growth; (b) surface flow pattern observed by Merson and Quinn. 
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During the writing of this report, a paper has appeared by Acrivos 

and Kashiwagi, 1 which deals with the flow of different fluids is~uing from 

a nozzle and moving down a plane that is slightly inclined to the horizontal. 

At the downstream end of the plane there is a stagnant pool of the liquid. 

They found that materials with high surface tension-such as water, glycerin, 

and formaldehyde-tend to exhibit a backflow near the edges of film, while 

materials with low surface tensions-such as methanol, 1-octanol, and 

benzene-show no backflow tendency. They found that the, addition of a surfactant 

to 1-octanol creates a backflow. This confirms the work of Mer·son and Quinn 

who also r_eported a backflow near the walL According to this report one ,,; 

would expect that water would be affected by surfactants, while ethanol would 

be relative free from such disturbances. 

These last two studies on essentially horizontal surfaces are 

applicable in a.direct way. 

B. The Present Study 

1. Experimental Data 

The ether-water system was chosen for the study of distributed mass­

transfer control because the physical size of the original apparatus precluded 

consideration of most other solvents. Ether was evaporated from approximately 

0.5 mole percent solutions in water into three gases-carbon dioxide, oxygen, 

and helium--in the channel. For each gas a series of runs was carried out 

at different gas flows for each of three liquid rates (15.43, 30.86, and 

51.64 cc-sec). Since it was assumed that the experiments would agree with 

the theory for interphase mass transfer which was presented in Chapter TV, 

the data (see _Appendix C) for the different gases were plotted on graphs of 

the type suggested by the theory. Figures 43, 44, and 45, in which 

K (L/U D l/2 is given as a function of a2DgL/u03, show the data for the avg 0 g 
three different gases as well as the theoretical line for each gas. The 

physical properties of the system are discussed in Appendix E. It was observed 

that the experimental mass-transfer coefficients were lower than the theoretical 

values by at least a factor of two. This fact along with the visual observa­

tion that the interface was moving much more slowly than one would expect for 

the given hydrodynamic conditions led to the conclusion that the conditions 

at the interface were being affected by accumulation of surfactants. 
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Fig. 45. Data for the evaporation of ether into helium from dilute 
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cc/sec, •Ql = 51.46 cc/sec. 
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The water used in the study was ordinary building distilled water, 

which had not been treated by an ion-exchange column. Furthermore, it was 

exposed to a large system which could have contained many sour'ces of surfactant 

molecules (for example, pumps and valves). Finally a recirculatory flow system 

was used for the liquid phase; this would tend to hold captive any dissolved 

surfactants. 

Small bubbles were introduced into the liquid side of the channel to 

facilitate observation of the interfacial motion. Free motion of the interface 

could not be detected at any point in the channeL Since observation was 

quite difficult near the inlet of the liquid it is possible that some motion 

occurred in this region. Within the film, a circulation pattern similar to 

that found by Merson and Quinn and reproduced in Fig. 42 was observed. 49 

An interfacial velocity of about 10 to 20 percent of the calculated free 

velocity was observed in the center of the channel. ~~e observation was made 

at a liquid rate of 15.43 cc/sec. 'l'he fact that the channel was not esrec:ially · 

designed for the injection of material onto the interface made such observa­

tions relatively difficult. 

It was felt that if the surface could be temporarily released from 

the confining influence of the downstream divider plate, data might be taken 

before the surface became stagnant. To this end, the downstream portion of the 

outlet calming section was raised so that liquid would not touch the downstream 

divider plate and hence the liquid at the interface would be removed. The 

surfaces of the channel outlet and the divider plate were made nonwetting by 

coating them with paraffin. Runs that reproduced flow conditions of previous 

runs were made with the liquid not touching the divider plate. Data taken as 

little as a minute after the channel was filled reproduced the previous runs 

to within the accuracy of the method, even when the entire system had been 

thoroughly cleaned with hot chromic acid and then with acetone, before putting 

in a new solution. It must be concluded that the water available to this study 

must have contained a great deal of surfactant, or that the small amount of 

surfactant present had a great effect. 

This preliminary analysis of the experimental observations indicates 

that the development of some theory would be helpful in the interpretation of 

data taken in this portion of the study. In particular the growth of films 

as well as motion within circulating films is considered important. 
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2. Theory of Growth of Surfactant Films 

Since the exact nature of the surfactant present in this study is 
( 

unknown, any theoretical development must be based upon some assumption 

concerning the physical state of the film. Merson and Quinn found that 

their contaminant was compressible in nature. 49 It is probably fair to 

assume that the same is true in the case of our study. 

If a gas and a liquid areflowing cocurrently between two flat plates, 

and we assume that the liquid contains a concentration, Co, of surfactant 

contaminant, we would like to be able to assess the rate of film growth and 

the final equilibrium length of the film. A zero time is chosen at which 

the entire surface is moving and the film at the downstream divider has just 

be'gun to form. If we assume that the stagnant film obeys the ideal two-

dimensional gas law, then r J the concentration in the stagnant portion of s 
the interface, may be expressed as 

kT (5-l) 

The surface pressure, n, in the stagnant portion of the interface is composed 

of two contributions. The moving part of the interface is assumed to be subject 

to no shear stress; however, the accumulation of a concentration on the surface 

causes a surface pressure which acts on the leading edge of the stagnant re­

gion. Its magnitude may be estimated by means of the two-dimensional ideal 

gas law, 

TI = f kT m m (5-2) 

The other contribution is the constant shear on the interface, caused by the 
' two moving fluids close to the interface. Therefore we have 

If we assume that the velocity profile at the point of stagnation develops 

in~tantly, then the shear stress is a constant for any given set of flow rates. 
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(5-4) 

(5-5) 

As a result of this argument one would expect the concentration profile at the 

interface at any arbitrary time after time zero to be as shown in Fig. 46. 
The interface between A and B is moving) while it is stagnant between Band C. 

A picture of the effect upon velocity profiles Within the channel is included 

below the surface-concentration profiles. 

When the molecules stri.ke the stagnant film they are compressed by the 

shear stress to which they are submitted. As a result they may desorb back 

into the bulk. When the new liquid surface is exposed we would expect adsorp­

tion to take place. A material balance upon these two processes gives a value 

for the net rate of accumulation of contaminants at the interface: 

(

Rate of increase) 
of material at = 
the interface 

Rate of adsorption) 
on the moving -

surface {

Rate 
from 

of desorption 
the Stagnant 
film 

(5-6 

This precludes desorption in the moving surface and adsorption in the stagnant 

film. In the light of the physical situation) these assumptions seem quite 

reasonable. 

The model for adsorption onto the moving interface is now considered. 

If we assume that there are no molecules on the interface at the instant of 

exposure and that molecules in the molecular layers directly below the surface 

are completely depleted by the subsequent. adsorption at the interface) then it 

can be assumed that the driving force for adsorption is merely Co) the ·bulk 
i 

concentration of svrfactant. A penetration model like that shown in the moving 

of Fig. 47 is invoked here) and the result is 

rm 2Co N VDX/7Tu. 
. l 

(5-7) 
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Fig. 46. Surface concentration diagram at a given time, also showing 
the corresponding channel position with velocity profiles. 
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Fig. 47. Hydrodynamic models for adsorption and desorption from a 
horizontal surface. 
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where N is Avogadro's number) D is the diffusivity of the impurity in the 

liquid) x is the distance downstream from the entry and u. is the interfacial 
]_ 

velocity. The total rate of adsorption is given given by the following 

relationship) 

u.rm 
]_ 

(5-8) 

Actually this equation is only valid for very short exposures) since the sub­

surface will eventually have an appreciable concentration. A method of 

handling theback diffusion term is discussed by Ward and Tordai. 73 It is 

neglected here because of the short exposure times. 

In the stagnant portion of the surface) the model shown in Fig. 47 for 

the stagnant part is used. Fluid with a concentration in equilibrium with rm 
flows past a solid wall with a concentration profile I'm + Tsl/kT. Close to 

the wall the classical Leveque model for mass transfer applies. However) the 

wall boundary condition differs from the orginal solution. · The driving force 

is assumed to be (rs-I'm) since in the area near the start there is equilibration 

with rm. No simple solution was found 'for the problem with this boundary 
63 ' 

condition; however) Tribus et al. have solved the Graetz problem for this 

condition and for a constant wall temperature (the c::mdi tion solved for in the 

Leveque solution) for the case of heat transfer near the wall of a cylindrical 

tube. For constant wall temperature 

. -l/3 
NU = 1.3565 (x+) · cwt (5-9) 

while for linearly varying wall temperature 

( 5-10) 

Therefore the solution is 

(5-11) 
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Therefore the rate of desorption from the film is 

¢ = J1 o.807(D2
a/l)

1/ 3(rs(l) - Dm)dl 
0 

Integrating 

(5-12) 

(5-13) 

The total rate of adsorption is equal to the rate of growth of the film" 

Since at the arbitrary zero time f'rn is fully developed) the excess amount at 

the interface at any given time is equal to 

W (f-f'rn)dx = W ( (rs-I)n)dx = \1/ { '~l/kTdl JLc Lc L 

0 J Lc-1 J 0 Q 

The rate of accumulation of surfactant on the interface per unit width of the 

channel is 

2 
d(1:sL /2kt) 

dt 

As a result of the material balance (Eq. (5-6)) the following relationship may 

be written: 

2 
d( 'l:sL /2kT) = ( 1: L/kT) dL 

dt s dt 

While an analytic solution for L as a function of time is highly improbable) 

the equilibrium length of the film may be found quite easily 

u l/2 
i 

2 33 
CoN Dl/ 6kT 

. 7/6 
Lc 

(5-16) 

Where X = L/Lc 
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A simple calculation of the film length for the conditions which existed in 
-6 

the channel show that a concentrati.on of 10 molar would be sufficient to 

cover 90 percent of the interface. Hence the visual observation that a moving 

region, if it existed, was quite short, appears to be quite.reasonable. 

If it is assumed that the surface is completely covered_, what inter­

facial velocity could be produced by desorpt:ion alone? We assume that the:re 

is infinitely fast adsorption, so that the i.nterfacial concentration profile 

consists of only the stagnant part of the profile shown in Fig. 47. The 

velocity at any point is equal to the desorption rate from that point to the 

end of the exposure divided by the concentration at the point in question. 

U(l) 
'T s 

Lc 

dl 

0. 485(D
2 
a/ (Lc-L) )

1
/ 3 

'Ts' (Lc-L)/kT 
.. · 1/kT + rm 

s 

The average velocity is 

l 2/3 KJ (1-x) ax 
0

X+B Uavg 

where X= 1/Lc, K = .485(D
2
a/Lc)

1
/ 3, and B = f'mkT(rsLc 

(5-17) 

(5-18) 

The maximum velocity occurs at the beginning of the exposure where 

u(o) 2 l/3 
0.485(D a/Lc) "sLc/kTf':rn (5-19) 

For a typical run (Run 110 for example) if we assume a diffusivity of 10-5 

and an initial area per molecule is about 10 A02 the maxiill11Ill velocity would 
-2 

be of the order of 10 em/sec. It'must therefore be concluded that this can-

not be an important effect. 

Another possible cause of motion within the stagnant film stems from 

the fact that the side walls on the channel are not infinitely far away. 

Since the shear stress upon the film at the wall J.s zero, one would expect 

the concentration of contaminant at tbat point to be rm. Thus there is a 

gradient in pressure between the center of the channel and the wall at all 

at all points along the iength of the channel. This difference increases 
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linearly with distance downstream from the inlet. A backflow along the walls 

is probably the result of this gradient in surface pressure. Any attempt to 

solve for the backflow is hindered by the fact that we do not know the surface 

viscosity, which might even be non-Newtonian, and by the complexity of the flow 

pattern which develops. Since in the case of simple two-phase flow, it is 

shown in Appendix A that the interfacial velocity attains its center velocity 

quite a short distance from the wall and since the viscosity if the many films -~' 

17a 
is comparable to that of butter, one might expect the forward flow in the 

center to be rather a small fraction of the flow which would occur where there 

no film on the interface. 

The backflow at the wall was quite rapid compared to the forward flow 

of the interface in the central portion of the channel width. Since concen­

tration samples were taken only in the central inch of the channel width, the 

effect of the backflow upon the mass transfer would not be seen in the present 

study. It would be logical to expect that a model in which there is a small 

cocurrent motion of the interface would correlate the data. This topic is 

discussed in the next section. 

3. Mass Transfer Models 

Since it appears that a totally covered interface with surface cir­

culation is a more accurate description of the physical situation than the 

partially stagnant. and partially uninhibited interface, the former approach 

will be used in the development of a mass transfer model. 

If the interface is completely stagnated, the velocity profiles of 

the two phases near the interface are approximated by linear slopes and a 

zero interfacial velocity, as indicated in Fig. 48a. The additivity of 

resistances is used to find the overall mass transfer coefficient. 

1/K = 1/k + ajk. + H/k1 g g ]_ 
(5-20) 

where H is the Henry's law constant which expresses the equilibrium relation­

ship between the bulk gas and the main liquid, and a is defined as the Henry's 

law constant describing the interfacial relationship between the gas and the 

interfacial phase. The constant, a, is generally smaller than H because the 
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Fig. 48. (a) Mass transfer model with a stagnant interface; (b) model 
with a slowly moving interface. 
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surfactant is always of higher molecular weight than the water. The Leveque 

model is applied to the liquid and gas phases) 

k
1 

0.538 (D
1

2 
a

1
/x)

1
/ 3 

k 
g 

0.538 (Dg
2 a~x) 1/ 3 

The film model is used for the interfacial resistance. 

k. 
l 

D./6 
l 

( 5-21) 

( 5-22) 

The film thickness is normally about 10-7 cm17 and) therefore) if we assume 

this value for !::, and a value of about 10-9 cm
2
/sec for the diffusivity5 of 

the interfacial phase) the resistance to mass transfer of the film will never 

become greater than 1% of the total resistance. Interfacial resistance cannot 

therefore be of importance and is neglected in the remainder of the discussion. 

The overall average mass transfer coefficient is 

K avg 
g 

( 5-23) 

The other extreme is the case where there is no retardation of the 

interface. This model is fully discussed in Chapter IV. A comparis~n of the 

oxygen data with the two models is made in Figs. 49) 50) and 51. Generally 

these data indicate that there is some surface motion but that its importance 

tends to decrease with increasing flow rate. The data for helium and carbon 

dioxide indicate the same trend. At the highest flow rate carbon dioxide data 

fall below the theoretical line for no interfacial motion. If one postulates 

a model as is shown in Fig. 48b) where there is a small interfacial velocity 

(as might be the case where there is circulation within the film) the model one 

must use for mass transfer in both phases is the Beek and Bakker model which 

has been fully discussed in Chapter III. The resistances of both phases are 

added) and from a knowledge of the interfacial velocity and flow rates the mass 

transfer coefficient may be calculated. However) since we know the mass tFcmsfer 

coefficient and the flow rates and would like to calculate the interfacial 

fJ 
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Fig. 49. Average mass transfer coefficient as a function of oxygen flow 
rate for Q1 = 15.43 cc/sec. Model for free interface, -model 
for stagnant interface, • data. 
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velocity, the calculation becomes a cpmplex trial and error exercise. In order 

to save time, the procedure was programed for calculation on the computer. The 

program was also used to do the other mass transfer calculations considered in 

this chapter. It is fully described in Appendix C. Figure 52 shows :ihtEorfucial 

velocity data for the oxygen experiments. The velocities calculated here for 

typical runs are of the same order of magnitude as observed on the actual :ihti:T-

face. It is evident that increased shear tends to decrease the interfacial ~ . ..,./ 

velocity. The experimental scatter present in all the data makes it difficult 

to come to definite conclusions. It does however seem justified to say that 

there is some interfacial motion especially at the lower flow rates. 

It has already been shown that the gas flow rate has only a small 

effect upon the mass transfer coefficient. In Fig. 53 the average mass transfer 

coefficient is plotted as a function of gas rate for all the points observed. 

It is noted that the mass transfer coefficient does not seem to be a function 

of liquid rate, in spite of the fact that theory tells us that for surface 

stagnation the mass transfer should be liquid phase controlled. 

C. Conclusions 

(l) The results of the mass transfer calculations made in this 

section show the marked effect a surfactant can have upon the mass transfer 

through its effect upon the velocity profiles. 

(2) The surfactant appeared to cover the entire interface. A cir­

culatory pattern within the interfacial film is probably caused by surface 

pressure gradients. 

(3) The forward motion of the central portion of the channel is con­

firmed by the fact that mass transfer data tend to be' higher than is expected 

for zero motion at the interface. 

D. Recommendations for Further Study 

The present data tend to be unsatisfactory because L The data 

were taken under conditions where no surfactant was assumed to be present. As 

a result far too few observations were made of the condition of the interface. 

2. The surfactant was unknown. 3. The channel was not designed to enable 

observation of surfactant films. 

(' 
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Fig. 52. Calculated interfacial velocity as a function of oxygen flow 
rate for three liquid flow rates. ---. Best curve through flow data 
for noted liquid rate. • Data for Ql = 15.43 cc/sec, • Data for 
Q

1 
= 30.86 cc/sec, • Data for Q1 = 51.46 cc/sec. 
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It is recommended that: 

(a) A new channel be built to serve more fully the needs of a sur­

factant study. 

(b) Some of the data taken in this study be repeated in an attempt 

to test their validity. In this study more attention should.be paid to the 

condition of the interface. 

(c) The effect of different types of added impurities upon the mass 

transfer would also be of interest. 

(d) The effect of inclination of the channel upon the equilibrium 

film length would be of interest. 



-126-

ACKI.'iTOWLEDGE:MENTS 

The authors wish to express their appreciation to J. S. Newman and 

R. A. Seban for their helpful suggestions; to G. G. Young and J. Byce for 

their aid in the design and construction of the experimental equipment; and 

to Carl Quang for his help.in computer programming. 

i• 



-127-

APPENDIX A 

THE HYDRODYNAMICS OF LAMINAR TWO-PHASE FLOW 

A knowledge of the hydrodynamics of the experimental device is essential 

to any convective mass transfer study. The fluid mechanics of laminar two phase 

flow between two flat plates and in rectangular channels are discussed in this 

chapter. Other general information of a hydrodynamic nature is also included. 

A. Flow Between Two Flat Plates 

1. Flow of a Single Phase 

The simplest situat.ion for flow between two flat plates is steady 

state flow of a single phase. This is illustrated in Fig. 54a. The Navier­

Stokes equations in this situation reduce to; 

dP 
dx 

' 2 
d v 

fl,-
dy2 

with the boundary conditions 

v 0 at y 

Since C)pj d y=O then 'dP/ C>x 

(A-l) 

a constant. Therefore the solution is 

(A-2) 

2. Stratified Flow of Two Immiscible Phases 

The next case which is considered is illustrated in Fig. 54b. The 

equations of motion for this case reduce to the following: 

-;;Jvg d.P for y )o fl.g~ dx y 
(A-3) 

2v 
dP 

fl.l 
l for y ( 0 --2 dx 

(A-4) 
y 
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(a} 

Gas yu 
Liquid 

(b) 

M U B -11290 

Fig. 54. Single phase and two phase laminar velocity profiles between 
two flat plates. (a) Single phase, (b) two phase. 
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The above equations assume that dP/dx is the same constant in both phases. 

This means that the gas-liquid interface will be horizontal and is the defining 

condition for two-phase flow. The pressure gradient is a constant for the 

same reason as the single phase value is a constant. The four boundary 

conditions are: 

0 
UVG ov1 

B.C.l at y '1-L ul oY g CJY 
B.C.2 at y 0 v = v g 1 

(A-5) 
B.C.3 at y a v 0 g 

B.C.4 at y -b vl 0 

If we solve the two equations applying B.C.l so that the coefficients on the 

second term of each equation are equal, the solutions are: 

1.1 v g g 
6P y2 + k + k 

26x l y 2 

6P 2 
- y + k y + k3 26x l 

(A-6) 

(A-7) 

If the other three boundary conditions'are applied the three constants k
1

, k2 , 

and k3 are found to be 

-.6P 
k =-

1 26x 

1.1 ab(a+b) 
g 

a1.1i +b!.ig 

1.1
1

ab(a+b) 

(A-8) 

When mass transfer models are considered, the interfacial velocity and the 

slope at the interface in the gas phase are the most important quantities. 

For this type of flow these variables are: 



u 
0 

a 
g 

dV I liP g -
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(A-9) 

(A-10) 

The average velocities are of interest since they are related to the flow rate 

of fluid through the channel. 

(u )m 
g· 

Similarly 

2 
&a 
66.XIJ. 

g 

&b2 
(u )m -l .-~ 

l 

+ 

The solution for the special case where a 
4a 

Lightfoot. 

(A-ll) 

(A-12) 

b is given in Bird, Stewart and 

3. Flow of Two Phases where the Lower Phase has a Hydraulic Gradient 

The flow rates of the two phases may be such that one phase is dragging 

the other. Unlike the case of two-phase flow, where both phases are horizontal, 

one of the phases (the liquid) will have a slight hydraulic gradient in this 

problem. It is shown in Appendix B·that such a gradient is small when the 

viscosity is in the neighborhood of one centipoise. This solution is not 

restricted to cocurrent flow but will generate a solution for counterflow. 

form as: 

v 
g 

The solution of the equations of motion may be written in the general 

(A-13) 

(A-14) 

In the most convenient form for experimental analysis the boundary conditions 

are written as follows 

)....1 

il 
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%~t w 0 
v dy 

g (A-15) 

~~t w b 
V

1
dy (A-16) 

v vl 
at y 0 1 IJ.g 

__ g = 
IJ. ·--y 1 y (A-17) 

at y 01 VL VG (A-18) 

at y -b 1 v1 =O at y b v = 0 G (A-19) 

for the special case where a is equal to b. As a result of Eqs. (A-17) 

and (A-18), k
5 

may be replaced by k2 (1J./IJ.1 ) and k6 by k3. The four independent 

constants are solved for simultaneously using the conditions in Equations 

(A-15), (A-16), and (A-19). These constants are: 

Qg+~ (1-L/IJ.g) 

l +(IJ.l/IJ.g) 

Qg-~ 
(A-20) 

For this situation k
3 

is the interfacial velocity, and k2 is the slope of the 

gas phase velocity at the interface. 

B. Laminar Flow in Rectangular Channels 

1. Flow of a Single Phase in a Rectangular Channel 

Laminar flow in a rectangular duct was originally solved by Cornish.
11 

A simpler solution, using Fourier transforms is presented here. The basic 

geometry of the channel is shown in Fig. 55a. For stea~y flow the general 

equations of motion reduce to 
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MU 8{1333 
Fig. 55. Geometry of single phase and two phase rectangular channels. 

(a) Single phase, (b) two phase. 
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The boundary conditions the new coordinates are 

V = 0 at z 0 and z = w 

and V 0 at y 0 and y = b 

(A-21) 

(A-22) 

(A-24) 

Transforming using Fourier sine transforms and bearing in mind the fact that 

an odd function is necessary here 

Where 

. 2wK 
(2n+l)7T 

The solution to this eq~ation is: 

U = A Sin k (2n+l)7T(b-y) + Bn Cosh 
s n w 

The boundary conditions are used to evaluate the constants. 

mation the result becomes 

2 oo { Cosh( 2n+l)7TY 
V 4w dP L l 8 . f.(2n+l)7Tz] 1 . w 

7Tfldx n=O (2n+l)3 lnl w . . - Cosh(2n:l)7Tb 

1 C h (2n+l)7Tb ) ] 

( 

- OS w . Sinh(2n+l):(b-y) . 
+ Sinh(2n:l)7Tb Cosh(2n:l)7Tb X .. 

(A-25) 

(A-26) 

Upon retransfor·-

(A-28) 
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The solution given by Cornish is stated in slightly different terms. This is 

due to the face that he chose the center of the channel as the origin. He 

also defined the dimensions of the channel differently. From Eq. (A-28) the 

volumetric flow rate may be determined. 

w b 

Q = J J Vdydz 
0 . 0 

where ; = (2n+l)b 
Tj w 

For comparison the Cornish equation ,is 

Q =--:: wb
3 (dP) 

3 iJ. dx [ 1 _19~ £ ( tanh 7fW _..;. tan:h 37T'W + .... J] 
. 71 w b 3.) b 

2. Two Phase Flow in a Rectangular Channel 

(A-29) 

(A-30) 

(A-31) 

(A-32) 

The equation for stratified. two phase flow in a rectangular duct has 

been solved by Tang and Himmelblau. 47 The flow equations for each phase are 

the same as Eqs. (A-21) and (A-22). The zero velocity applies at three walls 

in each phase. Figure 55b shows the situation in this case. The interfacial 

conditions which couple the solutions of the two phases are: 

VG = VL 

C) vg 
1-Lg CJ y 

(A-33) 

The two equations are solved simultaneously using Fourier transforms. The 

results are. 

v 
g 

l Sin [(2n+l)nz l 
(2n+l)3 l w 

(A-34) 

......... p 

r· 



~~~ 
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4w
2 00 

~2n:l)nz] d.P 

I 
l 

Sin 

f.l.l~ dx (2n+l)3 
n=O 

. [ l _ ~n cosh[(2n:l)nC] (A-35) 

sinh [(2n+l)~(c+y) J] 

f.l.g sirih(2n+l)1Tc/w cosh(2n+l)7Tb/w-f.1.
1 

Sinh(2n+l)7Tb/w Cosh(2n+l)iic)w 

(A-36) 

It is evident that a solution of the velocity profile for any given aspect 

ratio would involve a great amount of tedious calculation. Added to this 

is the very great danger of making a computational error. As a result it 

was decided to write a program which would carry out the tedious calculations 

in Eq_s. (A-34),(A-35), and (A-36). This program is included in the next 

three pages. Along with it is a description of how it is used. The primary 

use to which it was put in this study was in determining the aspect ratio 

which should be used in the construction of the channel. 



C PROGRAM TO SOLVE EQUATIONS FOR LAMIN\R VELOCITY PROFILES 
C IN TWO PHASE FLOW IN A RECTANGULAR DUCT 

DIMENSION XClOO),YBC1001tYCC1001fWAI100tlnnltWCI100t100ltAETAI1001 
1 tYGC1001 tYF1100) 

100 FORMAT f3F5o0 t 3I3 t 4F5o0 t 3F6a0t2I31 
101 FORMAT C4H N= ti3tlOH AETA::tE15o7l 
103 FORMATC4H X= tF10o5tlOH Y = tF10o5t10H WB= tF10a51 
104 FORMAT C 4H X= tF10o5tlOH Y m tF10o5t10H WC• tF10o51 
105 FORMAT I30H VELOCITY PROFILES RUN NUMBER ,I31 
1060FORMATC24H CHANNEL DIMENsiONSt A= tF5e2t 6H A= tF6e4t6H Cs 

ltF6a4 I 
1070FORMATC25H VISCOSITY OF AIR ICPI = tF6o4t27H VISCOSITY OF WATER IC 

1PI= tF5o2 I 
1080FORMATC25H NUMBER OF X DIVISIONS = tl3t18H VB DIVI~IONS • tl3t i 

1 18H YC DIVISIONS • tl41 
109 FORMATC22H DELTA P I DELTA l • tF6e2) 
110 FORMAT 135H CONVERGENCE NOT ACHI2VED AFTER N • ei3) 
111 FORMATC36H CONVERGENCE NOT ACHIEVED AFTER NO = ,I4 I 
2~ READ 12t1001 AtBtCtKtltMtTOLtVISCltVISC2tDELXtDELLtDELKtDELPtRUN 

1 tKOUNT 
WRITE f3t105) RUN 
WRITE 13tl061 AtBtC 
WRITE (3tl07 I VISC1tVISC2 
WRITE C3t1081 MtltK 
WRITE C3t1091 DELP 
F•C/A 
G•B/A 
DO 1 N• 1tKOUNT 
BETAfNI•fVISCl*C1o0-1oO/COSHCN~F~'-VlSC2*CloO-laO/COSHINtGIII/ 

1fVISC1*SINHINtFI*COSH!NtGJ+VISC2*SINHINtGl*COSHINtFJ) 
1 WRITE (3t1011 NtB£TACNI 

DO 6 I • ltM 
XCII • FL·OAT(II*DELX 
BO 3 JB :1tL 
Y8(JBI•CFLOATCJBI-lt01*DELL 
YG(JBI •YBCJBI/A 
WBCJBtii• 4oO*A*A*DELP*SINC3o1416*XIII/AI*I1oO-COSHC1tYGCJB)I/ 

lCOSHC1tG)+BETAili*COSH!1tFI*SINHilt!G-YG!JBl)))/IVISCl*31a00651 
DO 2 Nl •2tKOUNT 
AN=-FLOATfNI) 
N•tH 
AOOm4oO*A*A*DELP*SINif2oO*AN-lo0l*3al416*XCII/AI*I1oO-COSHINtYGfJB 

111/COSHINtGI+BETAINl*COSHCNtFI*SINHINtCG-YG!JBl) li/IVISC1*3lo0065* 
2C2o0*AN-1.0)**3l 

WBCJRtJ)cWBCJBtii+ADO 
lFCABSfADDI-TOLI llt11t10 

10 IFCN-KOUNTI 2t12t12 
12 WR1TEI3tl10l NI 

GO TO 18 
2 CONTINUE 

11 WRITE C3tl031 XlfltYBIJ~lt WA(J~tll 
3 CONTINUE 

DO 4 JC •ltK 
YCIJCis-(FlOATCJCI-leOI*DELK 
YFIJCI •VCIJCI/A 
WCCJCtii•4oO*A*A*DELP*SINI3ol416*Xfil/A)*I1•0-COSHClt - YFCJCl) I 
1COSHI1tF1-BETACli*COSHCltGl*SINHiltCF+YFIJCllii/!VISC2*3le0~65) 

DO 7 NOD2tKOUNT 
AN•FLOATINOI 
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N•NO 
ADC=4•0*A*A*DELP*SJN(I2•0*AN-leOI*3•1416*XIII/AI*CleO-COSHfNt­

lYFfJCJJ /COSHCMtFI-BETACNI*COSHCNtGl*SlNHCNtCF+YFCJCIIll/CVISC2* 
23lt0065*12e0*AN-le01**31 
WCfJCtii=WCIJCtil +AOC 
IFIABSCADCI-TOLI 16tl6tl5 

15 IFINO-KOUNTI 7t17t17 
17 WRITEf3tllll NO 

GO TO 18 
7 CONTINUE 

16 WRITE f3tl04) Xfllt YCCJCltWCfJCtll 
4 COFHINUE 
6 _CONTINUE 

GO TO 25 
18 STOP 

END 
SIBFTC C0SH1 LIST 

FUNCTION COSHCNtRI 
ARG = C2eO*FLOATCNI-leOl*3•1416*R 
COSH•1e0/SQRTf1a0-TANHfARGI**21 
RETURN 
END 

SIBFTC SINHl LIST 
FUNCTION SINHCNtRI 
ARG = C2eO*FLOATfNI-leOI*3•1416*R 
SINH• TANHfARGI/SQRTileO-TANH(ARGI**21 
RETURN 
END 

Exp}anatorY Notes 
1. Required data must be in consistent uni.ts and are all read into the 

program in statement 25, according to Format 100. The data needed are 

A (the channel wi~th), B (the height of the gas phase), C (the height 

of the liquid phase),K ( the number of liquid phase divisions from 

the interface down), L (the number of gas phase divisions from the 

interface up), M (the number of divisions in a horizontal direction 

starting from the wall), TOL ( the allowable error in the calculated 

velocity), VISC1 (viscosity of the gas), VISC2 (viscosity of the 
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liquid), DELX ( size of divisions in the z direction), DELL ( size of 

gas phase divisions), DELK ( size of liquid phase divisions), DELP 

( dP / dx), RUN ( run number) 1 KOUNT ( the maximum number of tenns in 

the series). 

2. The program calculates velocities at all points on the specified grid, 

using equations A-34· and A-35. The constant, Beta, is calculated for 

all possible tenns in the series. The calculation proceeds from term 

to term in the series.until the imposed comvergence criterion, TOL, 

is achieved or until the final term allowed by KOUNT is reached. In 

the latter case a print ou~ informs one of the fact that convergence 

has not been achieved. ( Setting KOUNT at 100 has been found to give 

convergence in all the cases which have been attempted.) 

3. The program prints out all the physical data read into the program. 

The resulting velocity information appears as follows: 

X= 
X= 

0.45000 
0.45000 

y = 
y = 

0.10000 
-o. 

WB= 
WC= 

0.12412 
0.00855 

X is the horizontal distance from the side wall, Y is the vertical 

distance from the interface, WB is the gas phase velocity , and 

we is the liquid phase velocity. 

~·· 
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C. Corner Corrections to be used in the Channel 

The flow models used in solving the convective mass transfer equations 

are based upon flow between two flat plates. Actually the apparatus is a 

rectangular channel. We therefore must find a method of calculating the values 

of the interfacial velocity and the slope in the gas phase in the centralregion 

of the channel based upon the flow rates actually measured. This is accomplished 

by finding the ratio of the actual flow to the flow between two flat plates 

which would give the same interfacial velocity and interfacial slope in the 

gas phase as actually exists in the central region of the channel. If we 

consider both phases independently, we may compare the hydrodynamics be~ween 

two flat plates and the Cornish solution which will give us the actual flow 

rate. It is found that the corner correction is an extremely weak function 

of the interfacial velocity, so that the correction for the single phase may 

be used for the case of two phase flow without making an error of more than 

F/o. The correction for the single phase case is given by the following ratio. 

~CT l - 192 E. (tanh~ l tanh 37fW + ... ) (A-37) 
~.P. 7f5 w 35 b 
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APPENDIX B 

DESIGN DETAILS 

In every experimental thesis there are several details which are not 

sufficiently important to report in the main body of the work, but which de­

serve some explanation. Contained in this chapter are some of these consid­

erations. They include the sizing of the channel, hydrodynamic details and a ~ 

description of the micrometer sampling device. 

A. Aspect Ratio 

In sizing the channel it was felt that a good deal of importance should 

be laid upon keeping it as small as possible. A large piece of equipment 

would mean that it would not be economically feasible to use bottled gas as 

the upper phase. A fan would have to be used instead, while in the liquid 

phase large quantities of liquid would have to be pumped around. Both of 

these factors would cause undersirable vibrations in the channel. The 

smallest phase thickness which can be accurately probed with a common pitot 

type probe is about one half inch, which was the thickness chosen for the 

gas phase. The same thickness was chosen for the liquid phase since this 

thickness is necessary to keep errors in the hydrodynamics due to small changes 

in liquid level within reasonable bounds. 

The width of the channel was then selected upon the criterion that in 

the central one third of the channel the velocity must be within five per cent 

of the centerline velocity. Again a minimwn width of channel was necessary. 

For design purposes it was decided that the two-phase flow solution would 

provide an adequate representation of the true conditions. Using the equations 

of Tang and Himmelblau,
68 

which are Eqs. (A-34) and(A-35), one can calculate 

for a given pair of fluids the complete velocity profiles. For design pur­

poses the fluids chosen were water and air. From the profiles generated by 

the computer solution to this problem, it was surmised that the side walls 

have a fairly uniform effect upon the velocity profiles. As a result it was 

found that any single profile could be used as a representation of conditions 

throughout the channel. The interfacial velocity profile was calculated for 

a series of different flow geometries. Figure 56 shows these plotted for 
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Fig. 56. Interfacial velocity proff.les in two phase flow as a function 
of aspect phase aspect ratio. • Aspect ratio = 12:1, A= 9:1, 
• = 6:1, •= 4:1. 
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different aspect ratios (the ratio of the channel width to the depth of one 

phase). It will be noted that a channel width of three was chosen and that 

only half of each profile is shown. The abscissa is the ratio of the point 

velocity to the c~nterline velocity. The point 1.0 on the ordinate represents 

one-third of the channel width from the wall. A phase aspect ratio of four 

to one almost fits the criterion, but it was felt that an aspect ratio of six 

to one more safely suited the requirements of this study. Therefore each ""' 

phase has the crossectional dimensions 1/2" by 3"· 

B. Maximum Flow Rates and Length of Channel 

It was desirable to know the upper limits of flow rate. For this 

purpose it was decided to carry out some Reynolds number calculations using 
.... 52 

the ethanol-air system. Perry's handbook gives the following equation for 

the Reynolds number in a noncircular duct 

Re 4Rh~/v (B-1) 

Where in the case of the gas phase 

Rh bW/2(b+W) ( B-2) 

and for the liquid 

Rh bW/(2b+VJ) ( B-3) 

If the maximum allowable gas phase Reynolds number if 1500, then the mB.ximum 

gas flow rate is 900 cc/sec of air. Actually only about half that rate was 

ever used. In the liquid Jepson, Crosser and Perry36 have shown that ripples 

become important at Reynolds numbers above 700, in a channel which was inclined 

at 9 degrees 44 minutes to the horizontal. Greater stability can be expected 

with the horizontal channel, since Yih79 has shown that flow in a horizontal 

channel is neutrally stable to small disturbances while any inclination what­

soever creates an inherently unstable situation. We have assumed for the 

purposes of this study that a Reynolds number of 1000 is allowable. This 
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corresponds to a liquid flow rate of 55 cc/sec. Visual observation and mass 

transfer evidence later confirmed the validity of this assumption. It is 

interesting to locate the range of operation on the two phase flow diagram 
34 which has been presented by Hoogendoorn. · It must be noted that the chart 

applies strictly only to circular pipes. A portion of the original graph is 
) 

reproduced in Fig. 57. The coordinates are defined as 

v 
m 

c 
g 

Q I ( Q + Q_ ) X 100% 
g g "1 

(B-4) 

(B-5) 

For the case of a rectangular duct D
2
/4 is replaced by 2bW. In our experiments 

C for that case corresponds to 94.3%. All other V is a maximum of 0.275. 
m g 

values are further away from the closest curve. The area in which the experi-

ments fall is cross-hatched on the diagram. It will be noted that nowhere is 

the flow within a decade of the point where ripples· should occur. 

The length of the test section was the final consideration of the 

experimental design. Mechanical considerations governed the remainder of the 

design. It was desirable to use a test section which was long enough to 

minimize end effects. The length was limited by the fact that the gas phase 

would become saturated if very long exposures were permitted. Thus excessive 

length would seriously curb the flexibility of the apparatus. At the time 

this portion of the study was undertaken, experiments involving simultaneous 

heat and mass transfer of glycol from glycol-water mixtures to air were being 

contemplated. The object of the design was to find a length of channel which 

would give a complete range of control without allowing the number of transfer 

units to exceed two. A penetration model was used to characterize the liquid 

phase, while the resistance in the gas phase was calculated by means of the 

Leveque model. The resistances were added and the number of transfer units 

was calculated as well as the degree of control in either phase. The physical 

properties for the system, which are tabulated in Appendix E, predict gas 

phase control of the mass transfer at 25°C and liquid phase control at 100°C. 
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Fig. 57. Flow diagram for two phase pipe flow after Hoogendoorn. Grr!uter 
turbulence to the right. Hatched area is experimental area. 
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It was found that the maximum permissible length was l. 5 ft, '.rhe physical 

system used in these calculations was not used in this series experiments, 

but the length of the channel proved quite satisfactory for the experiments 

which were actually carried out. 
' . 

C. The Hydraulic Gradient of the Liquid Phase 

When liquid is flowing over a horizontal surface, the film becomes 

thinner with distance downstream. It was necessary to estimate the size of 

this hydraulic gradient, in order to decide whether it would be necessary to 

incline the channel. The angle of the hydraulic gradient is approxi.mately 

equal to the angle of inclination which will create a film of the same thick­

ness as the film in question. The angle of the channel to the vertical is 

solved for by Bird, Stewart, and Lightfoot.
4

c 

~ = Cos-l ~~Urr/pg63} (B-6) 

For water flowing at an average velocity of 7.5 em/sec and a film thickness, 

5, of 1.27 em, the angle of inclination is 0.0063 degrees to the horizontal. 

Since the channel is 18 inches long the change in film thickness over the 

length of the film is 0.002 inches. It would be reasonable to ignore this 

effect. 

D. The Corner Correction 

It has already been stated that all the complications brought into 

the calculations by the fact that we are dealing with the flow of two phases 

may be omitted, as far as the calculation of a corner correction is concerned, 

since this correction varies little with changes in the flow configuration. 

The correction is discussed in Appendi~ A, Sec; C and is given the following 

form: 

l-l92b/n\i { tanh(WI/b.)-l/35 x talli'1(37TW/b) + •• } (B-7) 

Since in our case W/b is 6.0, Qact/Qfp is equal to 0.915. This value was 

used throughout the experimental work. 
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E. The Design of the Sampl~ Probe 

The micrometer sample probe which was used to measure concentration 

profiles is slightly different from the normal) and because of its possible 
' 

usefulness to others) a description is included here. The sampler design i .. s 

shown schematically in Fig. 58) while the photograph of the test section 

(Fig. 5) shows it on the apparatus. The basic apparatus consists of a micro­

meter barrel whose center shaft (D) has been replaced by a brass shaft with a 

hole up through the middle. The sample probe (0.035"ID ss tube) which is 

shown as B in the diagram is soldered to the shaft) while a syringe adapter) 

C) is soldered to the top of the micrometer. The sample may be removed from 

the channel continuously of by means of a fixed-volume sample tube. By 

turning the head) E) the probe is moved up or down. Since the entire top 

assembly moves) samples may be taken only every 0.025 inches with the parti­

cular micrometer used. The position of the probe is directly read on the 

barrel) F. A thermal probe may be produced by mounting a sensing element at 

the tip and running the wires through the probe. Of course) the wires must be 

electrically insulated. 
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M U B -11292 

Fig. 58. Detailed drawing of the micrometer probe. A, channel wall; 
B, sample probe; C, syringe adapter; D, central shaft; E, head; 
F, barrel. 
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APPENDIX C 

EXPERIMENTAL DATA 

This section of the report contains all the experimental data.taken 

during this study. It takes on several forms; some data are simply tabulated 

while in other cases a brief computer program has been written to calculate 

the results where more complex equations were involved. In the latter cases ,~ 

the source programs are not included. The one exception is the care where a 

surfactant was found on the interface. The iteration method used is given in 

the computer program) and the source program is included. 

At the end of each section of data) sample calculations are given. 



.~ 

Table C - 1 

Data for the Evaporation of Pure Ethanol into Flowing Nitrogen 

R'.ill Gas Flow Temperature Graetz Kavg Per Cent Saturation 
# (cc./sec.) (Oc) # (cc/sec) Actual Calc. 

-
117 .. 4 22a l 0.,2692 0.182 55.3 53.5 

:2 235.5 22.3 0.1346 0.240 36.3. 35.4 

3 483.0 21 oJ 0.0673 0.301 22.8 22.7. 

4 709o 21 ~9 0.0449 0.347 17.5 17.6 

5 992. -- ------ _..a ___ -
6 68.2 20.0 0.466 0.143 74.2 . 71.0 

,.., 27 .. 1 24.5 1,247 o.c6a6 90.0 94.0 I 

8 172.0 20.0 0.184 0.203 41 o9 42.0 

9 334 .. 0 21.2 0,095'1 0.258 27.4 28.0 

:c 203.0 22.5 Oo1556 Oa214 37.2 37~8 

:~otes 

Run 5 is not reported since the result is in the turbulent region., 

% Error = ( % Satn. actual.- % Satn Calc. )/ % Satn Calc. x 100 

'-' 

% 
Error 

-
+3.3 

+2.6 

+o.4 

-o .. s I 
f-' 
+ \() 
I 

+4o5 

+4.3 

-·0.2 

-20 1 

-10 7 
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Sample Calculations: Runs l to 10 

Run l where 0.915 is the corner correction. 

Q = 117. cc/sec b = 1.27 em W = 7.62 em 
g 

Therefore U = 14.5 em/sec. 
m 

Gz = DL/U b
2 

where D 0.123 cm
2
/sec L 46.8 em 

m 

Gz = 0.2692 

Saturation reading on the integrator at attenuation 32 and temperature 24.8°C 

is 35.8 ¢ = Chromatograph Reading x vap. press. ETOH at 25°C. 
Satn. Chromatograph Reading x V.P. EtOH at Run Temp. 

¢ = 17.8 X 56.3/(35.8 X 51.8) = 0.553 

Kavg = ¢ QgiLW X 0.915 = 0.182 em/sec 

According to the theory of Butler and Plewes 

¢ = l-0.465 -0.000 = 0.535 

%Error = (0.553 -0.535)/0.535 X 100 + 3-3% 
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l 
Table C -2a 

.I ··~: !•, ~" Concentration Profjles for Graetz Run # 9 

Run y/B Fraction Saturation % Error 
# Expt'l Theoretical 

9-1 0.104 0.842 0.81 3.8 

9-2 0.204 Oo571 0.64 11 .o 

9-.3 0.354 0 • .375 o. 4 2.; II . 2.. 

9-4 0.504 0.207 0.232. to.a 

9~5 0.654· o. 114 0.115 0.9 

9-6 0.804 0.068 0.050 )6.0 

Table C - 2b 
Concentration Profiles for Graetz Run # 10 

Run y/B Fraction Saturation % Error 
# Expt 1l Theoretical 

-
'· 

10-1 . 0.(175 0.876 0.885 2.4 

10-2 o. 175 0.7.34 o. 7.35 o. 1 

" 10-3 0.325 0.507 0.524 3.2 

10-4 0.475 0.363 0.350 3.7 

10-5 0.625 0.,220 0.222 1 .o 

10-6 0.825 0.167 0.140 19.2 
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Table C-) 
!lata and Calculations for Cocurrent Single Phaso Rune 

~""' 1 ccrs~r. Fq • SHUP.UIO"' r,ourz KAVG GRP KAVGIL/UODI ... 5 VEL, 
I 11111"' r.A~ ~~Pit THfO~V NO CC/HC EXPTL THEORY RATIO 

'" ~~,nil 1q7,on .~1tn 0,210 D ,0512 .2804 O.I414E OJ 2.2150 1.'1162 4.11 
4" .. ,_ ·"" 17.?ft ,'1'1~0 0.996 1.1~14 ,0537 O,I819E 01 0,4418 1. 2918 0,23 
41 cq.n, ?t;.ql"j ·"~'" 0,9'/5 0.7676 ,0770 O.I005E 01 0.6321 1. 25 7Q 0,34 

"' ~>t.nn "q· .,., ,q62"~ 0,900 1,5117 .1046 D,2374E-00 0.8582 1. 217 A 0.51 
4~ .,, .nfl t;l.c;n ,7HO 0,790 , , 3A45 .1!91 o. J889E-o3 o.n51 1. 1333 0,67 
44 c;t.nl't f.l4. csn ,6MII 0,690 0.3070 ,1348 0,2811E-OO 1.1020 1. 2203 0.84 

·~ 
c;1 .ttn 77~41'1 ,Ml!O 0.625 '. 255 9 .1459 O,I066E 01 1.1916 1, 2608 1.01 

41> ~t ,nil 1 ""·(\" ,4'1~0 0,540 ),1'123 .1590 0.4U65E 01 1.2944 I, 3't88 1.33 
47 ~J.nn 1 S4.qO ,lHO 0,)95 , .1279 ,IB't2 0,1568E 02 1.4911 1.46 78 1.98 
4A C::1·"" JQl,lll ,)IRO 0,)45 ),1026 ol926 0,2861E 02 1.5511 1, 5661 2.4~ 
4'> ~l.n" ~c;q.~n .2Mn 0,280 '. 076 ~ .2177 O,S822E 02 lo 7432 1,7050 3. 22 
,7 ,,·"" c;-r.qn .61AO 0,690 ) • 3426 .11~7 Q,5726E 01 1.2288 1.3677 1,27 
sri 30,"11 11.2" .c:JQ5n 0.995 1. 1514 .0~37 O,I271E 01 0.57't7 1.2700 0,38 
~~ 

':\fo ·"'' '"'·"" ol 9~6 0,205 0.0~12 .2375 0,6652E 03 2. 3791 2. 3988 7,57 
-;? ':\"·"" ~c;~.nl'\ ·. ,,..,n 0,265 J.H~R ,1918 0,30 1'17E 03 lo96't9 2.1412 s.2a 

~' ':\n.OI'\ I'll,"" • 111n 0,)2) J .102 6 .1883 O.l696f 03 1.9511 1.9651 4,04 
~4 ,,.,n., 1 1:04.Qn . ,~," 0,)85 l.ll79 .1706 O.I038E 03 1. 7795 lo BJ16 3,29 
~~ "'"·"" tn':\.I'Ul .4970. 0,490 J,\9Z3 .1606 0,3753E 02 1,6915 1.1>1 1>2 2.21 
~~~ ,n_,.,., 77.40 .~3nn 0,595 o. 25~'l .1287 O,lb28E 02 1.31>19 1.4735 1,1>9 
<7 ""·"" 11\T.c;n • 7~tn 0,7)0 J,3A45 · ,1181 O, 3449E 01 1.2560 1. 33 76 lol't 
~A .,n.n:'\ ~4.~'1 .~2?11 0,650 J,Jn7n .1259 0,87~2E 01 1.3352 lo 387'1 1. 'tl 
~Q .,t"'.nrt 'q· 71"t ,R?80 o,8J5 a.~117 .1005 0,5730E 00 1.0711> 1.2364 O, Rl> ,. ~n •. n'l ?I\, q•l ,Q540 0,960 ) • 7676 ,0772 0.1355E-00 0,8251 1.2118 0,57 
~n '"·"" 77,4, ,r;c;rtn 0.565 l, 2 ~59 ,1335 0,1118E 03 lo 8073 1.8560 2.71> 

~· I R,01 ? 'i~·"" .2210 0,265 a .o76R .1837 0,1333E 04 2.3591> 2.1>1>97 8,29 
~~ • a·.n!l tf'\,,nll ,4610 0,478 l. 192 3 .14'11> Oo2185E 03 2.0089 z.031>4 3,62 
~~ 'q,n,., <t, •n .~nsn 0.705 l, lR4 ~ ,0971 0,3BOE 02 lo 3333 1.6150 1.87 
~4 1 q,n., .,.,, q" ,t)?7f'J 0.925 J.7~7~ .0750 0,2122E• 01 1.0317 1.302~ 0,95 
~~ 1 ~=t,n'\ }'1,.,0 .9~41\ 0.985 1. 1514 .0~1~ 0.221>9E-01 0,7098 1.161>0 0,1>4 
~7 tq·"" ~ .7,1\il ,1860 0,195 ),1)512 .2258 CI,2566E O't 2o8024 2.9598 11.1>2 

Noteo ' KAVO(l/,UOD)-.5 l~ K., (I/U0 D)' VKl,,ftATlO • u,./U
0 GRP • a2 D L/Uo) '~~ 

;>Vg 

Runo. 11- 34 Oqgen io used as gas phase 
Rune 35- 71 carbon dioxide_ is ueed ao gas phaoo. 

... 
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Table C-3 Continued 

RUN iol LU5~L fl<. SATUKATIUN uRAET l KAV~ u~<e I\AVGCt../1..1UU)•41.S VEL. 
Llwu 10 GAS 

..i;f 
EXPTL THE OilY ~G CC/StC t.<PTL THtclK Y dATIO 

~~ I •.'1~ I~, .1 n ·'""" 0.318 ~.1026 .\817 o.7915E 03 2. 3768 2.4631 6.44 . ., 1 A.n'' l'i4.qt"t • ~ 31\f''t 0.)70 J.l27Q .1604 o.5169E 03 2.1205 2. 3093 5.28 

'" 1 "·''·' ••.71'1 • 7711'1 o.8oo l.~\17 .0936 o.l't59E 02 1.2820 1.4572 1.41 
71 1 q• t,., ,, •• sn .~n41l 0.620 O.H70 .1212 O. 7016E 02 1.6605 1. 745 R 2.32 ,, 1 •• ~~ 4f'I"T.nl' .?tOI) 0.215 ). 06) 4 .2791> 0.2599E 04 2.9625 2. 9658 11.06 
1 , 1 •• ~~ 't'7.nn • ,, 170 0.340 0. 1188 .2058 1).9079E 03 2.3296 2.5154 6.42 

""- l' l~.J&,~ l'•t.,.nll .4~40 0.435 ~ .11>8 5 .1988 0.4735E 03 2.2995 2.2793 .... 73 
14 !P.~~ 71.-;n .~~111 Oi650 .•• 3,47 .1455 o. 10 36~ 03 1.7299 1.8371 2.52 
I~ 1R.~'1 

~···· 
•ql:tAt) 0.938 ) • ~~I 7 .0904 0.4005E 01 1.0942 1. 34 7 8 1.02 

?4 1A.-'tt:; ''i·"" .9420 0.895 ) .69~8 .1043 o.l045E 02 1.2591 1.4110 1.25 

'" , .. ~~ 1P"'.'1" .co4~n 0.525 3.2288 .1838 o.25l3E 03 2.1569 ~.07H 3.58 

" lA.t,c; '•?. ~, .79qn o.aoo ).5135 .1199 0.3128E 02 \.4401 1. 5821 1.67 

·~ 1.ct.t,c; ,7,.n·~ • ?1>21l 0.230 o.n~>5<> • 301>6 o.2306E 04 3.2827 l.9099 10.35 
16 1"?'. ,,, 41\7 •• ..,, ·'ton o.'235 0.01>)4 .2681 o.4405E 03 2.1482 2.2549 6.32 
n 17. ,,, ?rt1' .n'' .•nn 0.360 o. 118 ~ .2156 O.ll56E 03 1. 7918 1. 8645 3.46 
1 q ~ 7. "\ll 14"'·"" .4t<>n 0.405 ~.16~5 .1919 0.50'IOE 02 1.6137 1.6768 2.50 
10 , 7. ,,, ?q.nl'\ .qoAn 0.975 0. ~78 5 .0877 o.4290E-oo 0.7547 1. 2286 0.50 

'" 17·"" n.~'l .~•11' 0.695 ) • 334 7 .1524 C1.6151E Ill 1.3001 1. 3708 1.29 , ~7. ,,, 47.Q!'l .q4'l'l 0.835 0.5135 .1262 o.5440E 00 1. 0823 1.23't8 o.85 ,, '.,. "' 1 n1. c;n .~!'Ill 0.550 , • 728 a .1750 0.2221E 02 1.4829 1.52U 1.87 
~' :t'T ·""' 

~t:;.V' .Q~nn 0.940 ~. 696 8 .1063 o.1966E-o1 o. 9138 1.1634 0.63 

'~ ~7.·~ ~ 7~ ·'l" .2f.tlf1 0.255· :lo.0659 .J066 o.3766E 03 2.4111 2.20'33 5.87 
':7 -;,.,.,., ,~.nn .Q~A, 0.985 ).87R5 .0877 o.1162E 01 0.6111 1. 2651 0.34 ,. ~~ . ., .. , 47.'ln •'1'.H(\ 0.907 3.~13~ .136J 0.9570E-01 0.9568 1. 205 7 0.57 
?0 

"~·"" 7'3.~f'l • 7?1'1' 0.725 ) • 334 7 .1660 0.437H-OO 1.1615 1. 22 91 0.87 
3•' .:;,t.,.l"\('1 l'H.S•) .'l?5n 0.585 ).27~8 .1770 0.36B1E 01 1.2330 1.3423 1.21> 
11 "~·"'' , 47 •• ,~ .41~" 0.475 l.lb1J .1900 o.l116E 02 1.3163 1.41~7 1. 71 ,, 

~'-.I'll\ ,('I'T •''.., .Pin 0.375 l .liB~ .2084 o. 2930E 02 1.4328 1. 5703 2.37 

" ~~.(\fl .~~ • >n .llQ~I'l 0.950 0. 6<>~ ~ .1105 0.6315E 00 o. 7772 1.2395 0.42 ,. ,1:11.1.~'1 4n7.'l'l • ??Ill 0.235 0.0604 .2822 o.1360E 03 1. 8910 1.9060 4.41 
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Sample Calculations: Runs ll to 71 

Run 49 ~ 51.00 cc/sec of Ethanol Qg 258.0 cc/sec of C02 

D 
g 

2 
0.0789 em /sec 

The Graetz Number is Gz = DL/U b
2 

m 

Urn Qg~0.915 bW 

= 258.0/0.915 X 1.27 X 7.62 

= 29.2 em/sec· 

and Gz = 0.0768 

1.5 [QG+~(~l~~g)J 
uo 0.9l5Wb l+(~l;~g) 

Where 

Therefore 

and 

1.15 cp and u 0.0146 cp 
g 

u0 = 9.07 em/sec 

It was found experimentally that the fraction saturation, 
/ 

¢ = 0.269 exp. 

(A-20) 

From the computer solution the result for Gz 0.768 and Um/Uo 3.22 is 

¢th. = 0.280 

The average mass transfer coefficient is 

Kavg = ¢Qgf0.9l5 LW = 0.2177 em/sec 

The average Beek and Bakker distance group is 

-.. , 
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The value of a, the slope of the gas phase velocity profile at the interface, 

is 

a 

Therefore a 

and GRP 

109.5 -1 
sec 

2 3 109. 5 X 0, 0789 X 46. 8/9. 07 = 58. 22 

(A-20) 

According to the Beek and Bakker solution Davg(l,jU0D )
1/ 2 L 705 

The experimental value of Kavg(L/1J0D)
1/ 2 = 0.2177(46.8/9.07 X 0.0789)1/ 2 

= L 7432 
Cocurrent Interphase Mass Tranfer-Runs 213-257 

These runs are calculated in almost exactly the same manner as the 

single phase controlled runs discussed above. The one difference is in the 

calculation of the theoretical values of the interphase mass transfer co­

efficient. Here the methods discussed in Chapter IV are used. 



. i 
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Table C-4. ., 

Concentration Profiles for Cocurrent Runs 
With Control in a~Single 

Phase 

Run 6j Run 58 
Graetz # = 0.385 Graetz # = 0.)070 
Velocity Ratio= 1.87 Velocity Ratio= 1.4.1 

y/b Fraction Saturation y/b Fraction Saturation 

--*' 

Actual Theoretical Actual Theoretical'-

0.075 0.957 0.940 0.0'75 0.898 0.928 

0.175 0.890 Oo875 Oo 175 Oo800 0.8~0 

0.275 0.$16 0.810 0.275 0.700 0.750 

0.475 0.712 0.725 0.4.75 0.557 0.595 

o.675 0.645 0.670 0.675 0.456 0.500 

0.875 0.53.3 0.640 0.875 0.4.53 0.465 

Run 46 
Graetz#= 0.1923 ... .., 
Velocity Ratio= 1.33 

y/b Fraction Saturation 
Actual Theoretical \: 

0.075 0 .. 932 0.895 

0.175 0.737 0.760 

0.275 0.634 0.64.7 

0.475 0.424 0.443 

0.675 0.294 0.326 

0.875 0.251 Oo279 
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Table C- 5 
Sin.gle Phase Countercurrent Uata 

RUN Q CC/.SEC FR. GRAETZ MASS TRANSFER COEFFICIENT 
~·/ LIQUID GAS SATN. NO EXPTL GRAETZ MODEL 

72 16.70 387.00 .1990 0.0512 .2416 • 2317 .2263 
73 . 17.65 2 58.00 .;!480 0.0766 .2007 .1997 .1 '130 
74 17.65 193.10 ,3270 0.1026 .1981 .1796 .1724 

,..; 75 17.65 154.;90 • 3630 0.1279 .1764 .1655· .157'1 
-' 76 17.65 103.00 .4165 o. 1'l23 .1346 .1415 .1337 

77 17.65 77.40 .4990 0.255'1 .1212 .1260 .1161 
76 17.65 6'4.50 • 5700 o. 3070 . .1153 .1164 .1066 
79 17.65 51.50 .• 6230 0.3845 .1006 .1047 .0972 
80 17.65 36.70 .7080 o. 5117 .0860 .0901 .o 831 
61 17.65 25.80 • 8250 0.7676 .0668 .0697 .3638 
82 17.65 17.20 .B'lOO 1.1514 .0480 .0510 .:)465 
63 35.30 3 67 .oo • 1 R·50 0.0512 .2246 .2317 .2191 
64 35.30 256.00 .2355 0.0766 .1906 .1997 .1 661 
85 35.30 193.10 .2844 0.1026 .1723 .1796 .1656 
66 35.30 154.90 .3080 0.1279 .1497 .1655 .1513 
87 35.30 103.00 • 4030 0 • .1923 .• 1302 .1415 .1276 
88 35.30 77.40 .4610 0.2559 .1119 .1260 .1126 
89 35.30 64.50 • 5145 o. 3070 .1041 .1164 .1 035 
90 35.30 51.50 .5600 0.3845 .0905 .1047 .0926 
91 35.30 36.70 • 6280 . 0.5117 .0762 .0901 .!)793 
92 35.30 25.80 .7360 o. 76 76 .0597 .0697 .0612 
93 35.30 17.20 .6420 1.1514 .0454 .0510 .0449 
94 53.70 3R7.00 .1835 o. 0512 • 222R • 2317 .2128 
95 53. 70' 256.00 .2230 o. 0768 .1805 .1997 .1601 
96 53.70 193.10 .2470 6.1026 .1496 .1796 ,1598 
97 53.70 154.90 .3010 0.12 79 .1463 .1655 .1458 
98 53.70 103.00 .3950 0.1<>23 .1276 .1415 .122!1 
99 53.70 77.40 .4410. 0.2559 .1071 .;1260 .1085 

100 53.70 64.50 .4950 o. 3070 .1002 .1164 .099!1 
101 53.70 51~50 • 5520 0.3645 .0892 .1047 .011'15 
i02 53.70 38.70 .5990 o. 5117 .0727 .0901 .o 76!1 
103 53.70 25.!10 .7040 o. 7676 .0570 .0697 ., 596 
101t 53.70 17.20 .8060 1.1514 .0435 .0510 .3440 

Note; Graetz Number given in this table is 

9J 
equal to D L/ 1.1m ~ where b is t,he width of thr gas phase 
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Sample Calculations: Runs 72 to 104 

Run 95 ~ = 53.7 cc/sec of alcohol Qg = 258.0 cc/sec of co2 

This run is very similar to Run 49, which was used as the sample calculation 

for runs 11 to 71. Hence it is not necessary to go through all the preliminary 

calculations again. From ihe experimental readings it was found that: 

Gz 0.0768 ¢ 0.223 and Kavg 0.1805 

This result is compared with the solution of Butler and Plewes 

K Q (l-0.8956 e-2 · 4304 Gz_o.oo6 e-23 · 5 Gz)/0.915 WL 
avg g 

- 0.2053 

Since ~ is a negative quantity in the constants in Eq. (A-20), there will be 
I 

a point of zero velocity. This is found by setting the velocity at zero in 

Eq. · (A-14). Therefore the distance from the interface to the flow reversal is 

6.= 

k 
2 

2 l/2 
(-k2+(k2 -4 X k

3
k4 ) )/2 k4 

6[(Qg-~)/(l+(I-L!!-Ll))J /W b
2 

= 164.4 
-l sec 

k3 1.5[(Qg+~(I-L/I-Lg))/(l+(I-L/1-Lg))]/w b
2 

= 8.494 em/sec 

2 
k4 = (k2b(!-L!I-L1 )-k

3
)/b = 124.2 em/sec 

From these quantities the point of flow reversal may easily be found. 

6 = 0.05386 em. 

According to the film theory 

Kfilm = D/6. 

0.0789/0.0539 

1.465 em/sec 
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In the remainder of the channel the Graetz number is 

DL/U (B-6)
2 

m 

0.0789 X 46.8/29.14 X (1.27 -0.0539)
2 

7/J 0.0816 

(l-0.8956 e-( 2 · 43027/J) -0.0609 e-( 23 ·57/J)) QIWL X 0.915 

(l-0.737 -0.00926)258.0/0.915 X 7.62 X 46.8 = 0.202 em/sec 

Kfilm KGz 

Kfilm + KGz 
0.1801 

Countercurrent Interphase Mass Transfer Runs Runs 258 to 288 

Almost the same method of calculation was used in these runs as was used in 

Runs 72 to 104. The theoretical interphase mass transfer coefficient is 

predicted by the addition of the resistance of the gas phase predicted by 

the simplified countercurrent model and the resistance of the liquid phase 

predicted by the penetration model. 
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Table C-6 

Concentration Profiles for Ccuntercurent 1-tuns 
vJi th Cont.rol i:: a Single Phast· 

Run 90 
Craetz # =0. 1923 Graetz # = Oo3845 
Fr. Sat'n (avg) = 0.4165 F r. Sat'n (a vg) = 0~ 560 

y/b Fraction y/b Fraction 
;Ja.turation Satw·ation 

0.075 0.982 0.,075 o. 783 

o. 175 0.872 0.175 0.709 

0.275 0.592 0.,275 0.643 

0.475 0 • .371 Oo475 0.,571 

0.675 0.269 0.675 Oo479 

Oo875 0.192 Oo875 0.439 

Run 100 
Graetz # = 0.307 
Fr. Sat 'n (avg) = 0.495 

y/b Fraction 
5aturation 

0.07.5 0.810 

0.,175. 0.710 

0 .. 275 0.604 

Oo475 0,.460 

0.675 0.407 

Oo875 0.377 

.:) 

..... 
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Table C - 7 

lnterphaoe Cocurrent bperwntal l.lata 

RUN Q CC/SEC FR. SATURA Tl ON GRAETZ KAVG G~P KAVr;Cl/UOOI••.5 VFI. 
l!OUIO GAS EXPTl THEORY NO CCI SEC FXPTl THEORY qurn 

~ 213 15.43 19.43 .6940 0,7360 0.9766 .0423 O.R55RE 00 0.647.5 0.8452 o,q4 

214 1S.4~ 38,70 .5140 0,5260 0.490~ .0624 0.2784E 02 0. Q4l6 0.9764 1.65 

,p· 215 15.43 102.90 .2590 0.2580 0.1844 ,QR l6 O. 34bUE 0~ 1.2350 1,1R60 4,)Q 

216 15.43 77.40 ~ 3150 0,3260 0.24'2 .0765 0.1826E 03 1.13?3 1.1271 l.21 
217 15.43 l Q3, 50 .1590 0,1600 0.0981 .OQ65 0,1208E 04 l.l854 1.3089 7 .41t 

218 15.43 51.60 .3990 0.4340 o. 3677 .0646 0,6552f 02 0,'1704 1.0 .. 01 2.1A 
219 15."3 32?.00 .1068 0,1080 0.0589 .1079 o. 2849E 04 1.4907 1. 39hR 11 ,4R 

... 220 15.43 32.28 .4980 0,5810 0.5879 .0504 o.J47<>E 02 o. 7626 o. 9355 I • 38 
221 15.43 25.50 .566{1 0,6630 0.7441 .0453 o.535oE 01 0,68B •l.R957 1,09 
222 30.86 32.28 .1100 0.6710 0.5879 .071'1 (',J357E-Ol 0.7731 0.8016 0.70 
223 30.86 38,70 .5700 0,6060 0.4903 .0692 0.4110E-OO 0.1't33 0.8346 0.83 
224 30.86 51.60 .4750 0.5130 o. 3677 .0769 o,283SE 01 o. 8240 O,A77R 1.11 
2 25 30.86 77,40 .3590 0.3790 0.2452 .0812 O. 1392E 02 1), 9l01 0,?319 1.1.5 
226 30.86 102.50 .3060 0.3070 0.1851 .0984 0.1215F. 02 1,0454 O,Q86~ 2.16 
221 30,86 193,50 .1810 0,1840 0,0981 .1099 O. 1514E 03 1.1499 1.11(14 3,'16 
2 28 30.86 322.70 .1320 0,1280 0.0588 .1336 0.4l05E 03 1. 3699 1. 201.8 6.~l 

2 29 62.20 74.70 .4460 0.4750 0.2540 .1045 0.1278F-OO 0,7910 0.8270 O,RO 
230 62.20 89,70 ,3600 0.3990 0.2115 .1013 0.6139E 00 0.7657 0,8396 O,Qt. 
211 62.20 l02.90 .3270 •0.3690 O,lA44 • 1056 O.lBhF 01 0.79bQ 0.85~2 1.10 
2 32 63,00 130,00 .2660 0,3140 0,1460 .1085 O, 3439E 01 o. 8120 1), A839 1,36 
2 33 63.70 194,50 .2120 0,2210 0.0976 .12q4 O.l229E 02 0. 9579 o.q246 1.99 
Zl4 63,70 235.00 .I ~05 0,1950 0.0907 • 1331 0.206H 02 ·o. 9822 0.9565 2,19 
235 45.29 130.00 .2660 0,2820 0.1460 .11185 0.1442E 02 o. 9537 0,9'40 1.A8 
2 36 45.29 96.20 .3410 0.3470 0.1973 .1029 0.53BE 01 0.9092 0,895h 1,40 
237 15.43 80,20 .4710 0,4190 1.1799 .l1~5 0,92Q2E 03 0. 7826 0. 798 2 3,26 
2 38 15.43 64.00 • 5140 ----* 1.4786 .1032 o.541>7E 03 0.6867 o. 7776 2.64 
2~9 15.43 37,45 • 6150 ---* 2.5268 .0723 O.l212F 03 u.48b9 o. 7196 1,5A 
240 15.43 20.00 .6330 **-* 4. 7314 .0397 Q,5491E 01 o. 2699 0.6294 O.Ab 
241 15.43 114.89 ,3510 0,3410 0.8236 .121>5 O,lQ93E 04 u. 82 25 0.8276 4.52 
242 15.41 240.00 .2880 0,1920 0,3q4) .2168 0,7392E 04 1.3369 o. 8760 ~.5() 

243 30.86 80.20 ,5680 0,5430 1.1799 .1429 0,754AE 02 0.6801 0,7022 1,6Q 
244 10,86 114.89 .4400 0.4090 0.8236 • 15 86 0.2084E 03 o. 7485 0.7402 2.38 
245 30.86 240.41 • 3150 0,2499 0,3936 .2376 O.JOQOE 04 1.0895 0,8044 4. 71 
246 )(),AI> 172.50 .3140 0.3070 0,5486 .1699 o. 54f>2E 01 0.7913 o.nn '3.4 A 
247 30.86 63.75 .6400 0,6200 1.4844 .1280 o.3434E 02 0.6115 0,674~ l.l6 
248 46.29 240.41 .2370 0,2760 0.3936 .1787 0.309~E 03 0.6816 0,7554 3.21> 
249 46.29 172.50 • 3140 0.3470 0.5486 .lb9Q o.13q2E 01 1'.6548 0.7248 2,39 
250 46.2Q 114,89 .4100 0.4600 0.8236 .1478 O, 4346F 02 (1,5747 0.6817 \,62 
2 51 4o.zq 80.20 .6600 0.5850 1.1799 .1660 Q,l09AE 02 0.6494 0. 640? 1,14 
2 52 46,29 64.00 .6920 -----* 1.4786 .1389 0.3•J43E 01 o. 5448 0. 1>114 o. t)2 
2 53 61.82 64,00 • 7150 ----* 1.4786 .1436 0.19bbE-Ol 0.4884 0. 5 827 O,h9 
254 61.82 71.00 • 7060 -----* 1.3328 .1572 O. 3469E-OO o. 5345 ' 0,5'175 0.16 
255 61,82 80,20 ob450 0.6280 1.1799 .1623 O.l381L.01 o. 55.10 i 0.6093 0.86 
2 56 61.82 102.00 ,bOlO 0,5J60 0.9277 .1923 o. 649bE 01 0.6512 0.630Q 1,0Q 
2 57 61.8 2 135.3 2 .5250 0.4950 0.6993 .222q 0.2122E 02 o. 7517' 0.6593 1 .4 3 

') Notoo: 
H1.ns 213 - 236 Evaporation of ether from ethanol into COt 
Ill>~•• 237 ·- 257 .!.'vaporatlon of ether from ethanol into he ium. 
* Computer eol uti on not carried out to thl r Graetz number Vl;L, RAT !0 ~ 4./Vo 
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T.:~ble C - 8 
. ·Countercurrent Inteq;!hase Experi.mental Dat.a 

;..:._ 

RUN Q CC/SEC FR. GRAETZ MASS TRANSFER COEFFtCI ENT 
liQU 10 GAS SATN. NO EXPTL GRAF.TZ M!lDEL 

2 58 61.82 63.75 • 5710 1.4844 .1142 • 1245 .1177 
259 61.82 77.93 .5400 1.2143 .1320 • 1391 .1 316 
260 61.82 8o.oo • 5340 1.1829 .1340 .1410 .1 334 
2 61 61.82 102.00 .4640 o. 92 77 .1485 .1576 .1495 
262 61.82 135.22 .4050 0.6998 .1718 .1745 .1665 
263 46.29 63.75 .5970 1.4844 .1194 .1175 .1124 
264 46.29 80.00 .5150 1.1829 .12n .1320 .1264 
265 46.29 114.89 .3980 0.8236 .1434 .1526 .14 70 
266 46.29 172.00 • 3780 o. 5502 .2040 .1704 .1654 
267 46.29 240.41 • 3330 0.3936 • 2511 .1811 .1 769 
268 30.86 240.41 .2410 0.3936 .1818 .1556 .15 35 
269 30.86 172.00 .2790 0.5502 .1505 .1485 .1458 
2 70 30.86 114.89 .3980 o. 82 36 .1434 .1352 .1 321 
271 30.86 8o.oo .• 4540 1. 1829 • 1139 . .11'H .1158 
2 72 30.86 63.75 .4730 1.4844 .0946 .1074 .1 041 
273 15.43 63.75 • 5830 1.4844 .1166 .0894 .o 882 
274 15.43 8o.oo • 5380 1.1829 .1350 .0971 .)959 
275 15.43 114.89 .4730 0.82.36 .1705 .1066 .1056 
276 15.43 172.00 .3880 0.5502 .2094 .1128 .1 121 
277 15.43 240.41 .3660 0.3936 .2760 .1142 .1137 
279 46.29 240.41 .2820 0.3936 .2127 .1811 .1769 
280 46.29 172.00 .• 3580 0.5502 .1932 .1704 .1654 
2 81 46.29 114.89 .4140 o. 82 36 .1492 .1526 .14 70 
282 46.29 eo.oo • 5480 1.1829 .1375 • 1320 .1264 
283 46.29 63.75 .5900 1. 4844 .1180 .1175 .1124 
284 30.86 193.50 .1640 o. 0981 .0996 .1011 .()957 
2 85 30.86 102.90 • 2190 0.1844 .0707 .0892 .0819 ··) 286 30.86 77.40 • 3250 0.2452 .0789 .0834 .0755 
2 87 30.86 51.60 .4050 o. 3677 .0656 .0745 .()661 
288 30.86 25.25 • 5210 0.7515 .0413 .0548 .04 79 

Runs 258 -283 Data using helium 
Huns 284 -28e Data using carbon dioxide 
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Analysis of Data in which Water was used as the Solvent 

In Runs 105 to 211, which are interphase mass transfer data using 

ether-water solutions, it was found that there was a surfactant film on the 

interface. This is discussed in Chapter V. The object of "SURFER", the 

computer program reproduced on the next three pages, is to carry out the 

calculations indicated in Chapter V. The results of all the runs are in­

cluded in the succeeding seven pages. 

A. Description of "SURFER" 

Necessary Input Data: All data are read from one card, statement 

100, according to the Format given in statement 101. The necessary data are 

NO - The run number 

SG - The equilibration gas phase reading of the integrator on the chromatograph 

recorder reduced to 25°C. 

SL - The liquid reading on the differential interferometer corresponding the 

gas reading, SG) using pure water as the reference liquid. 
2 

DIFFG - The diffusion coefficient of the gas phase. Cm /sec. (The liquid 

phase value is set at the value for infinitely dilute ether solutions 

in water as part of the program). 

VISCL - The viscosity of the liquid phase in poises . 

. VISCG - The viscosity of the gas phase in poises. 

QL - Flow rate of the liquid phase in cc/sec. (Dimensions of the channel are 

set within the program). 

QG Flow rate of the gas phase in cc/sec. 

EL - Liquid phase reading of the run in question. 

EXG - Gas phase reading of the run in ·question reduced to 25°C. 

GRP C2G
2 

DIFFG L/C33 , The Beek and Bakker distance group, (it is meaningless 

if C2G is negative). 

AVGK Average mass transfer coefficient assuming no surface contarninantsr· in 

em/sec (invalid if C2G is negative). 

CHB - AVGK (L/C3 DIFFG)
1

/
2 

Beek and Bakker mass transfer group. (Invalid if 

C2G is negative). 

FR. SATN. - Experimental fraction saturation of the gas phase. 
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KAVG EXPTL - Experimental mass transfer coefficient in em/sec. 

EX. Mr. GRP. - KA VG EXPrL ( L/ C 3 DIFFG) l/ 
2

. 

LEVEQUE MT COEFFICIENT - The mass transfer coefficient calculated for the 

case where there is a zero interfacial velocity. Cm/sec 

INDICATED VELOCITY IS - Second to last calculated velocity in em/sec. 

J - Convergence at the Jth iteration 

U(J-2) -:-Third to last calculated velocity em/sec. ,~ 

0 and ORK - Last and second to last mass transfer coefficient. em/sec. 

VACT/C3 -Ratio of calculated velocity to velocity if there were no0Irtaminant& 

TOTAL SHEAR - Shear stress of both phases upon the interface. Dynes/em. 

GAS SHEAR - Shear stress of the gas phase alone upon the interface. Dynes/em. 

NOTE: If the Printout only includes information down to "INDIATED VELOCITY 

IS" the program has found a negative velocity on its first trii:tl and 

has terminated. 

B. Internal Calculations 

From the given flow data, the program computes the interfacial velocity 

and the slope of the velocity in the gas phase at the interface assuming no 

retardation due to surfactants. It calculates the corresponding mass transfer 

coefficient for these flow conditions. The mass transfer coefficient for the 

case where there is zero interfacial velocity and the given flow conditions 

calculated. Finally the experimental mass transfer coefficient .is computed. 

A first approximation to the interfacial velocity is derived by a simple 

interpolation. If the velocity proves to the negative, the computation is 

terminated, and the next run is considered. If it is positive, a slope of 

the velocity at the interface is calculated for each phase. From these three 

values a mass transfer coefficient is computed. It is checked with the 

experimental value, and it is either accepted or a new interpolation is made. 

A very small velocities, the calculation is unstable, and therefore one must 

resort to changing the velocity by fixed increments until there is a change 

of sign in the direction of change in the interfacial velocity. The calcu­

lation is terminated at that point, and the final three velocities are printed. 

After an interfacial velocity has been found, the shear stress on the inter­

face is computed. 
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C. Output 

The. program prints the following information: 

The run number, the two flow rates, and the diffusivity of the gas 

phase 

C2G -

in cm
2
jsec, all of which are self explanatory. 

The slope of the gas phase velocity profile at the interface. 

if less than ~' this value is negative; no minus sign is printed). 
-l 

assumes no interfacial contaminants. Units sec 

C3 - Interfacial velocity assuming no contaminants in em/sec. 

(If ~· 
g 

This 
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WRJTE(3,4021 
402 FORMATI62H COMPUTATION OF DATA WITH A SURFACTANT ON THE WATER INf 

1ERFACEI 
100 REA0(2,1011 NO,SG,SL,DIFFG,VISCL,VISCG,Ql,QG,EL,EXG 
101 FORMATIJ3,2F5.3 0 3F5.5,2F5.2,2F5.31 

WRITEI3,4001 NO 
400 FORMAT f12H RUN NU~BER ,131 

R=1.27 
W= 7.62*.915 
C3=(1.5/(W*BII*IOG + QL*IVISCL/VISCGIJ/(1.0 + VISCL/VISCGI 
C2G=(l.O/B**21*14~0*B*C3- 6.0*0l/WI*fVISCL/VISCGI 
C2L= C2G*(VISCGIVISCLI 
C1G•-(C2G*B + C3IIB**2 
C1L= IB*C2l - C3118**2 
WRITE (3,4051 OG ,QL 

405 FORMAT(9H Q GAS'= ,F10.4,18H CC/SEC Q LIQ ,Fl0.4,7H CC/SECI 
xo = 2.54*12.0*1.5 
GRP = ( C2G**2 I*DIFFG*XO/C3**3 
GUMP = C3**3/(C2G*C2G*DIFFGI 
STAR = C2G*DIFFG/(XO*C31 
IF (GRP- 0.11503,503,504 

503 AVGK = STAR*((4.0/3.14161**•5*X0**.5*GUMP**•5 + X0/4.01 
GO TO 515 

504 IF (GRP- 10.01565,505,506 
5050 AVGK = (C3*DIFFG/XOI**•5*(1.2036 + .0616*GRP- .00787*GRP**2 

1 + .00037*GRP**31 
GO TO 515 

506 AVGK=fC3*DG/XOI**•5*(1.615*GRP**•1667*(•5+.375/(GRP**•333II-.1931 
515 CONTINUE 

AR=2.0*10.96E~5*C3/(X0*3.141611**0.5 
AVGK=AVGK*AR/l0.03264*AVGK+ARl 
PCS=EXG*Sl/(SG*ELI 
XPTK=PCS*QG/355.5 

· CH= (XO/IC3*01FFGII**Oo5 
CHB = AVGK*CH 
CHE = XPTK*CH 
WRITE( 3,5161 OIFFG, C2G, C3 

516 FORMAT17H OIFFG= 1PE10.41 6H C2G= E10.4, 5H C3= E10.4 I 
WRITEI3,5171 GRP, CHB, AVGK 

517 FORMAT(5H GRP= 1PE10.4, 6H CHR= E10o4t 7H AVGK= E10.4, 1H 
WRITE(3,4011 PCS,XPTK,CHE 

401 FORMATI10H FR. SATN=,F5.4,13H KAVG EXPTL= ,F7.5,11H EX.MT.GRP=,F8. 
16t 

UO=C3 
AG=.683*0G 
AL=.683*QL 
DG=DIFFG 
Gl=(AG*OG*DG/46.81**0.333 
RL•(AG*DG*OG/fAL*0.92E-1011**0•3333 

.J=1 
Rl=0.0326*RL 
AV=0.808*Gllf1.0+Rll. 
WRITE 13,351 AV 

35 FORMATI27H LEVESQUE MT COEFFICIENT ,E10.41 
U=(UO *IXPTK-AVII(AVGK-AVII 

...... 
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IF(U) 12,12,41 
12 WRITEI3t131 U,J 
13 FORMAT(23H INDICATED VELOCITY IS oE10.4o4H J 2 ,131 

GO TO 10 
41 CONTINUE 

VAV=QG/f B*W*B I 
VAW=Ql/( B*W*BI 

1 C2G=6.0*VAV-4.D*U 
IFIC2GI 15,15,14 

15 WRITE(3,161 C2G,J 
16 FORMATI14H GAS SLOPE IS tE10.4,4~ J= ,[31 

GO TO 10 
14 C2l=6.0*VAW-4.0*U 

IFIC2ll 18,18,17 
18 WRITEI3,191 C2l 1 J 
19 FORMAT117H LIQUID SlOPE IS ,E10.4,4H J= ,131 

GO TO 10 
17 C3=U 

GRP = IC2G**21*01FFG*XO/C3**3 
GUMP = C3**3/CC2G*C2G*DIFFGI 
STAl = C2G*DIFFG/IXO*C31 
IF IGRP - 0.11 523,523,524 

523 AVG :i STAR*( 14.013.14161**• 5*XO**• 5*GUMP**.5 + X0/4.01 
GO TO 527 

524 IF IGRP- 10.01525,525,526 
· 5250 AVG = IC3*DIFFG/XOI**•5*11.20l6 + .0616*GRP- .00787*GRP**2 

1 + .00037*GRP**31 
GO TO 527 

526 AVG =IC3*DG/XOI**•5*11.615*GRP**•1667*1.5+.375/IGRP**•33311-.1931 
527 CONTINUE . 

Dl=0.96E-5 
GRP = IC2l**21*DL *XO/C3**3 
GUMP = C3**3/IC2L*C2l*Dll 
STAR = C2l*Dl /IXO*C31 
IF CGRP- 0.11 533,533,534 

533 AVl = STAR*IC4.U/3.1416l**•5*X0**•5*GUMP**•5 .• X0/4.01 
GO TO 537 

534 IF CGRP - 10.01535,535,536 
5350 AVl = IC3*0l /XOI**•5*11.2036 + .0616*GRP - .00787*GRP**2 

1 + .00037*GRP**31 
GO TO 537 

536 AVl =CC3*Dl/XOI**•5*Cl.615*GRP**•1667*(.5+.375/IGRP**•33311-.1931 
5 37 CONTINUE 

OKG=AVG*AVL/I0.03264*AVG+AVll 
CHK=ABSIOKG-XPTKI 
IFICHK-0.00011 7,7,3 

3 IFIJ•IOOI 4,4,5 
4 IFIC3-.1*UOI 26,26,27 

27 IF(J-11 8,8,9 
8 U=fC3 *IXPTK-AVI/IOKG -AVII 

IFIUI 20,20,21 
20 WRITEI3,221 U 
22 FORMATI23H INDICATED VElOCITY IS ,E10.4l 

GO TO 10 
21 O=OKG 

C=C3 
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J=2 
GO TO 1 

9 U=CC3 +(C -C3 I*(XPTK-OKGI/(0-0KGII 
J=J+l 
IFCUI 24,24 9 23 

24 WRITEC3,25J U,J 
25 FORMATC23H INDICATED VELOCITY IS ,E10.4,4H J= ,131 

GO TO 10 
23 O=OKG 

C=C3 
GO TO 1 

26 IFCXPTK-OKGI 28,28,29 
28 U=.9*C3 

.IFCC-C31 30,30, 31 
30 WRITEC3,321 U,J,C 
32 FORMATC23H INDICATED VELOCITY IS ,E10.4,4H J= ,I3 ,10H U(J-21 

l,E10.41 
WRITE(3,361 O,OKG 

j6 FORMAT( 6H 0 = ,E10.4, 7H OKG ,El0.41 
GO TO 7 

29 U=1.1*C3 
IFCC-C31 31,31,33 

33 WRITEC3,341 U,J,C 
34 FORMATC23H INDICATED VELOCITY IS 9 E10.4,4H J= ,I3 ,1DH UCJ-21 

1tEl0.41 
WRITEC3,371 O,OKG 

37 FORMAT( 6H 0 = ,El0.4, 7H OKG = ,E10.41 
GO TO 1 

31 C=C3 
O=OKG 
J=J+1 
GO TO 1 

5 WRITEC3,61 
6 FORMATC23H NO CONVERGENCE 

GO TO 10 
7 VR=C3/UO 

TAU=VISCL*C2L +VISCG*C2G 
TA=VISCG*C2G 
WRITEC3,111 VR,TAU,TA 

11 FORMAT( 9H VACT/C3=, F7.5,15H TOTAL SHEAR ,E10.4,12H GAS 
1 SHEAR =,E10.4/I 

10 GO TO 100 
STOP 
END 

RUN NUMBER 105 
Q GAS = 16.6700 CC/SEC Q LIQ = 15.4300 CC/SEC 
DIFFG=9.3800E-02 C2G=6.4705E-Ol C3=2.6184E 00 
GRP=1.0001E-Ol CHB=2.7130E-Ol AVGK=1.9885E-02 
FR. SATN=.2365 KAVG EXPTL= 0.01109 EX.~T.GRP=0.151311 
LEVESQUE MT COEFFICIENT = 0.6406E~02 
VACT/C3=0.21329 TOTAL SHEAR = 0.5472E-01 GAS SHEAR =0.1332E-02 
RUN NUMBER 106 
Q GAS = 8.3400 CC/SEC Q LIQ = 15.4300 CC/SEC 
DIFFG=9.3800E-02 C2G=3.6997E 00 C3=2.5874E 00 
GRP=3.3886E 00 CHB=2.7719E-Ol AVGK=2.0196E-02 
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LEVESQUE fo4T cnEFFICIFNT = Uo6l01F-02 
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VACT/CJ:Q,.l2345 TOTAL SHEAR ,. Q.6253E-01 CAS SHEAR •0.6344F-03 
RUN NU"tBEP 101 
Q GAS " 25.0000 CC/St:C 0 LIO = 15.4300 CC/SEC 
OIFFG.o:9.3BOOE-02 C2G'•4.9<nBE 00 C3•2. blt9'5f 00 
GRP•5.7503E 00 CHB•2o7853E-01 AVGK•2.0535E-02 
FR. SATN=.l60U KAVG FXPTL= n.<Hl25 EX.MT.GRP•O.l57.6fl3 
LEVESQUE MT COEFFICIFNT = 0.6456E-02 
YACT/t3•0o2081t3 TOTAL SHEAR "' 0.5584f.-Ol GAS SHE:AR •O.Z226E-O? 
RUN NU"4l'ER lOA . 
Q GAS • 33.3000 CC/SEC 0 LIO = 15.4300 CC/SEC 
OIFFG.,Q.'3800E-02 C2G•9.3248E 00 (3 .. 2. bA04E 00 
GRP,.l.9365E 01 CH~•2.8362E-Ol AVGK•2.1032E-O? 
FRo SATN•.l206 KAVG EXPfl: 0,.(;1129 EK.MT.GRP•Ool'i?l('IB 
LEVF.SQUE MT COEFF IC tENT = Oo6487E-02 
YACT/0•0.20186 TOTAL SHEAR..., 0.5713f-DI GA.S SHEAR •0.3121F-Ql 
"UN NUMBER 109 
Q GAS e 41.7000 CC/SEC Q LIQ • 15.4,00 CC/SFC 
0 IffG:'1.3BOOE-C\2 C 2G•l· 'l7t1BE 01 C3•2. 7l16E 00 
GRP•4.0417E 01. CHf\c2.8797E-Ol AYGK•2.1479F-02 
FA •. SATN•.0941 KAVG fXPTL., O.f'll03 EX.'4T.GAP•O.l47944 
LEVESQUE MT COEFFICIENT "'0.6SlllF.-02 
V'ACT/C3 .. 0.1A725 TOTAL SHEAR .., 0.5924E-01 GAS SHEAR •0.4044f-Ol 
R\..111 NU'4BER 110 
Q GAS c 50.0000 CC/SEC Q liQ • 15.4300 r.C/SEC 
DtffG:':f.3AOOE-02 C2G•1.B039E Ill C3 .. 2.7425E 00 
GRP,.6. 7652E 01 CHB=2.9114E-01 AVGK,.2.1B39F.-02 
FR. SUN•.0763 KAVG F.)(PTL• 0.(11073 EX.'4T.GPP•O.J4"H05 
LEVESQUE MT (OEFflC IFNT '" 0.6527F.-('12' 
VACTIC3•0~17111 TOTAL SHEAP = 0.6152E-01 GAS SHEAR •0.4960E-02 
RUN NU"4BER 111 
Q GAS • 66.7000 CC/SEC Q liQ .. 11}.4:-\0(• CC/SEC 

· D IFFG-..9.3BOOE-02 CZG•2 .6753E 01 C 3 .. 2. 6047E 00 
GRP .. l.3912E 02 CHB•2.q56!1E-Ol AYGK.c2.?427F-OZ 
FR. SUNa.0569 KAVG EXPTL• 0.01067 EX. "'T. GRP•O.l40680 
LEVFSQUE MT COEFFtC lENT • 0.65<;3F-02 
VACT/0:0.15q46 TOTAL SHEAR .. Oo6411E-01 GAS SHFAq .. 0.6760E-02 
RUN NU"f8ER 112 
0 GAS ,. 100.0000 C.C/SEC Q LIQ • 15.4'0fl C.C/SEC 
OIFFG•9.3800E-02 C2G•4.4130[ 01 C3•2. qza7F 00 
GRP•3.3247E 02 CHA .. 3.CJ106E-01 AYGK•2. 3337E-02 
FR. SATN=.0370 KAVG EXPTL" o.Ol03Q EX."'T.GRP•C'.l340q7 
LEVESQUE "T COEFFICifNT ,. 0.6585E-02 
VlCT/(".3•0.14549 TI'JTAL SHEAR • 0.6B43E-01 GAS SHEAR zQ.tOHE-~1 
RUN NUMBER 1 B 
Q GAS .., 133.0000 CC/SEC 0 LIQ • p;.4300 CC/SEC 
OIFFG•9.3fi00E-02 C2G•6.1350E 01 C3c3. 0516F 00 
GRP .. 5.6803E 02 CH6•3.0430E-Ol AVGK,.2.4017E-02 
FR. SATN ... 0280 KAVG EXPTL= O.OliJ48 EX.IIIIT.GRP•LI.112470 
LEVESQIJE MT COEFFJC lENT st O.b605E-02 
VACT/Cl"'0.14093 TOTAL "SHFAR • 0.71A1E-Ot GAS Sl-ifAR •O.l3A5E-Ol 
RUN NUMBER 114 
Q GAS= 250.0000 CC/SEC Q LIO • 15.4300 CC/SEC 
OIFFG•9.3800E-02 C2G..,.1.2240E 02 C3=3.4811E C.O 
GRPm1.5152E 03 CHR,;,3.0993E-01 AVGK•2.6215E-fl2 
FR. SATNc.Q125 KAVG EXPTL= O.OOABO EX."'T.GRP•(':.l04nM 
LEVESQUE MT COEFFICIENT "'0.6644E-02 
INDICATED YFLOC ITY IS U.2574E-OO J.., 2 U(J-2t • O. 3_846E-OO 

·O c C'.101qE-01 OKG z O.R458E-02 
VACf/CJ•O.Ob711 TOTAL SHEAR • o.q143E-Ol GAS SHEAR •t:'.'Z649E-Ol 
RUN NU"18ER 115 

Q GAS.. 417.\lOOO CC./SFC Q LtQ • 15.o~t3UO CC/SFC. 
OlfFG.,.?.3POOE-02 C2G=2.C"l955f 02 (1"'4.1C'RQF 1..0 
GRP=2.7145F 03 CHR•3.l307E-Ol AYGK•2. AT44f.-{J2 
FR. SAlN•.OU7fl KAVG FXPflc. O.OIJ'HQ EX.~T.GRP•IJ.IJ0146 
LEVESQUE MT COEFFICIFNf • O.bblOE-02 
1'-'DlCATED VELOCITY IS O.lR7'it:-OO J• 2 IIIJ-2) • 0.47f'lnE-00 
IJ • Ooll21E-Ol OKG "'0.8825E-02 
VACT/C3•0.06360 TOTAl SHEAR • O.lOB3E-DO GAS SHFAA: •0.4429E-UI 
RUN NUMIHR 13A 
Q GAS '"' 8.3400 CC/SF.C 0 LIQ • 30.R600 CC/SFC: 
OIFFG.•9.3800E-02 C2G•1.17'JlE 01 C3•5.1438F On 
GRP•4o3513E 00 CH6=2.77QtE-Ol AVGK•Zo 854Qf-O? 
FR. SATNm.4Jq3 KAVG tXPTL• O.OOQ84 EX.'4T.GAP•O.OQI)766 
LEVESQUE MT COFFFICIENT • 0.77Q2F-0? 
INOICATEO VFLUCITY IS f'."tl5b)E-OO J• I UIJ-21 • 0.41nOE-00 
[I,. O.ll21E-01 OKG = O.lO"tZF.-01 
VACT/CJ•0.09856 TflUL SHEAR • 0.1zqoE-OO GAS SHFU. •O.t,'l4-4£-o~ 
RUN NU'4RER l3Q 
0 GAS • l'io4600 CC./SFC 0 1.10 • JO.A600 CC/SFC 
OIFFG•9.3fi00E-02 C2f0zo8.0lt.Of 00 C l•5.1703F 00 
GR.P•2.0037E 00 CHB•?.7552E-01 AVGK•2.A171f-07. 
FR. SATN•.Z4A6 KAVG [XPTL• O.OtORI EX.~T.GPPa(i.l0495h 
LEVESQUE MT CDEFFIC IF. NT ,. O. 792QF-02 
INDICATED VELOCITY I~ 0.5168E 00 J"' 2 UIJ-Zt • 0.7ZtHE 00 
0 "" O.l23QE-01 OKG "' (l.l057E-Ol 
VACT/C3a:Q.Oq086 TOTAl SHEhR • 0.1311E-00 GAS SHEAR cO.l27U-02 
RUN NU~AER. 140 
Q GAS • 25.0000 CC/SEC 0 LIQ • 30.8600 CC./SEC 
DtFFG•9 .. 3BOOE-02 C2G""'3.057AE 00 C3•5. 2058E C'IO 
GA.P•2.8423E-.Ol CHA•2.719-4E-Ol AVGKs:2. BOQ:H-02 
FR. SATN.,.1572 KA.VG EXPTL• U.OIJ06 EX."4T.GRPa0.106996 
LEVFSOUE MT COEFF IC lENT • O.A021E-02 
INDICATED YFLOCITV' IS 0.512CJE 00 J• 2 U(J-21 • 0.7876( Of\ 
0 :a O.l315E-01 QI(G "'0.1071E-01 
VACT/(3•0.08956 TOTAl SHFAP • 0.1 '22E-00 GAS SHEAR :au.~J.Q<;f-02 
RUN NUMBER 141 
0 GAS • 33.3000 CC/Sf.C 0 LIQ • 30.A600 CC/SfC 
0 IFFG•9 .3AOOE-02 C2Gm1. 2132F 00 C1•5,. 23b1F 00 
GRP•4.8410E-02 CH8•7.6Q95£-0l AVGK•2. 79Al£-('12 
FR. SATN•oll87 KAVG EXPTlz 0.01112 EX."'T.GRP•O.l07299 
LEVESQUE MT COEFFIC lENT • 0.806(}[-02 
INDICATED VELOCITY IS Oo501FIE 00 Ja 2 UIJ-2t "' O.A01AE 00 
0 .c: Ool344E-Ol OKG = Ool081E-01 
VACT/CJ"'Oo08711 TOTAL SHF.AR.., 0.1335E-OO GAS SHEAR •0.318Bf-02 
RUN NU"'BER 142 
Q GAS " 41.7000 CC/SEC 0 LfO "' 10.8600 CC/SEC 
DIFFG•9.1BOOF.-02 C2G•5.6565f 00 C3•5. 2680F On 
GRP•9.3855E-Ol CH8.::2.7350F-Ul AVGK:a2. 8434f-02 
FR. SAT'-''"•0955 KAVG EXPflc: 0.01121 EX.fiH.GAP•lJol07787 
LEVESQUE MT trlEFFIC lENT • O.R10!'iE-Cl2 
INOICATEO VflOCITY IS Ct.50!JAE 0(1 J• 2 UIJ-21 ,. O.ROJ'if 00 
0 • O.ll58E-01 OKG.,. Cl.lOBAE-01 
VACT/C3aC.08b42·TOTAL SHFAR • 0.1344E-00 GAS SHEA.R z0.4086E-IH 
RUN NU"~ER H 3 
Q GAS • 50.0000 CC/SEC 0 llQ • 30.8600 CC/SEC 
DIFFG•9.3AOOE-02 C2'G,9.Q815E 00 C3•5.29A9E 00 
GRP"'2o8752E 00 CH8•2.7666E-Ol AVGK.•2. A84BF-02 
FR. SAfNm.Q766 KAVG fXPfl• 0.01077 EX.MT.GRP•O.l0Bl2 
LEVESQUE ~T COEFFICIENT • n.Bl32f-02 
INDICATED VELOCITY IS 0.4276F-00 J:a ? UCJ-2t ,. 0.67SH: 00 
0 • O.l272F-01 OI(G "' O.l('t3AE-Ol 
VACT/(3c0.07335 TOTAl SHF.AR :a O.l,77E-o0 GAS SHfi.R •i.J.<i024F.-fl2 
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~UN NUMBER 144 
Q GAS • 100.0000 CC/SEC 0 LIO • '30.8600 CC/SEC 
OIFFG•q.3800E-OZ C2'G•3.6078E 01 C3.,5.4851E 00 
GR.P•3. 3B26E 01 CHB•7..8689E-Ol AVGKa:3.01t34f-02 
FR. SATN•.0360 KAVG EXPTL• 0.01011 EK.IIIIT.GRP•0.095335 
LEVESQUE MT COEFFtC lENT • 0.8222E-02 
VACT/(3•0.06208 TOTAL SHEAP: ., O.llt48E-OO GAS SHE4.R. •O.lOitOF-01 
RUN NUMBEP: l.C.5 
0 GAS • 66.7000 CC/SEC 0 l tO • 30. 860n CC/SFC 
OJFFG•9.3800E-02 C2G•1.8T02E 01 C.3•5.3t'»llf 00 
GRP•9. 7J46E 00 CH8'"2. 7<il7BE-Ol AVGK•2. 9342E-O? 
FR. SATN•.0569 !<.AYG EXPTL• 0.01068 Ex.rH.GRP•O.l01797 
LEVESQUE: 1-H COEFFIC IFNT ,.. 0.8171E-02 
I~OtCATEO VELOCITY IS 0.4025E-OO J• 2 U(J-21 • 0.63 ... 2E 00 
0 • O.i25lf-Ol OKG = Ool027E-Ol 
YACJICJ•0.06826 TOTAL SHEAR • O.l401E-On GlS SHFAR •0.6A?.5f-02 
RUN NU~BER 11t6 
Q GAS • 133.0000 CC/SEC 0 LIO • ]0.8600 CC/'iEC 
DIFFG•9.3tiJOOE-02 C2G•5.3298E 01 Cl•5.6019E on 
GRP•6.9016E 01 CHB=2.9127E-Ol AVGK•3.1242E-02 
FR. SATN•.0252 KAVG EXPTL• O.n091t4 EX.HT.GRP•Q.08802b 
LEVESQUE MT COEFFICIENT ,.. 0.8253E-02 
INDICATED VF.LOC ITY IS 0.2870E-00 Js 2 U(J-2) '" O.Z899E-OO 
0 • 0.9690E-02 QI(G • Q.9332E-02 
VAC TIC3•D.0•6S3 TOTAl SHEAR = 0.1 '512E-00 GAS SHEAR •0 .1398E-D 1 
R~ NUJ48ER 147 
Q GAS = 250.0000 CC/SEC Q LIO • 30.8600 CC/SEC 
DIFFG•9.3800E-02 C2G•l.1435E U2 C3""6.0435E no 
GRP•2.51t05E 02 CHB•2.9941E-01 AVGK•3. 3339£-02 
FR. SATN•.0121 KAVG EXPTl• O.OOA54 EX.MT.GRP•0.076682 
LEVESQUE MT COEFFICifNT • 0.83l4E-02 
INDICATED VELOC lTV IS 0.5957E-Ol J• 1 U(J-2) .; 0.2899E-00 
0 • 0.9690E-02 OKG • O. 7689E-02 
VACT/C3m0.00896 TnTAL SHEAR • O.l7l2E-QO GAS SHEAR =0.2663E-01 
RUN NUJ48ER 163 
0 GAS • 417.0000 CC/SEC Q LIO • 30.8600 CC /SEC 
OIFFG•9.3800E-02 C2G•2.0149F. 02 C3•6.6653E 00 . 
GRP•5.8800E 02 CHE\•3.0450E-01 AVGK•3.5608f-(\2 
FRo S ATN•.007'5 KAVG E XPTL• o.OnBBl EX oM T • GRPKQ. 07'i"H9 
LEVESQUE "' COEFFIC lENT • 0.8355E-02 
INOICATF.O VElOCITY IS 0.1226£-00 J~ 1 UIJ-21 • 0.28QQE-00 
o • o.q6CJOE-02 OKG • o.eoqqe-o2 
VACTIC3 100o01672 TIJfAL SHEAR • O.l870E-OO GAS SHEAR ozQ 0 4lt4lE-Ql 
AUN NU"'BER 148 
0 GAS • 417,0000 CC/SEC 0 L1 0 • 37,1500 CCI SEC 
OIFFG•9.3800E-OZ C2G•1.9A21E 02 C3•1o 7074E 00 
GRP•3.6800E 02 CM8•3.Dl68E-Ol AVGK•3. 7936E-u2 
FR. SATN•.0092 KAVG EXPTl• 0.01084 EIC.MT.GA.P•O.OIJ6215 
l EVESQUE MT COEFF IC lENT "' 0. 8R73E-02 
INDICATtD VELOC lTV IS O.'t698E-OO J• 1 UCJ-21 • 0.21J9QE-On 
0 • 0.9690E-02 OKG a O.l218f-01 
YACTIC3•0.06773 TOTAL SHEAR • 0.20l9E-OO GAS SHEArt -..0.440RE-Ol 
R~ NU"'AER 176 
0 GAS • 8.3400 CC/SEC Q LJO • 49.7000 CC/SEC 
OIFFG•9.3800E-02 CZG•2.1582E 01 Cl•R. 2652E 00 
GRP•3.S379E 00 CHB•2.7732E-01 AVGK•3.6ll3f-<'2 
FR. SATN•.3Q12 KAVG EXPTL= 0.00918 EX.MT.GAP•0.070484 
l EVESOUE MT COEFF IC lENT • O.BQBBf-02 
INDICATED VElOCITY IS 0.6382E-Ol J• 1 UCJ-21 • 0.2AQ9E-00 
0 .. Oo9690E-02 OKG • Cl.82t<JE-02 
VACT/Cl•0.00702 TOTAl SHEAR • 0.23~8£-00 GAS SHEAR. •O.Blt3'5f-03 
RUN NU"lBER 177 

Q GAS a 16.6700 CC/SF.C 0 LIQ" 4Q.7000 CC/SfC 
OIFFG•9o3800F-02 CZG~l.723bf 01 Cl•8.2962F 00 
GRPcZ.23llE 00 (HR•2.7586E-Ol AVf,Ka3.'51)90f-Ct2 
FA. SATN•.2414 KAVG EXPTl• (1.01132 Ell:o"'T.GRPsQ.ORb7bb 
LEVESQUE !'4T COEFF IC IF NT ., O.Ql92E-02 
INDICATED VELOCITY 1S O. 5Q2QE 00 J• 1 U(J-7' • 0.21\Q'lE-00 
0 • o.qbqOE-02 OKG "' U.l22'5F-Ol 
VA.CT/C3s0.07q41 TOTA.l SHEAP • Oo213Af-oO GAS SHfAR: •O.tz-;H-02 
RUN NUt.118FR 2AA 
t') GAS"' A.9200 CC/SF.C Q L1Q" ~l.b400 CC/SFC 
OIFFG•9.3ROfiE-02 C2G•2.12Q2f 01 C1•8.'5A81F CO 
GRP•3olb37E 00 CHR"'2.7711F-01 AVGK•3.6792F-02 
FR. SATt-1•.3873 KA.VG EXPTl"' Q.OOQ72 EK.IHoGPP•O.oB209 
LfVESQUf MT COEFF IC IF NT • 0.9ll3F-02 
INDICATED VF.lOCITY IS 0.2066E-OlJ J• 1 UIJ-2' • o.ZRQClf-00 
0 • C'l.9b'10f-02 OKG • O.BRA4f-O? 
VACT/(3,..0.02181 TOTAL SHEAR • O.?"\Qlf-('10 GAS ~HEAR •o.JWlbf-0' 
RUN NUMBER 2R9 
Q GAS,.. lb.b100 CC./SEC Q LIQ • 5lo640n CC/Sf.C 
OIFfGeQ.3AOOE-02 C7G•1.8l4Fif 01 (Jefl.617t.f: 011 
GRP•2.2314E 00 CHR,.2.7'iME-Ol AVGK•3.hbAOF.-Ol 
FR. SATN•.2173 KAVG FXPTLa 0.01019 EX.MT.GRP..,U.07h64R 
LEVESQUE MT (0F.FF1C IF. NT • 0.9299£-02 
INDICATED VHOCITY IS U.3090E-00 J• 1 U(J-2' "'•O.Z8Q9E-OCI 
0 • 0.9bQOE-02 OKG ,.. 0.9640E-02 
VACT/(3•0.032'59 T!"H"Al SHEAR ,. 0.2368E-110 GAS Sl-tEAR .. o.tS'i4E-.'2 
Rl~ NUMBEfl: 178 
0 GAS • 25.0000 CC/SF.C Q L10 "' ~l.b'tOC CC/SEC 
01FFG.,9.3A00f-02 C2G.,l.3Qn1E 01 C3•8. 648bF 00 
GRP•l.2811E 00 CHR•2.7424£-01 AVGK•3.6530f-M 
FR. SATNc.154R KAVG EXPflc Oo0101J8 EIC.!o!T.GRP•0.09l113 
LEVESQUE MT COEFFIC IF. NT ., 0.9404E-02 
INDICATED VELOCITY IS 0.4249f-00 Js 1 UIJ-2l ""0.28Q9E-nl'l 
a • 0.96QOE-02 OKG ""'O.ll35E-01 
VACT/Cl•0.054'5A TOTAL SHEAP • 0.2307E-OO GAS SHEAR .. n.Z?QOE-n? 
RUN NUMBER 1 7q 
Q GAS .. 31.0000 CC/SEC Q L 1Q '" 51.h'-00 CC/SEC 
OIFFG•9.)800E-02 C2G•9.1266E 00 C)•IJ.6784f <Jn 
GRP•6.2075E-Ol CHB•2.7271tf-Ol AVGK•l. h"\QJ[-02 
FR. SATN•.ll1l KAVG EXPTI.• U.01Cl91 FX.MT.GRP•0.08lq0') 
LEVESQUE MT COFFFICIENT • 0.94h9E-02 
INDICATED VFLnCITY IS O.lt235E-U('I J~ 1 UIJ-2) • 0.2A99E-On 
0 • o.q690E-02 OKG • ll • 1 14bE-Ot 
VACT/C3•0.0'5~22 TOTU SHEAR • O.Zllbf-Q(I GAS SHFAR ""·"H4'l[-n;? 
RUN NUNBEfl: 1RO . 
0 GAS • 41.7000 CC/SEC 0 LIQ.,. '5).b400"CC/Sff. 
OIFFG•9.3800F-02 C2G*"5.1A69E 00 C\•8.110AF. 00 
GRP•l. 745bE-01 CH8=2 • 71 SlE-01 Avr.K•3. 62 9RE-02 
FA:. SUN•.091t8 KAVG EXPTL• 0.1Jlll2 EX.MT.GPP•O.ORHAO 
LEVESQUE MT COEFFIC lENT "' o.9'520E-02 
INDICATED VELOCITY IS Oo4b84E-OO J• 1 UIJ-21 = O.?RctQf-00 
0 = 0.9b90E-02 OKG .., 0.1190E-Ol 
VACT/C3=0.05Q74 TOTAL SHEAR • U.2307E-00 f,AS SHEAR ,.0.40-,lE-02 
RUN NUMBER 181 
Q GAS .,. 50.0000 CCI SE-C Q LIQ • 51. ~40U CC /SFC 
OIFfGc9.3BOOE-02 C?'G•fl.5577€--01 C3•8o 7417F no 
GRP •4 • 7015E-03 CHR s'j .nl44E-0 1 AVGK•b. 74 20E-fl7 
FR. SATN,..01Q1 KAVG EXPTL• 0.01113 EX.I'IT.GRP•O.OR1120 
LEVESQUE MT COEFFICIFNT • 0.9'i'i7E-02 
INDICATED VELOCITY IS 0.2bltof-OO J• 1 U(J-?, • 0.7fJQ'1F.-OO 
a • (•.96QOE-02 OKG • 0. 1H1bf-0? 
VACTIC3=0.02720 TOTAl SHEAP • 0.241qf-OO GAS SHEAll -=O.S145F-n~ 
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RUN NU"4RER 182 
0 GAS • 66 .. 1000 CC/SEC Q LIQ • 51.6400 CC/SFC 
DIFFG=9.3800E-02 CZG•7.B585E 00 C3•8. 8038F 00 
G RP • 3 • BA 1 '3E-O 1 C H8 •2 • 7213f -0 1 6. VGK • 3. 65 73 f-Ol 
FR. SATN•.0677 KAVG EXPTl .. 0.01270 O:.MT.GRP•C.()q4533 
LEVESQUE MT COEFF IC lENT • 0.9612E-02 
INDICATED VELOCITY I~ 0.5<J72E 00 J• 2 UIJ-21 • O.lOlOE 01 
0 • O.l536E-01 OKG • IJ.l214F-Ol 
VACT/Cl•0.06U7 TOTAL. SHEAP: • 0.2326E-OO GAS SHFAR. •0.668lE-02 
RUN NUI18ER·l83 
0 GAS • 100.0000 CC: /SEC Q ll 0 • 51 • 6400 CC /SEC 
DIFFG•9.JAOOE-02 C2G•2.S235F. 01 C3•8. qzTBF 00 
GRP•3.837RE 00 CH8"'2 .. 775bE-Ol AVGK•3.756'5E-02 
FA.. SATN•.0342 KAVG FXPTL• Q.QOq61 EX.•H.GRP•0.t)71009 
l EVESOUE "MT COEFFICIENT ., 0 .968ZE-02 
INDICATED VflOC tTY IS 0.2302E-Ol J• 
RUN NUMBER 18<\ 
0 GAS "" 133.0000 CC/SEC Q LIQ ,. 51.6400 CC/SEC 
OIFFG•9.3fiOOE-02 C2G•4.2455E 01 C3•9.0507E 00 
GRP•l.0426E 01 CHB•?.8026F-oi AVGK•3. 8189E-02 
FR. SATN•.0256 KAVG EXPTL., 0.00957 EX.MleGRP•0.070235 
LEVESQUE ·MT COEFF IC IF. NT • 0.9726E-02 
INDICATED VElOC lTV IS 0.4950E-Ol J• 
RUN NU14BER 185 
0 GAS • 250.0000 CC/SEC 0 LIO c 51.6400 CC/SEC 
DIFFG•9.l800E-02 C2G•1.0351E 02 C3•9.4863E 00 
GRP•5.1AZ2E 01 CHB..,2.f'972E-01 AVGK•It.041~E-02 
FR. SATN•.0127 K.\VG fXPTL• O.OQ8C}6 EX.'4T.GRP•0.064213 
LEVESQUE NT COEFFIC If NT .. 0.98l!E-02 
lfi!OICATED YELOCITV IS 0.261t4E-OO J., 
RUN NUMBER 186 , 
0 GAS • 521t.0000 CC/SEC Q LIQ • 51.611·00 CC/SEC 
OIFFG•9.3AOOE-02 C2G•2.1t6-48E 02 C3•1.0'506E 01 
GRPa2 .2-466E 02 CHB"'2 .9865E-01 AVGK•4. 3846E-02 
FR. SATN•.0074 KAVG EXPTLm 0.0.1092 EX.14T.GRP•0.07431H 
LEVESQUE MT COEFFIC lENT, " 0.98c;JZF.:-02 
INDICATED VELOCITY IS 0.3501E-OO J• 1 UtJ-2) "'O.lOlOF. 01 
0 • O. 1536F-Ol OKG = 0. l065E-01 
VACT/C3•0.03029 TOTAL SHEAP • 0.2895E-OO GAS SHEAR =0.5566E-Ol 
RUN NUMBER 116 
0 GAS • 6.4500 CC/SEC Q LIO c 15.4300 CC/SEC 
OIFFG,.7.5600E-02 C2G•4 .• 711BE 00 C3:a2.5886E (10 
GRP•4.4238E 00 CH8•3.0253E-Ol AYGK.,l. c;J7q1F.-02 
fR. SAfN*.389c;J KAYG f)(Pfl: 0.00707 EX."!l.GRP,.O.l0Al13 
LEVESQUE HT. COEFFICIENT :a ('1.61A7E-02 
INDICATFO VELOCITY IS O.l855E-OO J• 1 U(J-2) • O.lOli)F 01 
0 • 0.!536E-Ol OKG ., U.68c;JtE-02 
YACT/(3•0.06514 TOTAl SHEAR • 0.676BE-Ol GAS ~HEA.R •0.4150F.-U'J 
RUN NlJMRER 117 
Q GAS • 12.8900 CC/SEC Q LIO • 15.4100 CC/SEC 
OIFFG•7.~600E-02 C2G•l.B27E 00 C3•2.6067E 00 
GAP•3.1t661E-Ol CH8•7..q551E--Ol AVGK•1. 9401E-02 
FR. SATN•.24t.8 KAYG EXPTL• 0.008q5 EX.MT.GRP•O.t162A1 
LEVESQUE MT COEFF IC lENT • 0.6308F-02 
YACT/C3•0.11543 TOTAL SHEAR • 0.6152f-Ol GAS SHFAR. •O.B19~E-rn 
R. UN NUMBER 118 
0 GAS • tc;J.JSOO CC/SEC 0 LIO • tS.4300 CC/SF.C 
DIFFG•7.560UE-02 C2G•2.Uijb8E 00 C1•2. 6248F. on 
GRP •8 .OR56E-Ol CH8•2 .fi692E-Ol A YGK•l. 95bl E-02 
FR. SATN•.l753 KAVG EXPTL• O.OQc;J54 EX.MT.GRP•O.l4486c;J 
L EYESQUE HT COE FF IC lENT • 0.6 36AE-02 . 
YACT/C3•0.15265 TOTAl SHEAR • 0.6031E-01 GAS SHEAR •O.l308F-02 

RUN NU,..BFP 11Q 
Q GAS • 24.5000 CC/SEC Q LIQ ~ 1<;.4l0(1 CC/SFr 
OIFFG•7.'i600E-02 C.2C..,4.7'i9CF 00 r~•2.t:ol'l'H 00 
GRP•4.2'H9E 00 CHI\•3.021tlF-01 AVi.K .. l. <)97AF-O~ 
FR. SATN•.l31' KAVG fXPTl• t"'.OUQOS EX.MT.GRP•U.l~h9R' 
LEVESOUl: MT COEFFlCIFNT • O.b400F-C2 
VACT/C3.,0.1280Q TOTAL Stil-AR • O.h2QqE-01 r.AS StH-AR •ll.!7':1RF-07 
,RUN NU'-'RfP 120 
0 GAS • 32.2ROO CC/SFC Q LIQ • 1':1.41Ul' t:r./S.H. 
DIFFG•7.'560(1F.-0? C1G•A.84l2E Qo CJ•2.Mllf- on 
GRP•l.433t>E Ill CHB•J.t"1727r--Ol AYGK•2oO.HnF-M 
F~. SATN•.OQ'i4 KAVG FXPTl• 0.001\t-.6 fX.MT.GP~'•O.DOI)I\h 
LEVESCUf MT COEFF IC.IFNT • n.643Sf-02 
INDICATED VFLOCITV IS n.zqu4F.-OC'I J-.. ? UfJ-7.) "'0.4?'iflf-c1+" 
0 = O.lOUZf-01 OK.G "' O.I\3R2f-O?. 
VACT/C3•0.09920 TOTAl SHEAR • O.bt.30E-Ol GAS SHF.\R .. n.?42SE-U? 
RUN NU14BER 121 . 
Q GAS • 3R.7000 Ct/SEC 0 LIQ • 15.410l' CC/SEC 
o'IFfGD7.5600E-02 C2G.,1.22l0£ 01 C3•2.67Q2f. 00 
GRP•2.67Q4E Ol CHI\•3.1150E-Ol AVGK•2.0733F-02 
FR. SATN•.U802 KAVG EXPTL., Uo00R73 EX.MT.GRP•1'.11ll4Q 
l EVf.SQUE MT COEFF IC IE. NT c 0.6456F-02 
INDICATED VFLOCITV IS U.2q26E-OO J• 2 UIJ-?l = 0.4?f\'5E-00 
0 • u.lOlOE-01 OK.G = O.R41t7E-O? 
VACTIC3.,Q.QQq2q TOTAL SHFAP • O.t.674E-Ol GAt; SHFAR .,l,.2q3~f-()2 

RUN Nli"'BEP 122 
Q GAS • 51.6000 CC/SEC Q LIQ • 1'5.4100 CC/SFC 
OtFFG•7.5600E-U2 C2G=l.Ac;J7BE 01 C3=2.7l54F. 00 
GRP•6.21Al•E 01 CHR•3.1760E-Ol AVGK•2.17.Alf-0? 
FR. SATN•.062R KAVG EXPTl• C'.OOQll F.X.~T.r.RP=0.115945 
LEVfSQUE MT COEFFICIENT • 0.6488[-02 
VACT/Cl:aO.llB94 TOTAL SHE-AR ~ 0.6571E-Ol r.AS SHEAR :O.lQ16f-U? 
RUN NUMRER 123 
Q GAS c 77.4000 CC/SF:C Q liO • 15.4100 CC/SEC 
OIFFG•7.5600E-02 C2G=3.2'5l6E: Ul C3•2.787Rf flO 
GRP•l.6B66E 02 CMB:Z::~.2507E-01 AVGK•2.?U11F-u7. 
FR. SATN•.03AA KAVG EXPTl= O.OOA45 EX.MT.GRP=0.1244f42 
LEVESQUE MT COEFFICIENT'"' 0.6528£-02 
INDICATED YHOCITY IS 0.2495E-OO J• 2 UCJ-1'1 = 0.14'ilF-OO 
0 • Cl.Q456F-02 OKG = U • 816t.f-02 
VACTIC3=0.08135 TOTAl SHEAP = 0.71?5E-<Il GAS SHFAR: :.().60"i8E-U2 
RUN NUMRER 124 
Q GAS • 102.C}00t) CC/SEC 0 LIQ " 1~.4'00 CC/~H. 
OIFfGc7.5600E-02 C2G• ... ~RQ'5E 01 C3•2. R594F. 00 
GRP•3.1141E 0? CHB-=3.2964F-01 AYGK•2.76bb£-02 
FR. SATN•.0758 KAVG EXPflo: 0.00148 EX.MT.GRP•U.10R7lq 
LEVESQUE MT COEFFIC lENT • l.i.6'55JE-02 
YACT/C3•0.05728 TtJTAl SHFAR = U.7'5'58E.-Ol GAS ~HE.&,q .. tJ.Alllf-(1? 
RUN NU-.AER 12'5 
Q GAS • 193.5noo ce/SFC 0 tiC ., 15.4300 CC/SFC 
OIFFG•7.'5600E-02 C2G•Q.3433F 01 C3•,.ll3Ar fin 
GRP•9.9944E 02 CHA,.1.:Hqqf-Ol AVGK.•2.47.5::?F-(1l 
FR. SATN ... Oll2 I<AYG EXPTL• 0.00607 fX.MT.GI1P•t'.CHt4MH~ 
LEYESOIJE ~T COFFFIC.IENT • 0.6..,01E-07. 
INDICATE!'> VFlOCITV IS o.q]4QE-Ol J• 
RUN NU14RER 126 
Q GAS • 312.7000 CC/SFC Q LIO., 15.4300 CC/'iFC 
0IFFG•7 .'5600E-02 C2G•1.h122E 07 C3•1.4766F llU 
GRP•2.13Rlf n3 CHA•3.430RF--Ul AVGK•2.6('112F-fl2 
FR. SATN•.0l'13 KAVG Fk:PTL"' 0.00651') EX.MT.GRP•O.II't6'l4' 
LEVESQUE MT COEFFICJrNT • O.hbHf--02 
INDICATfO VFLOC lTV' IS n .7463£-0? J"' 



PUN Nllli!BER 149 
0 GAS ., 6.4500 CC/SEC 0 UO • 37.1500 C:C/SH 
DIFFC.~7 .S600f-CI2 C2G-.l.610RE 01 C3•1,. 2070E ('10 
CRP .. 3.7504F. t\0 CHBz3.0199E-Ol AVGK•3.059'5F.-CI2 
FR. SATN:.3552 KAVG EXPTLc O.n0645 EX.•H.GRP•0.063618 
lEVFSQUE ~f COFFFIC1ENT "'0.8U35E-02 
INDICATED VFlOCITV 15 n.4375E-00 Ja-
RUN NU"18ER 150 
Q GAS • 17.A900 CC/SEr.: 0 LIQ • 37.1500 CC/SEC 
OIFFG=7.5600E-02 CJG•l.27?9F Ul C3a6.2251F t•O 
GRP:2.3216E 00 CHR,.3.0021F-Ol AVr.K"3• 045AE-O? 
FR. SATNc.2334 KAVG EXPTl= O.OOR46 E'li.,.T.GRP:~~(I.OI3319R 

LEVESQUF MT COF.FflCIFNT c 0.8241E-C2 
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INDICATED VFLOCIT1 IS 0.6797F-01 J• 1 UtJ-z• ,. 0.3451E-OO 
0 • t.9456E-02 OKG a- O. 7'598E-O? 
VACT/C3•0.0U993 TOTAL SHF.AP. • 0.1752E-OO GAS SHFAR: •O.Q945E-03 
RUN NU .. BFR 151 
Q GAS • 19.3500 CC/SfC Q liO "' 37.150(1 CC/SFC 
OIFFG,.7.5600F-02 czr; .. 9.33Qbf. 00 C3•b.2432f' (•0 
GRP•l.2390E 00 Ct·H\=2.q804F-01 AVGK,.3.02A2F.-O? 
FR.. SAfN•.l637 KAVG f'XPTL: O.OOA91 EX."1T.GPPcO.OB7710 
lf:VESQIJE MT COFFFtCIENT • O.A345F-C•2 
INOICATEO YHOCITY l'i U.l77'5E-Of.' J• 1 UfJ-21 "'O.l45!E-('10 
0 • 0.945bE-02 OI(G • n.A747F-02 
VACT/C3a0.02585 TllfAl SHEAR :a 0.1 7l1E-OO GAS Sl-tEAq, .. Q.l452F-02 
ftUN NUMBER 11)2 
Q GAS • 24.5000 CC/SEC Q liQ "' 30.Qfo.OO CC/SEC 
OIFFG•7.iibOOE-07 C2G.,.3.389"'E 00 Cl•5.2265F 00 
G~Ps2.7Al'5E-Ol CHB .. 2.9'S2QF-Ol AVGI(•2.7451E-U2 
FR. SATN•.1300 KAVG EX'PTL• O.OOA9b EX.~T.GRP•tJ.096366 
lEVESCUE MT COFFFIC IF.NT • 0.7q43F-Cl2 
VACTIC3z0.05205 TOTAl SHEAil "' O.l3CHE-OO GAS SHEA~ •O.l798F-n2 
RUN NU'4BER 153 
Q GAS "' }q.3'500 CC/SEC Q liQ ., 30.9601" CC/SEC · 
OIFFG .. 7.'5"00E-U2 C2Gc6.0917E 00 C3•5.2120E 00 
GRPc9.0594F.-Ol CHB:~r2.971Bf-Ol AVGK,.2. 75MF.-02 
FR.. SATN•.lb42 KAVG EXPTL= O.OOA91t EX.'4T.GRP,.f..096252 
lEVF.SCUE MT COEfF IC lENT "' 0. 7894E-02 
YACT/(3•0.05290 TnTAL SHEAR"" D.138bE-OO GAS SHEAR .,0.,1383€-02 
q,uN NUt.IIRER 1'5it 
0 GAS :c 12.,8900 CC/SEC Q LIQ • 30.9h00 CC/SFC 
DIFFG .. 7.5600E-02 C2G•q.4Rl3E 00 C3=5.1939E 00 
c;q,p.,2.2176E 00 CHB•.,.,OOOitF-01 AVGK•2. 7805F.-02 
FR. SATNc.2270 KAVG FXPTL"' 0.00823 EX.P1T.GR:P .. 0.08AR14 
l EVES QUE JIIIT COFFF IC lENT "' o. 780lf-02 
INOICATEO ·VElOCITY IS O.l228E-00 J• 1 UIJ-?.f .., 0.3lt51F-OO 
0 .., o.q456E-02 OKG • 0.7499E-02 
VACTIC1•0.01149 TOTAl SHEAR"' Q.11t40E-Of' GAS SHEAR •0.961t6F-03 
RUN NUt.~~eEP 155 
0 GAS ::t h.lt500 CC/SEC Q ltO = '30.9600 CCISEC 
OIFFG=7.5600E-02 C2G..,1.2R60E 01 C3:c5.,1758F. 00 
GRP:c4.,1229E CJO CHB•3.0231E-Ol AVGK:a2.7967E-02 
FR. SATN=.3891 KAVG FXPTL= 0.00706 EX.MT.GRP,.0.076306 
LEVESQUE MT COEFFICIENT~ 0.76l6E-f:\2 
INDICATED VflOCIT'f IS D.1417E-00 J"' 
RUN NUMBER 156 
0 GAS = :32 .. 2~00 CC/SEC: Q liO • l0.860C CC/SFC 
D IFFG=7 .5600E-02 C2G:c7 .4506£-01 C3=5. 231bE 00 
GRP=l.31tOOE-02 CH8c2.9146F.-01 AVGK"~~2. 710RE-02 
FR. SATN.,.0928 KAVG EXPTL= o.oOP42 EX.MT.,GRP•0.090550 
lEV"ESCUE MT COEFFIC lENT = 0.7989f-02 
INDICATED VFLOCITY IS O.l304E-OO Jc 1 UtJ-21 • 0.34"HE-00 

o • (l.q456E-02 Ot<G :c 0.7754E-02 
VACTICJ•O.U226b TllUl. SHEAR"' 0.144BE-00 Gil~ SHfA,R •0.2'il2f-Oi' 

~~A~u:REP: ~~:7000 CC/SEC 0 liQ" ~(J.Bt-00 CC/SEC 
OIFFG•7.5bOCE-02 C2Gz4.1136f Ou Clz5.2497f nn 
GAP•4.042AE-01 CHB=2.Q570E-Ol AVGK•2. 7S50F-C~ 
FP:. SATN• .. ORlb KAVG fl(Pll• o.nOBAq EX.PH.f.RP:0.095H1 
LEVESQUE IH COEFFIC IfNI • o.8027F-02 
INDICATED YELOCil'Y IS {J.,2557E-OO J: 1 U(J-21 "0.345lf.-00 

~A~T/~;:~~g:~~~ ~~~A; ~~~::l!-g:l412f-oO GAS SHEAR •0.2q51\F-D2 

~~A~u:RER ~~~bOOO CC/SH 0 liO "' 30.8600 CC/SEC 
DIFFG•7 .. 5600E-02 C2G=l.0881E 01 C3a:5.28S9E C..O 
GRP•2,.771SE 00 CHB•3.0088F-01 AVGK .. z.Bl30f-0? 
FR. SATN•.O'i9l KAVG EXf'Tl• O.OORIJA E"JC."U.GRP•0.09l758 
lEVESOUf MT COEFFICIFNT • o.AtHOE-02 
(IIIOICATEO VELOCITY IS (J.1·f11JE-00 J• 1 UIJ-2, ""0.34"Hf-OO 
0 • t•.q451H-02 01(G .. {1.,1q4f!E-02 
VACT/CJ=0.02533 TIJTAl SHEAR • 0.14!i8E-00 GAS SHEAR ,.0.404qf-0l 

ci~A~u:BER ~~~ltOOO CC/SEC Q liU ,. 30 .. 8600 CC/SfC 
OIFFG.,..7.'5bQOF-U2 C2Go:2,.4419E 01 C3 .. 5.3581E 00 
GRP•}.3397F 01 CHB'~').UbBitF-01 AIJGK•Z.ABAlf-02 
FR. SAfN:a.0357 KAYG FXPTl• 0.00771 EK,.IItT,.GRP.,D.OIJ25qo 
lEVESOUE MT COEFFICIFNT • ('1.8133£'-0Z 
INDICATED VELOCITY IS 0.92"i5F-Ol J .. 

~~A~U:RER ~~~~QOOO CC/SFC Q LJO • 30.Ah00 CCI SEC 
OJFFG•7 .r;M,OF.-02 C 2G•J. 7799F 01 C l•S. 42qqf 00 
GRP•3.0B47E 01 CHl\.,3.125-0E-01 AVGt<•2.96llf-02 
FR,. SATN•.02At; KAVG fl(PH.,. O.OOA24 EX.MT.GRP•O.O'I/)966 

~~bi~~~~DM!E~g~~~!c:~~~~~.;9~;:~6fF~~z 1 U(J-21 "'O.H"SlF-00 

~A~T/~;:6~ri~;~~ ~~~A~ ~~;:!T~-b~l'\4lE-00 GA~ SHfAR •O.R?2r;E-0? 

~~~A~u:BER.l~~~ 5ooo c~/SEC QUO • JU.B60C CC/SEC 
OlfFGe7.5600F-02 C2G ... B.5337E 01 C3•5.6Bit3E 0('1 
GR.Pc1.3705E 02 CH8•3.2351E-01 AVGM;.,).l364f-(J2 
FR. SATN•.OlU4 KAVG FXPTL"' 0.00564 EX.HT.GRP•I".USB211 
lEVESCUF MT C:OEFFIC lENT "' Q.8247f-(J2 
INDICJTEO VHOC.JTY IS O.blt03E 00 Jo: 

~~A~U:BEP: 3~~~TOOO CC/SEC 0 UO "' 30.Ab00 CC/SfC 
DIFFG•7.5600E-02 C2G•l.5313E 01 (}r~b.0471E On 
GRP•3.6652E 02 CHR•3.3083E-01 AVGK•3• 3082F-07 
FR. SATN•.00R5 KAVG EKPTL• 0.00774 fl(.P1T.GRP•O.C773RA 
l EVESOUE MT tOE FF IC IF NT ,. 0. 8299F -02 
INDICATED VElOCITY IS 0.1;\6TE-OO J= 1 

~~A~u:eFRit~~:oooo cc/sEc o ltO... 51.640f\ ·cctsec 
OIFFG•7.5600E-02 C2Gcl.B!i4lE 02 Cl•9• 7399f 00 
GR.P•1.2859E 02 CH8=1.23C3E-Ol AVGKc4.0995F-02 
FR. SATN-...00'52 KAVG EXPlle 0.00588 f)(,.MT.GRP:O.Oit6l08 
lEVESQUE MT COEFFICIENT"' 0,.9Bl8F.-02 
INDICATED VHOCIT'f IS O.l231E 01 J"' 
RUN NUMBER 188 
Q GAS • 193.5000 CC/SEC Q LIQ "' 51.6400 CC/SEC 
OIFFG•7.'5600E-02 C2G•7.4431tE 01 C3•9.1't61E (10 
GRP•2.503(JE 01 CH8•3 .. 1103f-Ol AV~K"'3• 821t9E-02 
FR. SATN•.0104 KAVG FXPTL• 0.00">64 ex.•n.r,RP•0.0458Q} 



-.:....\ 

LEVESQUE MT COEFFIC lENT ,. Oe97lBE-02 
INDICATED VELOCITY IS 0.1306E 01 J• 
RUN NUJ!tBER 1R9 

-173-

0 CAS • 102.9000 CC/SEC Q LIQ • 5J.640lt CC/SEC 
OIFFG•7.5600E-02 C2G•2.6896E 01 Cl•B.8~H7F 00 
GRP•3.5567E 00 CH8•3.Ql81f-Ol AVGK•3.65%E-CI'-
FA. SATN•.0271 ICI.VG EXPTl• 0.00784 EX.J1T.,GRP•0.064626 
LEVESQUE HT COEFF IC JFNT c Q.9613E-02 
INDICATED YfLOC ITY IS 0.5854E 00 J• 
Ri.lll NUII!BER 90 
Q GAS • 95.2000 CC/SEC Q LIQ • 51.6400 CC/SEC 
OIFFG•7.5600E-02 CZG•2.2856E 01 C3•8. 8701E 00 
GRP•2.,5873E'OO CH8•3.0062E-Ol AYGK•3.64t08E-02 
FR. SATN•.0298 KAYG EXPTl• 0.00798 EX.~~tT.GRP•0.065F176 
LEVESQUE HT COEFF IC lENT • 0.9598E-02 
l"tOlCATED VELOCITY IS 0.5360E 00 J• 
RUN NUJ!tBER 191 
Q GAS • 77.4000 CC/SEC 0 LIQ • 51.6400 CC/SEC 
OIFFG•7.5600E-02 C2G•l.3516E 01 C3•8. 8201E. 00 
GRP•9.2027E-Ol CHB•2.Q722E-Ol AYGK•3. 5894E-02 
FR. SATN•.0176 KAYG f)CPTL"' 0.00818 EX.MT.GRP•0.067730 
LEVESQUE HT COEFFIC lENT • 0.955RE-02 
INDICATED VELOCITY IS Q.lt1H8E-00 J• 
RLW NUMBER 1()2 
Q GAS • 51.6500 CC/SEC Q liO • 51.6.00 CC/SEC 
OIFFG•7.5600E-02 C2G•5.2273f-03 C3•B. 7478E 00 
GRP•l.ltl09E-07 CHB •2.8CJ5CH-01 AVGK•3. 4829£-02 
FR. SATN•~056l KAVG E)CPTL• 0.00815 EX ... T.GRP•0.067727 
LEVESQUE MT COEFFICIENT • 0.()473E-02 
INDICATED YELOC JTY IS O.lt57()E-00 J• 
RUN NUMBER 193 
0 GAS • 18.7000 CC/SEC Q LIO •, 51.6400 CC/SEC 
OIFFG•7.5600E-02 C2G•6.7896E 00 C1•B.7llltf CO 
GRP•2.4l01E-Ol CliB•2.9516E-01 AVGK•3. 5425E-02 
FR. SATN•.0734 KAVG EXPfla 0.0079() EX."4 T.GRP•0.0665Q7 
LEVESQUE MT (OEFFIC lENT • 0.91t05F.-02 
INDICATED VElOCITY IS 0.4729E-00 J• 
RUN NUMBER l94o 
Q GAS • 32.2800 CC/SEC 0 liQ • 51.61t00 CC/SEC 
DIFFG•7.5600E-02 CZG•l.Ol5FIE 01 C3•B.6931tE 00 
GRP•S.4286E-Ol CH8•2 .9614E-Ol AVGk•3. 5505E-OZ 
FR. SATN•.lOBO KAVG EXPTL• 0.00980 EX.~H.GRP•0.081759 
LEVESQUE MT COEFFIC tENT • 0.9360£-02 
INOICATEO VElOCITY IS O.l619E-00 J• t. U(J-21 • 0.34'51E-OD 
0 ., 0.9456f-02 OKG • Q.B97bE-0Z 
VACT/C.3•0.0l691 TOTAL SHEAR • O.Z425E-OO·GAS SHEAR •0.2495£-DZ 
RUN NU148ER 195 
0 GAS ., Zlt.5000 CC/SFC 0 LIQ "' 51.6400 CC/SEC 
OIFFG•7.5600E-02 C2Gcl •• 21tOE 01 C3•f!.b7lbf 00 
GRP .. l.,;074'9f 00 CHB,.2.9763E-Ol AVGK•3. 5640E-02 
FR. SATN•.l256 KAYG fXPTl.., O.OOA65 EJ!:.fiiiT.GRP•0.07225Q 
LEVESQUE 114T COEFFIC lENT ., 0.9286E-02 
INDICATED YflOCITY JS O.ZOR6E-00 J• 
RUN NUMBER 196 
0 GAS • 19.3500 CC/SEC ·Q liQ • 51.61t00 tCISEC 
DIFFG•7.5600E-02 C2G•le6943E 01 C)•~.6571F. 00 
GRP•l.'J292E 00 CHB•2.9871E-Ol AVGK•3.S739F-D2 
FR. SATN•.l651 KAYG FXPTt• O.OOFI9'9 EX.NT.GA:.P•0.075116 
LEVESQUE HT COEFF It lENT • 0.921'9f-02 
INDICATED VElOCITY IS 0.71561E-01 J• 
Rl.lll NUMBER 1 '97 
Q GAS • 12.8900 CC/SEC Q liQ ., 51.640{'1 CC/SEC 

DIFFG•7.5600E-U2 C2G..,2.0B2E 01 C3•f!.6390F l!O 
GRP•2.Z162E 00 CHB•J.OOOlE-01 AVGK.•3. 'iA60F-02 
FR. SATN•.2254 KAVt. FXPTL• U.OOAI7 EX."'l.GRP•O.(I6R39't 
LEVESQUE "'T COEFF IC IF NT • 0.90921:-02 
INDICATED VELOCITY IS 0.2962E-00 J• 1 
RUN NU"48ER 198 
Q GAS • 6.4000 CCISEC Q liQ • ~1.6't00 CC/SFC 
OIFFG•7.5600E-"2 CZG•2.H37e OJ C3•B.62C8F 00 
GRP•3.03q9f 00 CHA•1.0123E-01 AVGK•3. '5CJh'H-02 
FR. SATN•.4070 KAVG fXPTl• 0.007"\) EX.MT.GRP•U.Ohl16Q 
LEVESQUE MT COEFFICIENT • O.f'AJQE-02 
INOICATfD VEl DC ITY IS C.4806E-00 J• 
RUN NUMBER 127 
0 GAS • 't4.5000 CC/SEC 0 LIQ • 15.410(1 CC/Sff. 
OIFF-G•3.7700E-01 C2G•l.5BAE 01 C3•2.668Sf Vt'l 
GAP•2.133AE 02 CliB•l.4636E-Ol AVGK•2.171CJf-02 
FR. SATN•.l313 KAVG EXPTL• O.Ol~lt4 EX.,H.GRP•I).tl0814 

~~~i~~~;O~~]~~~F~~i!~N~H;A~·~h6:~~g~E.-01 GAS SHFAR .. 0.1912£-0?. 

RUN NU-.BER 128 
Q GAS • 67.5000 CCISEC Q liQ • t'J.4l00 CC/SF.C 
OIFF-G•3.7700F-Ul C2G.,2.74BE 01 C3•2.7llflf 00 
GRP,.6.5232E 01 CHB•l.625Qf-Ul AVGK•2o43lH-02 
FR. SATN•.OB40 KA'IG fXPTl• O.Ol5Q5 EX.MT.GRP•0.1066'tl 
LEVESQUE MT COEFFICIENT • O.b7U8f-02 
VACT/C3•0.3Q316 TflTAl SHEAR • 0.3B49E-01 GAS SHEAR "O.H75F-07 
RUN NUNAER tzq 
0 GAS • RQ.lOOO CC/SEC Q LIO.. 15.4300 CC/SH. 
OJFFG•3.7700E-:CJ1 C2G"3.AM9E 01 C3•2.7525f OU 
GRP•1.248AE 03 CHB•l.61615E-01 AVGK•2.'t65'tf-0? 
FR.. SATN•.0645 KAVG FXPfl• Uo01617 fX.MT.GRP•O.l07l5'; 

~i~~~~~:O~~q~~~ F~~~ !~N~H;A~ ·~ 7~~~;~~f -01 GAS SHFAR •t' .Bl !IF-D2 

RUN NUMBER 130 
Q GAS • 112.5000 CC/SEC Q LIQ "' 15. 1-300 CC/S.Er: 
OJFFG•"J.7700E-01 C2G•5.1215E 01 C3c2.79b5F. f·tl 
GRP•2.0672E Ol CHB.,l.641t2E-01 AVC.K•2.-496Af-(12 
FR. SATN•.056S KAYG FKPTL• O.lll78Q EX.MT.GRP,.(' •. 117A"J't 

~:~~~~~!o~!A~~~F~~~!~N~H;A~·~ 7~~j~~!E-01 GAS SHEAR •O.'i459E-02 

~U~A~U:RER ~~~~0000 CC/SEC. Q LIQ = tS.'t"'OO CC/SEC 
OJFFG .. J.7700E-01 C2G,.6.3087E 01 C3•2. A389F 00 
GRP•2.Q9R3E 03 CH8"'1.64'96F-Ol AVGKcZ. 5?40f:-C?. 
FR. $ATN.,e0433 KAVG f)CPTl., O.Olb'tlt EX ... T.GRP•P.lt17414 
LEVESQUE MT COEFFICifNT c n.6729F-M' 
VACT/C3•Q.3Q.348 TOTAL SHf:AR • O.'t02bE-Ol GAS SHFAA: •O.h.7'56f-O? 

~~~A~U:BER 2~!~0000 CC/SEC Q liQ .. t5.'t100 CCISEC 
DIFFG•3.7700E-Ol C2G•l.l004f 02 C3•3.0U64f <'·0 
GRP•7.6814E 0.3 CH8•1.6624E-Ol AVGK•Z.bl74F-02 
FR. SATN•.0278 KAVG F.XPTL• -0.01 7'tQ EX.M f. GIIP•O.lll07~ 
LEVESQUE MT CnEffiCIFNT • llo6141f-OZ 
I/ACT/C3•0.'tZ113 TOTAL ,$HFAR • 0.1Q64f-Ol GAS SHfAR .. ().l\'t'tF-nl 

~~A~u:eERZ~~~OOOU CC/SEC: Q liO • 15.~t10(1 CC:/SH. 
OIFFG•1.7700E-Ol Ci!Co•l.3411F 02 C3•\.ocnuF. 00 
GRP•t.0509F." 04 CHA•1.6663E-Ol "AVGK•Z.MIIF-02 
FR. SATN•.0206 KAVG F.XPTL• O.Ol"ib't EX.MT.GRP•0.097<H4 

~:~~~~~~0·~~~~~~F~~~~~N~H;A~·~
7~~~;~~E-OI GAS 5HFAR •O.l'tOlf-Ql 

R!.J\1 NU"'BER 13oft 
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Q GAS " 35q.0000 CC/SEC Q LIQ "' l'l.4'\00 CC/SEC 
OIFFGc3.770(;F-Ol C2G•l.fH27F 02 C'hJ. 2605f 00 
G RP• 1.631tt.oE O't CHfh: 1 .6 715E-O 1 AVGK=2. 7408F-02 
FR. SATN•.Ol48 KAVG fXPTLz: 0.01496 EX."4T.GPP•0.09122t 
LEVESQUE HT COEFFJC lENT ,. o.6751F-l'2 
VACT/Cl•0.26'H2 TOTAL SHEAP ""0.6076E-Ql GAS SHEA~ •O.liiAOE-01 
RUN NUiriiiBER 164 

Q GAS • 44.5000 CC/SEC Q LTO • 30.6600 CC/SEC 
OIFFG•J.7700E-(JI C2G•7.196M 00 C3•5.2'5'\3E 00 
GAP•b.l~7'5E OU CH8•1.5476E-Ol AVGK.,3.21(19F-02 
FR. SATN•.l41t0 KAVG FXPTL• 0.01R03 FX.fr"'T.GPP•0.0866ll 
l EVESUUf MT COEFF IC f[NT • 6. 6392E'-02 
VACTIC3•0.2"141 TQU,l SHEAR ., U.9q48f-Ol GAS SHEAR •O.lA75E-U2 
RUN NU~AEJI: 165 

Q GAS • 67.5000 CC/SEC 0 liO • 30.8bOO CC/SEC 
.OIFFG,.3.7700E-Ol C2G•l.9332E 01 C3•11.2966F no 
GR.P•o~t.l350E 01 CHA"'l.5772E-Ul AVGK•l. i>960F-oz 
~R.. SATN•.OA26 KAVG EXPTL• 0.01'569 EX.MT.GR.P•0.07';06l 
LEVFSQUE MT COEFFICt(NT • n.e~16E-02 
VACT/Cl•O.l761t5 TOTAL SHEAR. • O.ll61§E•OO GAS SHEAR •t'1.322'8E-02 
R.UN NUMRER 166 

ll GAS • 90.0000 CC/SF.C Q LIQ • 30. RbOO CC /SEC 
OIFFG•3.7700E-Ol C?.G•"3.12C13E 01 (3c5.3390E 0('1 
GRP•t.1027E 02 CHR"'l.594oltE-Ol AVr.K .. 3. 3453F·02 
~R. SATN•.0597 KAVG EXPTL• 0.01513 EX.MT.GRP•0.(1720fl8 
LEVESQUE MT COEFFtC lENT '"' 0.8431E-02 
VACT/(3:0.16030 TOTAL SHEAR • O.pOSE-00 GAS SHEAR •0.4it60E-02 
RUN NUMBER 167 

Q GAS "' 112.5000 CC/SEC Q liQ • 30.8600 CC/SEC 
OIFFG•3.7700E-('It C2G•4el074E 01 Cl•5. 3813E 00 
GRP•2.0522E 02 CHR•l.6057E-01 AVGK.,3. 3fi24E-02 
FR. SATN•.0524 KAVG EXPTl"' 0.01658 EX."'T.GRPz0.078731 
LEVESOUF. MT COEFFIC lFNT "' C•.6441E-C\2 
Vt.C.T/0•0.19694 TOTAL SHEAR : O.ll44E-QO GAS SHEAR •0.5'578E.:..oz 
RUN NU/IIIBEP lh8 

Q GAS "' 135.0000 CC/SEC 0 LIQ • 30.A600 CC/SEC 
OIFFG•3.7700E-t'l C2Ga5.494t>F 01 C3•5.4l37E 00 
GAP•3.2blbE 02 CHB.,1.bHOE-01 AVGK•l.4132E-02 
FR:. SATN•a0428 KAVG fXPTl• 0.01~21 EX."4T.GRP•0.01691B 
LFVESOIJE NT COEFFICIENT • O.R449F-11~ 
VACT/(3 .. 0.18493 TIJTAL SHEAR • Q.l17"6E-OO GAS SHEAR: m:O.bROZf-02 
Rlfo4 NU"4BE:IOI 169 

Q GAS • 177.0000 CC/SEC Q l1Q • 30.8600 CCI SEC 
0 I FfG,.3 • 7700E-O 1 C 2G•7. 7l05E 01 C 3•5. 5027F 00 
GRP=b.1501E 02 CHRal.6249F-01 AVGK•3.4613F-C2 
FR. SATN=.Q2b3 KAVG EXPTl ... 0.01312 EX.MT.GP:P•0.061573 
LFVESOIJE MT COEFFIC lENT "' ll.8460E-02 
VACTIC3z:O.ll143 TOTAL SHEAR • 0.1339E-QO GAS SHEAR c0.9198E-02 
Rlfo4 NU"!RER 170 

0 GAS a 221t.OOOO CC/SEC Q LIO • 30.8600 CC/SEC 
OtfFG•3.7700E-01 C2G•l.Ol90E 02 C3•5.5912E 00 
GRP=l.0240~ 03 CHR•l.6333E-Ol AVGK•3.~070E-02 
Fq. SATNa.0244 KAVG FXPTL"' O.Cl'539 EX.Ml.GRP•0.07lb8R 
LEVESQUE MT COEFFIC lENT • 0.8469F-02 
VACT/(3•0.15297 HlTAl SHEAR "" O.l277E-QO GAS SHEAR .. 0.1161E-Ol 
RUN NU"4RER 111 

0 GAS ,. 270.0000 CC/SEC Q LIO ,. 30.A600 CC/SEC 
01FfG,.3.7700E-01 C2G•1.2617E 02 C3•5.6778F 00 
GRP"'I .4992E Ol CHR=l.h393F-Ol AVGK•3. 5411E-02 
FQ. SATN•.Ol76 KAVG EXPTL., 0.013"37 EX.MT.GRP•O.Obl770 
LEVE50UE MT COEFFIC lENT ,. 0.8476E-02 
VACT/C3•0.ll061 TflTAl SHFI\R = O.l3FPIE-OO GAS SHEAR •O.l415f:-Ol 
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INDICATED VELOCITY IS 0.6255E 00 J= 2 U(J-2) = O.l002E 01 
0 = O.l664E-Ol OKG = O.l326E-Ol 
VACT/C3=0.06209 TOTAL SHEAR = 0.23QlE-OO GAS SHEAR =O.l418E-Ol 
RUN NUMBER 207 
Q GAS = 332.0000 CC/SEC Q LIQ = 51.6400 CC/SEC 
DIFFG=3.7700E-Ol C2G=l.4792E 02 C3=9.2755E 00 
GRP=4.7261E 02 CHB=l.6204E-Ol AVGK=4.4814E-02 
FR. SATN=.Ol55 KAVG EXPTL= 0.01447 EX.MT.GRP=0.052330 
LEVESQUE MT COEFFICIENT = O.l005E-Ol 
INDICATED VELOCITY IS ·o.7251E 00 J= 2 U(J-2t = O.ll80E 01 
0 = O.l797E-Ol OKG = O.l400E-Ol 
VACT/C3=0.07107 TOTAL SHEAR = 0.2392E-OO GAS SHEAR =0.1745E-Ol 
RUN NUMBER 208 
Q GAS = 359.0000 CC/SEC Q LIQ = 51.6400 CC/SEC 
DIFFG=3.7700E-Ol C2G=l.6217E 02 C3=9.3263E 00 
GRP~5.5879E 02 CH8=1~6233E-Ol AVGK=4.5016E-02 
FR. SATN=.Ol42 KAVG EXPTL= 0.01429 EX.MT.GRP=0.051546 
LEVESQUE MT COEFFICIENT = 0.1005E-Ol 
INDICATED VELOCITY IS 0.6963E 00 J= 2 U(J-2) = O.ll32E 01 
0 = O.l764E-Ol OKG = 0.1380E~Ol 
VACT/C3=0.06787 TOTAL SHEAR = 0.2416E-OO GAS SHEAR =O.l890E-Ol 



-176-

APPENDIX D 

COLLECTION OF PROGRAMS SOLVING THE CONVECTIVE TRANSPORT EQUATION 

This section includes all the computer programs which were written for 

the solutions of the problems which were suggested in the course of this work. 

These include: 

(a) "GRINT" - A program which solves the convective mass transfer 

equation for a single phase with a parabolic profile and one moving wall. 

(b) "BAKKER!! - A program which solves the convective mass transfer 

equation for an infinite medi-Qffi with a moving interface and a linear slope in 

velocity. 

(c) "GRAGRA" -A program which solves the interphase mass transfer 

problem where is flow between two flat plates and hence there are parabolic 

profiles in both phases. 

(d) nGRAPENn - A prograi(l which solves the interphase mass transfer 

problem where the upper phase has a parabolic velocity profile and the lower 

phase has a constant velocity and is infinite in extent. 

(e) "CJKING" -A program which solves the interphase mass transfer 

problem where the upper phase is infinite in extent and has a li.near gradient 

in velocity and the lower phase has a constant velocity and is also infinite 

in extent. 

All of these programs are written in Fortran IV and were compiled and executed 

on the UCLRL IBM 7094 and CDC 6600 computers. The fact that they all contain 

instructions for the operation of the "Calcomp" plotter will probably cause 

them to be inoperative on any other computer in their present form. The 

letters "CC" at the beginning of any term indicates that it is involved in 

plotting instructions. 

Included with each source program are a set of instructions on how to 

operate the program. The print out will be explained where that is necessary. 



Card l 

' 'card 2 

Card 3 

Card 4 
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"GRINT" 

Necessary Input 

NODATA is the number of separate cases which are to be run. There 

must be at least two, but not more than ten 

M is the number of divisions in the y direction (from interface to 

wall) 

N is the number of divisions taken along the wall 

IND tells the computer to print and plot only every INDth profile in 

concentration which it generates 

JELL is the allowable number of inerations in correction of the direct 

solution. (Set it at 10) 

JS tells the computer which piece of data it is dealing with, will be 

l for the first piece of data and NODATA for the last. 
r 

IRD, if this is 0 the concentration profile is not plotted, if it is 

l the profile is plotted. 

R is set at 0.001 times VAV. Experience has shown that this gives 

stable results. It is the dimensionless group, DL/U0b
2 

VAV is the ratio of the average velocity to the interfacial velocity. 

This is really a series of cards which appear in each of the five 

·programs and serve the function of extending the length of, the ex­

posure. If R is set at the value given above, the first exposure 

will be to a Graetz number of 0.001. To extend this, add the following 

card, LR, if set equal to 1 extends calculation, if set at zero it 

terminates. 

MD tells the computer by how much to extend the range; eg. -MD = 2 

doubles the range. Note MD must be such that N is divisible by it 

without remainder eg. if N = 50 then MD = 2 is admissable while 

MD = 3 is not admissable 

IND gives you the opportunity to change the number of profiles which 

you print 

NOTE: A card with 00 in the first two columns must appear as the last card 

in a sequence. 
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This card has brought the calculation to a second Graetz number, say 0.002. 

The next #4 card will bring us to MD times 0.002 so that if the new MD is 5 
then the new card will bring the calculation to Gz = 0.010. Repeat the pro­

cedure until the desired Gz is obtained. 
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SJBFTC GRJNT 
C GRAETZ MOOEL WITH INTERFACIAL VELOCITY 

DIMENSION 01200ltGLI90JtGGI90JtXNUI901tWI2001 
DIMENSION YD(2001tRU!10t500JtRUTilOt500J t5(200J 

DIMENSION Xl200ltAI200)tR!200)tC!200ltVAR!2001tGI200lt01200l 
DIMENSION T!0500ltXRI05001tXTS(05001 tXDI200J 
COMMON/CCPOOL/XMiNtXMAXtYMINtYMA~tCCXMINtCCXMAXtCCYI~INtCCYMAX 
CALL CCBGN 
READI2t57J NODATA 

57 FORMAT II2l 
50 READI2tll r MtNtiNOtJELLtJStiRD 

1 FORMAT 14I5ti2tll l 
READI2tl07l RtVAV 

107 FORMAT!2Fl2o6l 
WRITE13t67l 

67 FORMAT!53H1RESULT~ ~F GRAETZ SOLUTION WITH INTERFACIAL VELOCITY//) 
WRITE I 3 tl 04 I R 

104 FORMAT I 3H R=tF10o7l 
P•1o/FLOATINJ 
H2•1,/FLOATIMI 
WRITEI3t 4 l HZ 

4 FORMAT( F6o4tl7H GAS Y INCREMENT //1) 
WRITE I 3 • 5 l P 

5 FORMAT!F6o4t22H X DIRECTION INCRE~ENT///1 
WRITE!3t110l VAV 

110 FORMAT! 7H VAV = tF10.51 
M=M-1 
L•M+l 
LO•L+1 
tt•O,O 
XMJNaO,O 
YMIN•OoO 
XMAX•1o0 
YMAX•1e0 
CCYMIN•100e/1024• · 
CCYMAX•1000e/1024e 
CCXMIN• 80o/1024o 
CCXMAX•1080,/1024o 
JF!IRDI 44t44t46 

44 CALL CCGRID !lt10t5t6HLARELStltl0t5l 
CALL CCLTR (400o/1024tt10o/1024ot0t2t5H V/B I 

CALL CCLTR ll0o/1024ot350o/1024ot1t2tl4H CONCENTRATION) 
46 MR•l 

DO 15 JcltL 
15 XIJI:oO,O 

XNUI• lo/H2 
AY•6o*VAV-4o 
AYS=3o-6o*VAV 

18 ALP=!H2*H21/IR*Pl 
CARG•ALP*Oo25*H2*13t*VAV-l•+H2/2,-VAV*H2l 
WRJTEI3t601 ALPtCARG 

60 FORMATI6H ALP• tF10a5thH CARG= tE10,4l 
YDIL+li•H2*FLOATILI 
von 1 •o.o 
DO 9 J• 1 tM ·, 
Z•HZ*FLOATIJ I 
YOIJ+li•Z 
VARIJI•!1o+AY*Z+AYS*Z*Zl*ALP 
A!Jl•-llo+VAR!Jll*2a0 



CIJI=le. 
9 BIJI=l• 
CILI=le~2e*CARG/3e 
ACLI•-C1a+4t*CARG/3el 
0( l)aA( 1) 
DO 19 I•MRtN 
I I=Jt+l 
IFil-l) 68t69t68 

69 Olli=-C2o+VARI111 
DO 70 J=2 tL 
QCJ-ll=BCJ-11/0IJ-1) 

70 OIJI•AIJI-CIJI*QIJ-1) 
G(ll•-1•()/0(1) 
MRl=MR+l 
GO TO 71 . 

68 IF CI-M~ll 45t72t45 
72 DO 54 J=2 tL 

QIJ-11=8CJ-11/0CJ-1) 
54 OIJI•AIJI-CIJI*OIJ-11 
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45 Glll•-(2a-2e*(la-VAR(l)I*XIll+XI2l)/AI11 
71 DO 12 J= 2 •~ 

WIJ)•X!JI 
12 G!JI•I2o*lle-VARIJII*XIJI-XCJ-11-XIJ+ll-CIJI*G!J-111/0IJ) 

GILI•IIlo-4a*CARG/3oi*XCLI-C1e+2•*CARG/3ei*XCMI-CCLl*GCMII/OCLI 
Will .X Ill 
WI LI•X I L1 
Xfll•GILI 
DO H J=1t~ 

. Jl•L-J 
J2•Jl+1 

13 XIJli=GIJli-Q(Jli*XIJ2) 
DO 75 J0•1tJELL 
IFCI-11 7&,77t76 

77 .SET=XI11 
Xlll•-IXI21+1e)/Oill 
.Sili•A8.SIXI11-SETI 
GO TO 78 

76 SET=XIll 
Xlli•-IXI21-2t*lle-VARI11l*Will+2e+WI21)/A111 
Slll•ARSIX11)-SETI 

78 DO 79 J=2tM 
SET=XIJI 
XtJI•-IXIJ+li+XIJ-ll-2e*llt-VARIJII*WCJI+WCJ+1)+WIJ-111/A(JI 

79 SIJI•ARSIXIJ)-SETI 
SET=XILI 
XILI•-IXIMI*CILI-Ile-4e*CARG/3•l*W(LI+!lt+2a*CARG/3ei*WIMII/A(L) 
SILI•ABSIXILI-SETI 
DO 80 JatltL 
IFISIJI-0.000011 80t80t75 

80 CONTINUE . 
GO TO 81 

75 CONTINUE 
81 CONTINUE 

Y•P*FLOAT III*R/VAV 
WRITE I 3 t 14 I Y 

14 FORMATI16H GRAETZ NUMBER= tF9t5 
Tllti=Y 
XN =119.-30e*XI11+18e*Xf2l-10e*X(31+3t*XI411/Il2e*H21 

... 
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XDI11=1o0 
DO 91 J•ltl 

91 XDIJ+l)=XIJI 
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IFf MOD 1ItiND)l20t16t20 
16 WRITE! 3o22 l 
22 FORMATI//30Xt3H P t28H GAS PROFILE FROM INTERFACE Ill 

DO 31 J,;,ltl 
IFIXIJI -0.000011 32t32,31 

32 LOW=J 
GO TO 33 

31 CONTINUE 
-LOW"L 

33 WRITEI3t23 It XIJ),J:: 1 tLOWI 
23 FORMATI25XtE10a41 

IFIIRD1 43t43t20 
43 CALL CCPLOTfVDtXDtLOt4HJOINt0tOI 
20 XNUIII=XN 

RUf JSt I I I =XN!JI I I 
WRITEI3t301 XN 

30 FORMAT(23H LOCAL NUSSELT NUMBER =tE10e4l 
SUt•H•Oa 
SUM2=0e 
DO 28 J• 1 tMt2 
SUMlaiVARIJl/ALPJ*X(JI+SUMl 

28 SUM2=fVARIJ+li/ALPI*XIJ+ll+SUM2 
CUP aH2* (4o*SUM1+2o*SU~2+1~nD)/fVAV*~•00) 
XNS=CUP/Y 
RUT! JS • II I :rCUP 
WRITE (3t17l CUPtXNS 

17 FORMAT(25H CUP MIXING CONCENTRATIO~tE12,6,16H AVG NUS~ELT NO=tE12e 
16/ II . 

19 CONTINUE 
READ 12t2l LRtMD tiND 

2 FORMATI2I2ti51 
IFILRI 3t6t3 

3 OIV=FLOAT(MDI 
R•R*DIV 
DO 8 I=ltN 
MO=I/MO 
IFIMOD!ItMDII 8tllt8 

11 XNUIMO!=XNUIII 
8 CONTINUE 

MR=N/MD +1 
MRl=rMR 
GO TO 18 

6 SUM1=0e 
SUM2,.0a 
NO=N-2 ( 
DO 24 J=ltNOt2 
SUM1aXNU(J)+SUM1 

24 SUM2•XNUIJ+li+SUM2 
XNUSLT•P*(4o*SUM1+2o*SUM2+4e•XNUIN-li+XNUfNl+XNUII /3e 
WRITE (3t251 XNUSLT 

25 FORMATI27H THf AVE NUSSF.LT NUMBE1 IS tE10e41 
SUMl=Oo 
SUM2•0e 
DO 26 J= 1 tMt2 
SUMl=IVARIJI/ALPI*XIJI+SUMl 
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26 SUM2•1VARIJ+li/ALPI*XfJ+ti+SUM2 
CUP1•H2* (4e*SUM1+2e*~UM2+le001/IVAV*3e001 
WRITE I '3o27 I CUPl 

27 FOR-MATII/37H CUP MIXING CONC FR0:·4 EXIT PROFILE ,. tE10•4//II 
VEL•XNUSLT*R/VAV 

WRITE I 3t29 I VEL 
29 FORMAT(4'3H CUP MIXING CONC FROM INTERFACIAL FLUXES = tE10•4 

CALL CCNEXT 
IFINOOATA-J51 83,83t82 

, 82 GO TO 50 
83 CONTINUE 

XMIN•OeO 
YMIN•OeO 
XMAX:rY 
YMAX•l•O 
CCXMAX•1280e/1024. 
CALL CCGRIO (1,10t5t6HLARELStltlOt51 

CALL CCLTR (400./1024ool0•/1024•tOt2tllH GRAETZ NOo I 
CALL CCLTR (10e/1024oo350o/1024otlt2o21H FRACTION SATURATION 
DO 89 J•ltJS 
DO 85 I•l, It 

85 XRIII=RUTIJt!l 
CALL CCPLOT !TtXR tllo4HJOINtOt01 

89 CONTINUE 
CALL CCNEXT 
UP•0 1 0· 
ON•lOO, 
00 7 J•i tJS 
IFIRUCJ,tii-ONI 87t87t84 

87 ON•RU (J • II l 
84 DO 21 t=ltlO 

!FIRU CJtii-UPI 21t2lt88 
88 UP•RU (Jtll 
21 CONTINUE 

7 CONTINUE 
XM!N=-5• 
XMAX=leO 
YM!N•FLOATIIFIX!ALOGlOCDNI-lell 
YMAX:rFLOATIIFIXCALOGlOClJDI+loll 
Kt=IFIXIYMAX-YMINI 
CALL CCGRIO (6t6HLAAELStKI I 
DO 42 I•lt!I 

42 TCJJ:rALOGlOITCIII 
CALL CCLTR (400o/1024etl0o/1024et0t2tl6H LOG(GRAETZ NOol I 

CALL CCLTR (10o/1024ot350•/l024otlt2t24H LOGCNUSSELT NUMBER) 
00 86 J•ltJS 
00 90 I •1' I I 

90 XTSI1J•ALOG1n(RU(J,III 
CALL CCPLOT (ToXTStllo4HJOINtOoOI 

86 CONTINUE 
CALL CCENO 
STOP 
END 
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Output 

The output is self exp..Lat)d'tory • All results are in nondimensional 

form • Profiles proceed from the interface to the wall. Only concentrations 

greater than a certain value (1o•5) are print~d to conserve paper. A sample of 

the output is given below. 

GRAETZ NUMAER= o.uooc;o 

P GAS PROFILE FP0'-1 INTERFAC[ 

U.8404F 00 
0.6R48E 00 
0.5383F 00 
0.406f"lE-OO 
0.2922E-OO 
O.l996E-OO 
0.12B8F-GO 
0.7811E-01 
0.4436F-()1 
0.2352E-01 

LOCAL NLJSSELT NU~Bt:R =O.l625F 02 
CUP MIXING CONCENTRATICN0.143Q44E-Ol AV~ NUSS~LT NO=O.l4~~44E 0? 

GRAET7 NUMBER= 0.00052 
LOCAL NUSSFLT NUMBFR =O.l597E 02 
CUP MIXING CONCENTPATIO~O.l47116E-Cl AVG NUSSELT NO=O.l47ll6E 0? 

GRAET7 NUMAER= O.U0054 
LOCAL NUSSELT NUMBER =O.l571E 02 
CUP MIXING CONCENTRATIONU.l507~6F-Ol AVG NUSSFLT NO=O.l50236F 02 

GRAETZ f\JU~BER= 0.00056 
LOCAL NUSSELT NU~BFR =O.l546E 0? 
CUP MIXING CnNCENTRI\TIONC•.15B07E-Ctl AVG NUSSELT Nf1=0.15~~07E 02 

GRAETZ NUMR[R= 0.00058 
LOCAL NUSSELT NUMBER =0.152?E 0? 
CUP MIXING CONCENTRATIONU.156331E-Ol AVG NUSSFLT N0=0.156331E 0? 
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Figures 59 to 65 are plotted concentration profiles associated with 

the "GRINT" program. The table given belo1-1 is a listing of the values of the 
2 

modified Graetz numbers (DL/U b ) for which concentration profiles are drawn 
m 

in each graph in the order of increasing fraction saturation. The value of 

the parameter Urr./Uo is also given. 

Table D-1 

Graetz Numbers for which Profiles are Plotted in Figures 59 to 65 

Number Graetz Number 
of Curve 

,/' 

l 0.00050 

2 0.00100 

3 0.00200 

4 o.oo4oo 

5 o.oo8oo 

6 0.00160 

7 0.03200 

8 0.04800 

9 o.o64oo 

10 0.08000 

ll 0.09600 

12 0.11200 

13 0.12800 

14 0.14400 

15 0.16000 

16 0.24000 

17 0.32000 

18 0.40000 

19 o.48ooo 

20 0.56000 

21 o.64ooo 

22 o. 72000 

23 0.80000 

24 1.6oooo 
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Fig. 59. Concentration profiles for single phase controlled mass transfer 
showing profiles for various vaiues of the Graetz munber. The velocity 
ratio, U /U = 10.0. m o 
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Fig. 6o 

Concentration profiles for single phase controlled mass 
profiles for various values of the Graetz number. 
U /U = 4.0. 
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Fig. 61. Concentration profiles for single phase controlled mass transfer 
showing profiles for various values of the Graetz number. The velocity 
ratio, U /U = 2.0. m o 
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Fig. 62. Concentration profiles for single phase controlled mass transfer 
showing profiles for various values of the Graetz number. The velocity 
ratio, U /U = 1.0. m o 
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Fig. 63. Concentration profiles for single phase controlled mass transfer 
showing profiles for various values of the Graetz number. The velocity 
ratio, U /U = 0.667. m o 
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Fig. 64. Concentration profiles for single phase controlled mass transfer 
showing profiles for various values of. the Graetz nwnber. The velocity 
ratio, U /U = 0.5. . m o 
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Fig. 65. Concentration profiles for single phase controlled mass transfer 
showing profiles for various values of the Graetz number. The velocity 
ratio, U /U = 100.0 (may be assumed to be the Graetz solution). 

m o · 
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Necessary Input Data: The following changes are necessar;y in the input data 

of the GlUNT program. 

Card 1 is omitted. 

Card 2 .JS and .DlD are not used. 

LARK- The number of divisions,which are added to the 

7~irection,in order to keep the mass transfer fr0111 

penetrating to the wall. Care must be exercised in not 

oyer-running the field of the dimension atatemant. 

Card 3 YAY now takes on the value of the interfacial slope in 

the velocity profile. 

Card 4 IND is not included. 

Output 
Sane typical output fro. tJ'le program is shown below. BB GHOUP is 

a
2

D x/ U
0
3 • 'l'he Cup Mixing concentration ar.d KAVG-- are.me&ttingless. 

K(LOC)*( 'X/UO*D)**0.5 is the Beak and Bakker Mass Transfer Group. 

PROFI~E AT 88 ~QOUP = O.(l(JQ60 

G4S GRADIFNT 0.1211~ 02 

K(LUCI*(X/U,*DI**0.5 = o.5933F 00 
CUP MIXING CONCENT~ATiflN0.282342F-Ol K~VG*f~**?*O*L/U,**31**0.5 

NfJ. flF ROW IS 25 CONVFRGENCF AT J = 
PQOFflf AT 88 GROUP = 0.01000 

P GAS PROFILE FROM !NTFPFACE 

o.ll20HF o? 

O.R828E 00 
o.7678E oo 
o.6'>74E no 
0.5535E 00 
0.45 79E-OO 
0.3 71 Qf-00 
0.296~E-OO 

0.2314E-OO 

Note: Profile Continues but 

was not all included 
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BEEK AND BAKKER SOLUTION 

50 

DIMENSION Q( 200 I eGU 200 I eGG! 200 I •XNUI2001 eWI200 I •VAR I 200 I 
DIMENSION X!200leA!200)e8(2001eCl2001tSI2001 tGI2001 t0!2001 
READI2til MtNtiNDtJELL tLARK 

1 

107 

67 

104 

4 

5 

110 

FORMAT !5151 
READ(2t1071 RtVAV 
FORMAT!2F12a61 
WRITE! 3e671 
FORMAT!53H1RESULTS OF LEVESQ SOLUTION WITH INTERFACIAL VELOCITY//) 
WRITE! 3t1041 R 
FORMAT(10H D/UO*X = tF10a3l 
P•lo/FLOAT!NI 
H2"la/FL0AT!MI 
WRITEI'3t 4 I H2 
FORMAT( F6•4~17H GAS Y iNCREMENT 1111 
WRITEC3t 5 I P 
FORMAT!F6a4e22H X DIRECTION tNCREMENT//11 
WRITE!3t1101 VAV 
FORMAT!9H A*XIUO• tF10e51 
M:aM+LARK 
L=M+1 
MR111 
DO 15 J"'ltl 

15 X!JI=O•O 
XNUI= 1•/H2 

18 ALP=!H2*H21/fR*PI 
FA•H21FLOAT(LI 
FAR=FA/!H2*100el 
CARG=ALP*0•5*!1o+VAV-OaS*VAV*H2*FARI*FAR 
WRITE!3e601 ALPtCARG 

60 FORMAT!6H ALP= tF10e5t6H CARG= tEl0•41 
DO 9 J: 1 eM 
Z•H2*FLOAT!J I 
VAR!Jia(1.+VAV*ZI*ALP 
ACJI•~!1.+VAR!J11*2•0 
C!JI•1• 

9 BIJI•1e 
CILI•1e-2a*CARG/3a 
A!LI=-11e+4a*CARG/3•1 
O!li•A!11 
DO 19 I•MRtN 
IF!I-11 68t69t68 

69 Olli=-C2a+VAR(111 
DO 70 J•2 tl 
Q(J-11•BIJ-1)/0(J-11 

70 OIJI•AIJI-C!~I*Q!J-11 
G! ll=-1a0/0! 1 I 
MRl=MR+1 
GO TO 71 

68 IF !I-~11 45t72e45 
72 DO 54 J•2 •L 

Q(J-1l•B{J-11/0!J-11 
54 O!JI=A!JI-C!Jl*OIJ-11 
45 G!11=-!2a-2a*lla-VAR(1II*XIli+X!211/A(ll 
71 DO 12 J• 2 tM 

W(JI•X(JI 
12 G! J I"' I 2•*1 lo-VAR'! JII*X I JI-X I J-1 1-X ( J+1 1-C! Jl *G!J-1 I 1/0! Jl 

G!LI•!(1o-4o*CARG/3ol*X!LI-C1a~2a*CARG/3ai*X(MI-CILI*G!Mti/O!LI 
W!li=X!ll 



W!li.,X(.l) 
XCLI,.G( L I 
DO H J•loM 
Jl•L-J 
J2=Jl+l 

13 XCJli=G(Jli-OCJli*XIJ2) 
00 75 JO=l.JELL 
IF!I-11 76t77o76 

17 SET=X!ll 
X!11•-!X!21+1•1/0C11 
S!11=ABSCX!11-SETI 
GO TO 78 

76 SET=X!ll 
XC11•-CX!ZI-2•*11.-VARI1ll*Wili•?•+Wf211/Aill 
S(l)•ABSCX!li-SETI · 

78 DO 79 J=2oM 
SET:sXfJ) 
XCJI•-CX!J+li+XIJ-li-2•*Cle-VARCJII*WIJI+WfJ+li+W!J-lii/ACJI 

79 SCJI=ABSfXCJ)-SET) 
SET=X!Ll 
X!Ll•-CXCMI*C!Ll-!lo-4e*CARG/3•I*WCLI+!le+2o*CARG/3oi*W!MII/A(LI 
SCLI=ABS!~!LI-SETI 
DO 80 J=loL 
IF!SfJ)-0,000011 .80t80t75 

80 CONTINUE 
GO TO 81 

75 CONTINUE 
81 WRITE!3o821 IoJO 
82 FORMAT!l6H NO• OF ROW IS ti3t 20H CONVERGENCE AT J • ti31 

Y=P*FLOAT !II 
XY=VAV*VAV*R*Y 
WRITE( 3• 14) XY 

14 FORMAT!22H PROFILE AT BB GROUP = tF10e5///) 
GG!Il=CJ9,-30e*XIll+l8,*X(21-10•*XC31+3e*X!411/fl2,*H21 
Ir! MOD !IoiNDII20tl6o20 

16 WRITEI3o22 I 
22 FORMAT!//30Xt3H P t28H GAS PROFILE FROM INTERFACE Ill 

WRITE!3t23 If X(JitJ• 1 tll 
23 FORMAT!25XoE10o41 
20 SGG=GG! I I 

WRITEf3t 211 SGG 
21 FORMAT! 14H GAS GRADIENT El0•41/ll 
57 XNU! I I=GG! I I 

7 XN=XNU!II *fR*YI**0•5 
WRITE!3o301 XN 

30 FORMAT !25H K!LOC)*(XIUO*DI**Oo5 = tE10•41 
SUMl=Oo 
su,~.~z .. o, 
DO 2 8 J = 1 , M t 2 
SUMl=!VAR!JliALPI*X!JI+SUMl 

28 SUM2=!VARIJ+li/ALP)*XIJ+l)+SUM2 
CUP =H2* (4o*SUM1+2o*SUM2+ltJOII!Cl•+VAVI2tl*3•1 
XNS=CUrHVAV /R 
WRITE 13ol7) CUPtX~S 

17 FORMATC25H CUP MIXING CONCENTRATIONtE12,6o30H KAVG*(A**2*D*L/U0**3 
11**0,5 = f El2o6//l 

19 CONTINUE 
READ 12t2l LRtMD 



.. , 

''"' 

.... 

2 

3 

11 
8 

6 

FORMAT12I2) 
IFfLRI 3t6t3 
DIV:rFLOATIMD) 
R=R*DIV 
DO 8 J:zltN 
MO=I/MD 
IFIMOI'>IItMDH 8tltf8 
XNUfMO)aXNUil) 
CONTINUE 
MRaN/MD +1 
MR1=MR 
GO TO 18 
SUM1=0e 
SUM2•0e 
NO•N-2 
DO 24 Ja1,N0,2 
SUM1•XNUIJI+SUM1 

24 SUM2sXNUIJ+l)+SUM2 
XNUSLT"~*I4e*SUM1+2e*SUM2+4e*XNUIN-l.)+XNUINI+XNUI) /3e 
WRITE 13t251 XNUSLT . 

25 FORMATI27H THE AVE NUSSELT NU~BER !S tE10e4l 
SUMl•IJe 
SUM2s0a 
DO 26 J= 1 ti'tt2 
SU~l=IVARIJI/ALPI*XIJ)+SUMl 

26 SUM2•1VARIJ+11/ALP)*XIJ+l)+SUM2 
CUPlaH2* 14e*SUM1+2e*SUM2+le00)/flle+VAV/2e)*3el 
WRITE I 3t27 I CUPl 

27 FORMATI//37H CUP MIXING CONC FROM EXIT PROFILE • tE10o4///l 
VEL=XNUSLT*R/VAV 

WRITEI3t29 I VEL 
29 FORMATI43H CUP MIXING CONC FROM INTERFACIAL FLUXES a tE10e4 

GO TO 50 
END 



Concentration profiles have been plotted for various values of the 

distance group, 
2 3 a Dxju

0 
, in Fig. 15. Each curve has been assigned a number. 

The following is a listing of the values of the distance grouping corresponding 

to each number on the curves. 

Curve Number 
2 3 

a Dxju
0 

Curve Number 
2 3 

a Dxju
0 

l 0.01 20 3.60 

2 0.02 21 4.00 

3 0.04 22 6.00 ,., 
4 0.08 23 8.00 

5 0.16 24 10.00 

6 0.24 25 12.00 

7 0.32 26 14.00 

8 o.4o 27 16.oo 

9 0.48 28 18.00 

10 0.56 29 20.00 

ll 0.64 30 40.00 

12 o. 72 31 6o.oo 

13 0.80 32 80.00 

14 1.20 33 100.00 

15 1.60 34 120.00 

16 2.00 35 140.00 

17 2.40 36 160.00 

18 2.80 37 180.00 --· 
19 3.20 38 200.00 
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Necessary Input 

Card 1 NODATA is the number of separate cases which are to be run. · There 

must be at least two and not more than ten. 

Card 2 This card is. the same as the corresponding card in the "GRINT" program 

with two changes. 

is the number of subdivisions in the liquid phase. K 

M is the number of subdivisions in the entire channel width. 

Therefore there are K-M divisions in the gas phase. 

TOL provides for the fact that the liquid is not normally penetrated 

by the exposure. If TOL is set at 2, for example, only the 

half of the liquid phase nearest the interface is calculated. 

As a result the mesh in the liquid is twice as fine as the 

original mesh which is based upon the entire width. 

Card 3 GP 
2 

is the liquid phase parameter. It is set equal to D
1
L/U

0
b 

where L is the length of the first exposure in the series. 

R is the gas phase parameter. It is set equal to DgL/U0a 

with L being the same as in the liquid phase. 

F is the interfacial parameter. It is equal to DgliU/D1a, 

where~ is the dimensionless Henry's law constant, H/RT 

2 

VAV is the ratio of the average velocity in the gas phase to the 

interfacial velocity. 

AA is the width of the gas phase. 

BB is the width of the liquid phase. 

Card 4 This card is identical to the corresponding card in the "GRINT" 

program. 

Any set of units may be used in this program since all parameters are 

dimensionless. 

Output 

The output from this program is similar to that of the "GRINT" program, 

except of course the output now includes both phases. The concentration pro­

files start at a finite depth in the liquid phase and proceed up through the 
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liquid to the interface. The interfacial concentration is printed, and then 

the gas phase concentrations are printed. In order to conserve paper, all 

liquid con.centrations greater than 0. 999 and all gas concentrations less than 

l0-5 are not printed. Thus, at least initially, only concentrations near the 

interface are printed. 

It is found that the program consumes about 0.5 minutes to run each 

case. This assumes that eight lengths are used to cover the interface. The 

printout from such a run is approximately 3000 to 10,000 lines depending 

upon the number or concentration profiles which one chooses to print. 

Care must be taken in selecting a grid. No more than 199 points may t".; 

be used in M. N must be less than 500. No extension can be made of the grid 

since the core of the computer is close to saturation with this grid. 



... 
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GRAGRAt4t300t120000t 468001 , RVER~ 

MODE 7• 
RUNJISttttttl200001 
REQUEST TAPE9i9e CAL-COMP PLOT TAPE 
DENSITY TA~E99t5e SET DENSITY TO 556~ 

GRAGRAe 
EXIT• 
DMPe 
DMPC36003t36020 I 

PROGRAM GRAGRA IINPUTtOUTPUTtTAPE98tTAPE99tTAPE2=INPUTtTAPE3zOUTPU 
ITI 

DIMENSION S I 2021 t Tf 0500 !tXR I 0500!. ')(TS I 0500 I 
DIMENSION UL(2021 tXI2021•AI2021tBI2021tCI202ltVARI2021 
DIMENSION Gl2021t0(202)tQI2021• XNUI202ltWI2021 
DIMENSION VDI202ltRUI10,500),RUTI10t5001 

C GAS LIQUID MASS TRANSFER IN CO~FINED COCURRENT FLOW 
COMMON/CCPOOL/XM IN tXMAX tV·III I Nt Y..,AX tCCXM I NtCCXMAX' CCV'-11 N tCCVMAX 
FACTOR =1024e 
COM~N/CCFACT/FACTOR 
READI2t57) NODATA 

57 FORMAT II21 
50 READI2tll ~tMtN tiNDtJElltTOLtJS 

1 FORMAT15I5tF6e3ti21 
71 READI2t107) GPtRtF tVAVtAAtBB 

107 FORMAT16F12e6l. 
CON•IGP/Rl**Ot5/F 
WRITE I 3t671 

67 FORMATI53HlRESULTS OF GRAETZ SOLlfTION WITH INTERFACIAL VELOCITY! 
WRITE I 3t80) 

80 FORMAT 128H AND LIQUID PHASE RESISTANCE //1 
WRITEI3tl04l FtRtGP 

104 FORMAT (3H F•tF10•3t3H R~tF10a6t4H GP=tFlOo61 
H1•lo/IFLOATIKI*TOLI 
KRUMB•M-K 
H2•1e/FLOATIKRUMBl 
P•1e/FLOATINI 
WRITEI3t 4 l HltH2 

4 FORMATIF6e4t19H LIQUID Y t~CREMENTtF6e4t17H GAS Y INCREMENT 
WRITE I 3 t 5 ) P 

5 FORMATIF6a4t22H X DIRECTION INCR~MENT 
WRITEI3tl101 VAVtAAtBB 

110 FORMAT! 7H VAV • tF10•5t4H AA=•Fl0e5t5H BB= tF10e51 
RAG•RIVAV 
WRITE (3t911 CON 

91 FORMATilOH SIGMA*H= tE10,41 
CON=F *H2/Hl 
DIV=laO 
MO:tl 
TR•la/TOL · 
JI•O 
KO=K+1 
KOlzK0+1 
L•M+l 
MR•1 
DO 15 J=1tK 

15 XIJI•1a0 
DO 81 JsKOtL 

81 X!JI•O,O 
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ALP•fH2*H2)/fR*PI 
BET=fHl*Hli/(GP*P) 
XCK+ll•fBET*CON)/CBET*CON+ALPI 
VEX=XfK+l) 
XNUI=I1o0-VEXI/Hl 
AY=6o*VAV-4o 
AYS=3o-6o*VAV 
XMIH•-1o0/TOL 
YMIN•OeO 
XMAX•1e0 
VMAX=leO 
CCYMIH•l00o/1024o 
CCYMAX=1000o/1024~ 
CCXMIN• 80o/1024o 
CCXMAX•1080o/1024e 
KJ•lO+tFI~flOe*TR). 
CALL CCGRID flt10t5t6HLABELStltKJt51 

CALL CCLTR (400o/1024ot10o/1024ot0t2t5H Y/L I 
CALL CCLTR 110o/1024et3:0o/l024otlt2tl4H CONCENTRATION! 

18 ALP 2 fH2*H2l/fR*PI 
BET•fHl*Hll/fG~PI 
CARL•Oo5*BET*ff1o-TR*TRI-TR*H1/2o0-Hl*Hl/l2ol 
CARG=AL~*Oo25*H2*(3e*VAV-lo+H2/2.-VAV*H2J 
WRITEI3t601 ALPtCARGtCARL tSET 

60 FORMAT(6H ALP• tF10o5t6H CARG= tE10o4t6H CARL= tE10o4t6H BF.T= tEl 
10o4//) 
Afll•-(lo+4o*CARL/3ol 
YOfLI•l•O 
YD(l) ,..;. TR 
YD(KOI•OeO 
Bfll =1o-2o*CARl/3o 
DO 8 J•2tK 

. YL •Hl*fFLOATIJI-FlOAT!KOII 
YD(J)=TR* YL 
ULfJ)•lo-YL *YL 
A!Jl •-flo+ ~ET*UL(J))*2e0 
CIJ I • 1• 

8 8(J) = 1o 
AfK+li•-ICON*Ilo+BETI+ f1o+ALP)) 
B(K+ll•lo 
CfK+li•COI'f 
DO 9 J•KOltM 
J1•J-KO 
Z•H2*FLOATIJ11 
YD(J)=Z 
VARfJI•11t+AY*Z+AYS*Z*Zl*ALP 
AfJI~-flo+VARIJII*2oO 
C(J)•1o 

9 BfJI=lo 
CfL)•lo-2o*CARG/3e 
AtLI•-flo+4o*CARG/3ol 
Ofli•Afll 
DO 10 J•2tL 
QfJ-li•BfJ-11/0CJ-11 

10 OfJI•AfJI-CIJI*QIJ-11 
DO 19 I•MRtN 
It•I 1+1 
Gl 11•1 t 1o-4o*CARt./3o I *X ( 1 I-f lo+2o*CARL/3• I*X I 21 I /Of 11 

II· 
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DO '31 J•2tiC. 
W!JI•X!JI 
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~1 G!JI•!-X(J-11-X!J+l)+2•*fl•-BET*UL(J))*X(J)~C(J)*G!J-ll'/O(JI 
G! IC.+l I • t-CON*X! K 1-X! KOl 1+1 CON* t le-BETI+ I le-ALP I I*X! K+l 1-

lC!IC.OJ*G(KIJ/O!KOl 
DO 12 J=ICOltM 
W!JI•X!JI 

12 GIJI=I2e*(1e-VAR!JII*X(JJ-X(J-li-XIJ+1)-C!JI*GIJ-li'/OIJI 
Gfll•l!1e-4e*CARG/3ei*XILI-11e+Z6*CARG/3ai*XIM)-C(LI*GIMII/0(LI 
W(IC.+lt•XU::+11 
Wllt•XIll 
W!Lt=X!L) 
X!Lt•GCLI 
DO 13 J=ltM 
Jl•L-J 
J2=J1+1 

13 X!Jli=G!Jlt-Q!Jli*X!J21 
DO 75 JO=itJF.LL 
SET::XI 1 I 
X{l)~1,25*1!1•-2•*CARL/3,)*XI21-!le-4a*CARL/3ei*Will+(le+e667*CARL 

li*WI2ll/lle+4e*CARL/3el-0•25*SET 
Slli=A~SIX!li-SETI 
DO 12 J=2tK 
SET,..XIJI 
X! J l =-1• 25* I X I J+ 1 j +X I J-1 I -2 • *I 1e -BFT*tlll J I ) *W! J I +WI J+l I +WI J-1) 1/A ( 

1J)-0e?.5*'ii:T 
~2 ~IJI=AASIX!J)-SETI 

SET=X I K+11 
X!KO!= -1.25*(XIKI*CON+X!K01l+WtKI*CON-ICON*Il.-BETI+ !la-ALPll 

l*W!KOl+W!KOlli/A!KO I-De25*SET 
SIKO I=ABS(X(K+li-SETI 
DO 79 J=KOl tM 
SET.=X I J I 
X!JI=-!X!J+ll+XIJ-1l-2e*ll•-VARIJII*W!J)+W!J+1t+WIJ-lii/A(JI*l•25-

10o25*SET 
79 SIJI=AI3SfX!JI-SETI 

SET~XILI 1 

X!LI=-IX!Ml*CILI-!l~-4.*CARG/3el*WILI+!1e+2e*CARG/3el*WIMII/AILI 
1*le25-0o25*SET ' 

S!LI=ABS!X!LI-SET) 
DO 33 JOKE= 1tl 
IF!SCJOKE)-0,00011 33t33t75 

33 CONTINUE 
GO TO 34 

75 CONTINUE 
34 CONTINUE 

DO 11 J•1tl 
IF!X!Jl-leOI llt11t40 

40 X!J)•leOO 
11 CONTINUE 

Y=P*FLOAT !II *DTV*RAG 
WRITEI3tl41 Y· 

14 FORMAT!l6H GRAETZ NUMBER• tF9e5 
T!III=Y 
XN =!19,*X(KOI-30o*X!KOll+l8o*X!K+21-iOe* XIK+3l +3e*X(K+4!)/ 

1112e*H21 
xsz:XIK+ll 
IF! MOD IItiNDl!20t42t20 
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42 DO 1~1 J=ltKO 
IF !X!JI-Oo9991 132t1~2tl31 

132 LOL=J 
GO TO 133 

l'H CONTINUE 
Lot.=K -1 

1~3 DO 134 J=KOtl 
IF CX!JI -0.0011 135t135tl34 

135 LOW =J 
GO TO 136 

B4 CONTINUE 
LOW:L 

136 WRITEI3t38 I I XJJitJ=LOLtKl 
38 FORMATC25XtF10o6l 

WRITEI3t '351 XS2 
35 FORMAT!30H INTERFACIAL CONCENTRATION IS F7o5///l 

WRITEI3t22 I 
22 FORMAT!//30X,3H P t28H GAS PROFILE FROM INTERFACE //l 

WRITEI3t23 I I X!JitJ:KOltLOWI 
23 FORMAT!25XtF10o61 

CALL CCPLOT !YDtXtlt 4HJOINtOt07 
WRTTEI3t1371 LOLtKOtLOWtKRUMB 

137 FORMAT!I4t29H DIVISIONS PRINTED !N LIO OF ti3t5Xti3t29H DIVISIONS 
!PRINTED IN GAS OF tl3l 

20 VEX=X! K+ll 
.XNU!IlmXN 
RUIJS•Ili=XNU!tl 
WRITE13t301 XN tJO 

31 FORMAT!5Xt25H LOCAL :NUSSELT NUMBER = tE10e4t20H CONVERGENCE AT J = 
1 • I3l 

SUMl=Oo 
SUM2=:Jo 
DO 28 J=KOltMt2 
SUMl=IVAR!JI/ALPI*XiJI+Sll'-11 

28 SUM2=!VAR!J+11/ALPI*X!J+11+SUM2 
CUP =H2 * !4o*SUM1+2e*SUM2+lo~OI/!VAV*3o00) 
XNS=CUP*VAV*DIV/R 
RUT!JStiil=CUP 
WRITE !3t17l CUPtXNS 

17 FORMATI5Xt2~H CUP MIXING CONCENTRATION tE12o6t16H AVG NUSSELT NO=• 
1El2o6//l 

19 CONTINUE 
READ 12t21 LRtMD tiND 

2 FORMAT( 2T2 t I 5 l 
IFILRI 3t6t3. 

3 DI =FLOATIMI>I 
R=R*DI 
GP =GP*DI 
fHV=DIV*I>I 
DO 41 JzltN 
MO=I/MD . 
IF I MOD (I t MD I ) 41 t16 t 41 

16 XNU!MOI=XNUIII 
41 CONTINUE 

MR=N/MD +1 
MRl•MR 
GO TO 18 

6 SUMl•Oa· 
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SUMlmO• 
SUM2"'0• 
NO•N-2 
DO 24 J 2 ltl'f0t2 
SUMl•XNUIJ)+SUMl 
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24 SUM2•XNUIJ+l)+SUM2 
XNUSLT•P*I4e*SUM1+2e*SUM2+4•*XNU!N-ll+XNU!Nl+XNUII /3e 
WRITE !3t25) XNUSLT 

25 FORMATI27H THE AVE NUSSELT NUMBE~ IS tElOe4l 
SUMl=Oe 
SUM2•0• 
SUM3=:)•0 
SUM4=0•0 
no 26 J=K01•M•2 
SU~1i!VAR!J)/ALPI*XIJ)+SUM1 
SUM3•VARIJr/ALP +SU~j 
SU~4=VARIJ+l)/ALP+SUM4 

26 SUM2=1VARIJ+li/ALPI*XIJ+ll+SUM2 
CUPl=H2* !4.*SUM1+2e*SUM2+1.00)/IVAV*3e00) 
WRITEI3t27 ) CUP1 

27 FORMATI//37H CUP MIXING CONC FROII EXIT PROFILE= tE10•4 
VEL•XNUSLT*R/VAV 

WRITEI3t29 ) VEL 
29 FORMAT!43H CIJP MIXING CONC FROM INTERFACIAL FLUXES a tE10e4 I 

CALL CCNEXT 
IFINODATA-JS) 83t83t82 

82 GO TO 50 
83 CONTINUE 

XMIN=OeO 
YMJNaO.O 
Xllo1AX=Y 
YMAX=1•0 
CCXMAX= 1280e /1024• 
CALL CCGRID (1,10t5t6HLA~E~Stlt1Jt5) 

CALL CCLTR C400./1024.tl0•/1024at0t2t11H GRAETZ NO. ) 
CALL CCLTR !I0e/1024et350e/1024etlt2t21H FRACTION SATURATION 
DO 89 J=loJS 
llO 8 ~ I = 1. t I I 

85 XRI J)=RIJT!Jotl 
CALL CCPLOT !TtXR tiio4HJOINtOt0) 

89 CONTINUE 
CALL CCNEXT 
UP=OeO 
DNa100e 
DO 7 J•1 tJS 
IFIRUIJ•III•DNI 87t87t84 

87 r>NaRUIJ•II) 
84 JO 21 I •1 , 1 0 

IFIRU CJtll-UP) 21t21t88 
88 UP=RU !Jell 
21 CONTINUE 

7 CONTINUE 
XMIN•-5• 
Xllo1AXs1e0 
YMIN•FLOATIIFIXIALOG10!DNI-1e)l 
YMAX=FLOAT!IFIXCALOG101UP)+1ell 
KI=IFIXIY~AX-Y~JN) 
CALL CCGRID (6t6HLABELStKI ) 
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DO 52 I =1• It 
52 T!Il~ALOGlO!TIIll 

CALL CCLTR (400e/1024otl0o/1024et0t2tl6H LOG!GRAETZ NOel I 
CALL CCLTR !l0e/1024et350e/1024otlt2t24H LOGINUSSELT NUMBER) 
DO 86 J"ltJS 
DO 90 I =1, II 

90 XTS!J)2ALOG10!RU!Jtlll 
CALL CCPLOT !ToXTStllt4HJOINtOt0l 

86 CONTINUE 
CALL CCEND 
STOP 
END 
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Results of the GRAGRA Program for the Experimental Systems 

Two gases, helium and carbon dioxide, were used as the gas phase in 

the interphase experiments in which ether was evaporated from 0.5 mole% alcOhol 

solutions into a gas phase. GRAGRA was used to compute the theoretical curves 

for these two situations. Since in both cases a wide range of velocities 

were used, six series of solutions were made with the velocity ratios, urr.1u
0

, 

ranging from 0.5 to 10.0 for both systems. Figures 66 and 67 are the overall 

Nusselt numbers for different values of the parameter Urn/Uo plotted as a 

function of the Graetz number. The former gives the results for carbon dioxide 

while the latter gives the values for helium. The value of the velocity ratio 

is given on each curve. The Nusselt number is based upon on initial driving 

force. 

The remainder of the curves (Figs. 68 to 79) are concentration profiles 

far tretvo systems.. Negative values of the ordinate are an indication of a con­

centration in the liquid phase; positive ones are in the gas phase. The 

pertinent information on each curve is given in Table D-2. 

Uju0 

10.0 
4.0 
2.0 
1.0 
0.667 
0.5 

Table D-2 
Concentration Profile Plots 

Figure Number 
Helium Carbon 

68 

69 
70 
71 
72 

73 

dioxide 

74 

75 
76 

77 
78 

79 

In each case profiles are plotted for the values of Graetz number given in 

Table D-3. 
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Fig. 66. Cup mlxlng concentration as a function of Graetz number (theo­
retical) for evaporation of ether from ethanol into helium flowing 
at different values of the parameter U /U . m o 
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Fig. 71.· Interphase concentration profiles for the evaporation of ether 
from ethanol solution into helium for different values of the Graetz 
number. U /U = 1.0. m o 
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from ethanol solution into helium for different values of the Graetz 
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Fig~ 73. Interphase concentration profiles for the evaporation of ether 
from ethanol solution into helium for different values of the Graetz 
number. U /U = 0. 5. m o 
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Fig. 74. Interphase concentration profiles for the evaporation of ether 
from ethanol solution into C02 for different values of the Graetz 
number. U /U = 10. m o 
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Fig. 75. Interphase concentration profiles for the evaporation of ·ether 
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Fig. 76. Interphase concentration profiles for the evaporation of ether 
from ethanol solution into C02 for different values of the Graetz 
number. U /U = 2.0. 
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Fig. 78. Interphase concentration profiles for the evaporation of ether 
from ethanol solution into C02 for different values of the Graetz 
number. U /U = 0.667. m o 
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Table D-3 

Graetz Numbers of Profiles in Figures 68 to 79 

Profile Number Graetz Number 

l 0.00050 

2 0.00100 

3 0.00200 

4 o.oo4oo 
... 
"' 

5 0.00800 

6 0.01600 ..... ~ 

7 0.03200 

8 o.o48oo 

9 o.o64oo 

10 0.08000 

ll 0.09600 

12 0.11200 

13 0.12800 

14 0.14400 

15 0.16000 

16 0.24000 

17 0.32000 

18 o.4oooo 

19 o. 48000 

20 0.56000 
~· 

21 o.64ooo 

22 0.72000 

23 0.80000 t't 

24 1.6oooo 
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"GP.APEN" 

Necessary Input 

The necessary data are basically the same as in GRAGRA except for the 

changes noted below. 

Card 2 TOL is removed, and in its place KOL is needed. This is the number 

of divisions which are added to the liquid in order to make the 

solution infinite in extent. This value must be found by trial and 

error. 

Card 3 Only two parameters are necessary in this case, F and VAV. They both 

have the same definition as in the previous case. 

·Output 

The output is self-explanatory for the most part. It is basically 

the same as in GRAGRA . 



-222-

GRAPENt 4t 300tl20000o .68001t SYERS 
MODE 7o 
RUNJCStttoto120000) 
REQUEST TAPE99o CAL-COMP PLOT TAPE 
DENSITY TAPE99t5o SET DENSITY TO 556o 
GRAPE"'e 
EX ITt 
DMPo 

PROGRAM GRAPEN CINPUToOUTPUTtTAPE99tTAPE98tTAPE2=INPUTtTAPE3•0UTPU 
lTl 

DIMENSION XRC500lt XC5001tAC5001tBC5001tCC500ltVARC200) 
DIMENSION Gl500lt0C500)t0C5001t XNUC200itW!5001 
DIMENSION RUC6o500it RUTI06t5001 

C GAS LIQUID MASS TRANSFER IN CONFINED COCURRENT FLOW 
COMMON/CCPOOL/XMINtXMAXoYMINtYMAXtCCXMINoCCXMAXtCCYMINtCCYMAX 
COMMON/CCFACT/FACTOR 
FACTOR=l024o 
READC2t571 NODATA 

57 FORMAT Cl21' 
50 READ!2tll KtMtN tiNDtJELLtKOLtJS 

1 FORMATC6I5 t12) 
71 READC2,107) FtVAV 

107 FORMATC2Fl2o61 
Ra0.001*VAV 
GP=R/2o · 
WRITE I 3t67l 

67 FORMATC53HlRESULTS OF GRAETZ SOLUTION WITH INTERFACIAL VELOCITY) 
WRITE I 3t80) 

80 FORMAT 128H AND LIQUID PHASE RESISTANCE //J 
WRITEC3ol()4) F 

104 FORMAT 13H F=tF10e31 
Hl=1o/!FLOAT!KII 
KRtJMq=M-K 
H2•1o/FLOATIKRUM81 
P=l•/FLOATOII 
WRITEI3t 4 I H1tH2 

4 FORMAT!F6o4t19H LIQUID Y INCREMENTtF6e4tl7H GAS Y INCREMENT 
WRITE I 3 t 5 l P 

5 FORMAT!F6o4t22H X DIRECTION INCREMENT 
WRITEI3ol10) VAV 

110 FORMAT! 7H VAV = tF10•5l 
RAG::R/VAV 
CON=F *H2/Hl 
DIV=loO 
MD=l 
M•M+IC.OL 
K•K+KOL 
I I •0 
KOaK+1 
KOl=KO+l 
L=M+l . 
MR"'l 
DO 15 J=ltK 

15 XIJJ:1e0 
DO 81 J=KOtL 

81 XCJ):O,O 
ALP=CH2*H21/IR*Pl 
BET=CHl*Hl)/(GP*PI 

,. 
' / 
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~!K+li•!BET*CONI/!BET*CON+ALPI 
. VEX=X!K+ll 

XNUI•fleO-VEXI/Hl 
AYs6e*VAV-4e 
AYSu3e-6e*VAV 

18 ALP~fH2*H21/fR*PI 
~ET•fHl*Hli/1GP*PI 
CARL•Oe5*BET 
CARG•ALP*Oe25*H2*(3e*VAV-le+H212•-VAV*H21 
WRITE!3t60l ALPtCARGtCARL tBET 

60 FORMAT!6H ALP• tFl0o5t6H CARG• tE10e4t6H CARL• tE10t4t6H 8ET• tEl 
10.41/l 
A!ll=-!le+4e*CARL/3•1 
Bill =le•2e*CARL/3e 
DO 8 J=2tK 
A!JI =-n.+ 13ET . l*2e0 
C!J l. • le 

8 Bf Jl = 1e 
A I K+l I •-I CON* ( le+BETI + ! le+ALPI I 
B!K+ll•l• 
C!K+11•CON 
DO 9- J•KOl tM 
Jl•J~I<O 
Z•H2*FLOATI Jll 
VAR!JI•!l.~AY*Z+AYS*Z*ZI*ALP 
A!JI•-!le+VAR(Jll*2e0 
C!JI•le . 

9 8( Jl•l. 
Cl~l•le-2e*CARG/3e 
AIL)s-f1e+4e*CARG/31I 
0( 11 ~A ( 11 , 
DO 10 J•2tl 
Q( J-11118( J-11/0( J-ll 

10 O!JI•A!JI-C!JI*O!J-11 
DO 19 JcMRtN 
II•It+1 
Glll•!lle-4e*CARL/3ei*XIll-!1e+2e*CARL/3•I*Xf2))LOI11 
DO 31 J•2•K 
WCJI•X!JI 

31 Gl Jl,. (-XC J-11-X! J+l)+2a*C 1•-BET l*Xf JI-C! Jl *GI J-1 I I /Of Jl 
GCK+1 I= !-CON*XCK I-XC KOl I+( CON*! le-BETI+,f 1.-ALP I*XfK+11-

1CIKOI*GCKII/O!KOI 
DO 12 J=K01tM 
WI Jl =X C\JI , 

12 G!JI=!2'*flo-VARCJII*XIJI-XIJ-11•XIJ+11-CIJI*GfJ•lii/O!JI 
GILI=CI~-4.*CARG/3oi*X!Ll-f1e+2•*CARG/3ei*XfMI-C(li*G!Mit/O(LI 
W!K+li•XiK+ll 
W!li•Xfll 
W!li=XILI 
XI LI•G t L I 
DO 13 J•1tM 
J1•L-J 
J2•J1+1 

13 XIJli=GIJ1~-QIJl)*XIJ21 
DO 75 JO•ltJELL 
SET=X!ll 
Xf11•le25•f(le-2a*CARLI3el*Xf21•fle-4•*CARLI3et•~1ll+lla+e667*CARL 

li*W!211/Ile+4e*CARL/3oi-Oe25*SET 



SCli=AeSCXfl)-SETI · 
no 32 J=2tK 
SET=XIJI 

-224-

XIJI=-le25*1XCJ+1)+XfJ-ll-2•*11e•BET I*WfJI+WIJ+ll+W(J•11l/Af 
1JI-Oe25*SET 

32 S!JI•ABSCX!JI-SETI 
SET=XfK+ll 
lU KOI • -1. 25*( X f Kl *CON+ XC K01 I+W( K I •CON-( CON*( le-BETl+ ( le-ALPI I 

l*W(KOI+W(K.Ol)J/A(KO I-0.25*SET -
SfKO I=ABSfXIK+li-SETI 
DO 79 J=K01 tM 
SET=X.( J I 
XfJI~-CX!J+li+XfJ-11-2•*11•-VARfJil*W(JI+WIJ+1l+WIJ-1Il/AIJI*lo25-

10e2':i*SET 
79 SIJI•A8SfX.IJI-SETI 

5ET=XILI . 
XILI=-IXIMI*C(LI-Ile-4e*C~RG/3•l*WILI+Ile+2t*CARG/3el*WIMil/AfLI 

l*le25-0e25*SET . 
S!LizABSIXfLI•SETl 
DO 33 JOKE• ltL 
IFfSIJOKEI~O.OOOll 33t33t75 

33 CONTINUE . 
GO TO 34 

75 CONTINUE 
34 CONTINUE 

DO 11 J"ltl 
YFIXIJl-leOI lltllt40 

40 XIJI•1e00 
11 CONTINUE 

Y•P*FLOAT III *DIV*RAG 
WRITEI3t 141 Y 

14 FORMATI16H GRAETZ NUMBER= tF9a5 
TIIIl=Y 
XN •119e*XIKOI-30e*XIK011+18e*XIK+21-10e* ~IK+3l +3e*XfK+4ll/ 

1112e*H2) 
XS2=XIK+ll 
Iff MOO IItiNDII20t42t20 

42 DO 131 J=1tKO 
IF 1XfJ)-Q,q991 132t132tl31 

132 LOLaJ 
GO TO 133 

131 CONTINUE 
L0l 11K -1 

133 DO 134 J•KOtL 
IF I~IJl ~0.0011 135t135tl34 

1~5 LOW =J 
GO TO 136 

134 CONTINUE 
LOW"'L 

136 WRITEI3t38 If XIJ)eJ•LOLtKI 
38 FORMATC25XtF10e61 

WRITE I 3; 351 XS2 
35 FORMATI30H INTERFACIAL CONCENTRATION.IS F7e5///) 

WRITEI3t22 l 
22 FORMATI/130Xt3H P t28H GAS PROFILE FROM INTERFACE Ill 

WRITEf3t23 If XIJltJ=KOltLOWl 
23 FORMATI2~XtF10e6l . 
20 VEX=XIK+ll 

,.. 
I· 



X,..U!II•XN 
RUt JSt IllaXNU! I I 
WRITE!3t30) XN tJO 
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30 FORMAT!5Xt24H LOCAL NUSSELT NUMBER = tE10e4t20H CONVERGENCE AT J" 
1 ti31 

SUMl•Oe 
SUM2•0e 
DO 28 J•KOltMtZ 
SUMla!VAR!JI/ALPI*XIJ)+SU"'l 

28 SUM2=!VAR!J+11/ALP)*X!J+ll+SUM2 
CUP aP* !4o*SUM1+2o*SUM2+1e00)/!VAV*3o00) 
XNS=CUP*VAV*DIV/R 
RUT! JS t I I I =ClJP 
WRITE !3t171 CUPtXNS 

17 FORMAT!,Xt25H CUP MIXING COHCENT1ATION tE12•6t16H AVG NUSSELT NO•t 
1El2e6/ll , 

19 CONTINUE 
READ!2t21 LRtMDtiND 

2 FORMAT!2I2tl'5) 
IF!LRI 3t6t3 

3 OJ =FLOAT!MDI 
R=R*OI 
GP =GP•OI 
OIV=OIV*OI 
1>0 41 · I •1 • 1'4 
MO:z I /MD 
IF!MOD!ItMDtl 41t1~t41 

16 XNU!MOI=XNU!II 
41 CONTINUE 

MR•N/MO +1 
.· MRl=MR 

GO TO 18 
6 SUM1•0e 

SUM1•0e 
SUM2•0e 
NO•N-2 
DO 24 J•ltNOt2 
SUM1=XNU!JI+SUM1 

24 SUM2•XNU!J+li+SUM2 
XNUSLT=P*!4o*SUM1+2o*SUM2+4e*XNU!N-li+XNU!NI+X~JII /3e 
WRITE !3t25) XNUSLT 

25 FORMAT!27H THE AVE NUSSELT NUMBEA IS tE10e41 
SUMl=-Oe 
SU~2=-0 1 

SUM3•0e0 
SUM4•0e0 
DO 26 J•K01tMt2 
SUM1•!VARIJI/ALPI*XfJI+SUM1 
SUM3=-VARtJI/ALP +SUM3 . 
SUM4=VAR!J+ll/ALP+SUM4 

26 SUM2~!VAR!J~li/ALPI*X!J+1l+SUM2 
CUPlaP* 14o*SUM1+2e*SUM2+le00)/fVAV*3oOO) 
WRITE!3t27 ) CUPl . 

27 FORMAT!//37H CUP MIXING CONC FR~1 EXIT PROFILE • tEiOe4 
VEL=XNUSLT*R/VAV 

WRITE13t29 I VEL 
29 FORMAT!43H CUP MIXI1'4G CONC FROM INTERFACIAL FLUXES • tE10e4 

CAL.L COIEXT 



IFINODATA-JSI 83t83t82 
82 GO TO 50 
83 CONTINUE 

X~IN=OaO 
YMIN•OeO 
XMAX•Y 
YMAX•1e0 
CCXMIN• 80a/1024• 
CCYMlN=lO~a/1024• 
CCYMAXa1000a/1024a 
CCXMAX=1280e/1024a 
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CALL CCGRID lltl0t5•6HLARELSt1t10t5J 
CALL CCLTR (400./1024.tl0•/1024.,0t2tl1H GRAETZ NOa I 

CALL CCLTR 110.11024et350a/1C24et1t2t21H FRACTION SATURATION 
DO A9 J=1tJS 
DO 85 l"ltii 

fl5 XRII!•RtJTIJtii 
CALL CCPLOT !TtXR tllt4HJOINtOt0l 

119 CONTINUE 
CALL CCNEXT 
UP•OeO 
DN•100e 
DO 7 J•1tJS 

. IFIRUIJtllJ~ONJ 87t87t84 
· 87 DN•RUIJtiJI 

84 DO 21 I=ltlO 
IFIRU (Jtli-UPJ 21t21t88 

88 UP•RU IJtll 
21 CONTINUE 

7 CONTINUE 
XMIN•-!h 
XMAX•laO 
YMIN•FLOATIIFIXIALOGlOIDNl-l•ll 
YMAX=FLOATIIFIXIALOGlOfUPl+leJJ 
KI•IFIXIY~AX-YMINJ 
CALL CCGRID 16t6HLABELStKI t 
DO 52 I=lt It 

52 TIII•ALOGlOfTIJJJ 
CALL CCLTR (400.11024etl0.11~24at0t2t16H LOGIGRAETZ NO.I J 

CALL CCLT~ f10e/1024et350e/1024et1t2t24H LOGINUSSELT NUMBER) 
DO 86 J=1tJS 
DO 90 I=1tii 

90 XTS!IJ•ALOG101RUIJtlll 
CALL CCPLOT ITtXTStllt4HJOINtOtOI 

86 CONTINUE 
CALL CCENO 
STOP 
END 

I 

. ··~ 
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Results of the General Solution using the GRAPEN Program 

The velocity profiles which are assumed are a constant velocity in 

the liquid phase and a parabolic profile in the gas. This requires the 

setting of two independent parameters, in this case these were chosen to be 

~' the mass transfer control parameter, and Urr/U0, the velocity ratio. 

Solutions were computed for five values of the control parameter, 5, 2, l, 

0.5 and 0.25. At each of these values a series of six values of the velocity 

parameter were set. These were 10, 4, 2, l, 0.667, and 0.5. They are repre­

sented by a series of six curves on each graph (Figs. 80 to 88). For each 

value of the control parameter two graphs are givenj the first is a log­

arithmic plotting of local Nusselt number as a function of the Graetz number 

of the gas phase, and the second is a plotting of the cup-mixing concentration 

as a function of the Graetz number. A directory of these graphs is given as 

Table D-4. 

Table D-4 
A Listing of the Plots for Different Values of ciN 

Figure Number of Graph 
aN Local Nusselt Cup-Mixing 

Number Plot Concentration Plot 

l.OO 36 84 

2.00 80 85 

5.00 81 86 

0.50 82 87 

0.25 83 88 

0 
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Fig. 80. Local Nusselt number as a function of the Graetz number fm.· 
interphase mass transfer with the liquid phase velocity constant. 
The parameter is U /U and al~ = 2. 00. · m o 
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Fig. 81. Local Nusselt number as a function of the Graetz number for 
interphase mass transfer with the liquid phase velocity constant. 
The parameter is U /U and al( = 5. 00. m o 
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Fig. 83. Local Nusselt number as a function of the Graetz number for 
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The parameter is U /U and aN = 0.25. m o 



c 
0 -0 .... 
:;:, -0 
Vl 

c 
0 -u 
0 .... 
u.. 

0.5 

0 
0 0.32 

-232-

0.64 0.96 
Graetz· number 

1.28 1.60 

MU B ·11251 

Fig. 84. Cup mlxlng concentration as a function of Graetz number 
for interphase :mass transfer with the liquid phase velocity 
constant. The parameter iS U /U and ci}:l = LOO .. m o 
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Fig. 85. Cup mlxlng concentration as a function of Graetz number for 
interphase mass transfer with the liquid phase velocity constant. 
The parameter is U /U and ciH = 2.00. m o 
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Fig. 86. Cup m1x1ng concentration as a function of Graetz number for 
interphase mass transfer with the liquid phase velocity constant. 
The parameter is U /U and aN = 5.00. m o -
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Fig. 87. Cup m1x1ng concentration as a function of Graetz number for 
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"CJKING" 

Input 'Data 

Again the input is basically the same as in the previous programs 

with the following changes from GRAPEN, 

Card 2 Add the variable LARK which is the number of divisions to be added 

to the gas phase to prevent penetration from occuring. It must be 

established by trial for any particular case. 

Card 3 VAV now is the slope of the velocity profile in the gas phase. 

t> Output 

('-'' 

This is given in terms o.f the variables in the Beek and Bakker 

solution. These are written with the appropriate symbols in the output. 
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$ID 46800ltCJKINGt BtCoHtBYERS 
$IAJOA 
$IBFTC CJKING 

DIMENSION S!5001tT!0500ltXR!05001 
DIMENSION XI 500 l tAl 500 ltB! 500 ltCC 50(') ltVAR( 5M I 
DIMENSION G!5001t0!500lt0!5001t XNU!5001tW!5nOI 
DIMENSION. YD!500I,RU(I0,500I 

C GAS LIQUin MASS TRANSFER IN CONFINED COCURRENT FLOW 
COMMON/CCPOOL/XMINtXMAXtY~INtYMAXtCCXMINtCCXMAX,CCYMIN,tCYMAX 
CALL CCBGN 
READ!2t571 NODATA 

57 FORMAT 1121 
5r, READ!2tll KtMtN •INDtJELLtKOLtLA~KtJS 

1 FORMAT!715 ti21 
71 READC?t1071 F,VAV 

107 FORMAT!2Fl2e61 
R•OeOO 1 *VAV I lflo 
GP=R 
CON=le/F 
WRITE! 3t671 

67 FORMATJ53H1RESULTS OF LEVEOU SOLUTION WITH INTERFACIAL VELOCITY! 
WRITE C 3t801 

80 FORMAT (28H AND LIQUID PHASE RESISTANCE Ill 
WRITEI3tl041 FtCON 

104 FORMAT !3H F=tF10o3tllH SIGMA*H ~ tFlOe5l 
Hl=lo/!FLOAT(KII 
KRU\18=M-K 
KA=LARK/KRUMB 
H2~l.IFLOATIKRUMBI 
P=le/FLOATINI 
WRITEI3t 4 l HltH2 

4 FORMAT!F6e4tl9H LIQUID Y INCREMENTtF6t4tl7H GAS Y INCREMENT 
'11RITEI3t 5 I P 

5 FORMATCF6o4t22H X DIRECTION INCREMENT 
WRITEC3•110I 'vAv 

lld FORMAT( 7H VAV = tF10o51 
RAG.,R/VAV 
CON=.F *H21Hl 
DIV=lon 
MD=l 
TR=lo+FLOAT!KOLI/FLOAT!KI 
M=M+KOL 
KaK+KOL 
II=O 
KO=K+l 
KOl=KO+l 
M=M+LARK 
L=M+l 
MR:tl 
DO 15 J=l tK 

15 XCJI=leO 
DO 81 J=KOtl 

81 XCJI=OoO 
AL~=!H2*H2l/(R*~I 
eET=CHl*Hli/!G~*~I 
X!K+li=(BET*CONI/!AET*CON+AL~I 
VEX=XCK+ll 
XNUI=!loO-VEXI/Hl 
XMIIII=-TR 

n 
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XMAX=FLOAT I KA+1 
YMINsO,O 
YMAX:a1e0 
CCYMIN=100,/1024e 
CCYMAX=l000e/1024e 
CCX~IN= 80e/l024e 
CCXMAX=1280e/1024e0 
Kj:aiFIXITRI +KA +1 
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CALL CCGRIO (KJt5t6HLAAELStlt10 1 
CALL CCLTR (400o/l024et10t/1024ot0t2t5H Y/l I 

CALL CCLT~ ll0e/1024et~50e/1024otlt2tl4H CONCENTRATION! 
18 ALP=(H2*H21/IR*P) 

BET=IH1*H11/IGP*Pl 
CARL•1o5*BET 
FA=H2/ FLOA Tl L I 
FAR=FA/IH2*100,) 
CARGrALP*Oe5*(le+VAV-Oe5*VAV*H2*FARI*FAR 
WRITE13e60l. ALPtCARGtCARL eAET 

60 ~ORMAT16H ALP= eF10•5e6H CARG 2 eE10•4e6H CARLs tE10e4e6H BET• eEl 
10.4/ II 
Alll=-llo+4o*CARL/3tl 
YDILI=loO 

• YDill=- TR 
YDIKOI=OeO 
Bill =1e-2•*CARL/3e 
DO 8 Ja2eK 
YL =Hl*IFLOATIJ)-FLOATIKOII 
YDIJl= YL 
AIJI =•!1,+ BET l*2e0 
C I J I = 1• 

8 BIJI =· le 
ACK+ll=-CCON*Ile+AETI+ Cl•+ALPI l 
BIK+ll=lo 
CCK+li•CON 
DO 9 J=KOltM 
J1•J-KO 
Z•H2*FLOATCJ1l 
YDCJI=Z 
VARCJI=I1~+VAV*Zl*ALP 
AIJI=-1 le+VARIJI 1*2•0 
CCJI"'1• 

9 AIJI=le 
CCL):a1e-2e*CARG/3• 
Alll=-lle+4o*CARG/3ol 
Olll=Aill 
00 11' J=2tL 
QCJ-1l=BCJ-ll/OIJ-ll 

10 OIJI=AIJI•CIJI*OCJ-l) 
00 19 I:i:MRtN 
II=II+1. 
Gl11=111e-4e*CARL/3ol*XIll-11o+2e*CARL/3ei*XI2li/Oill 
DO 31 J=2tK 
WIJ)=XIJI 

31 GIJI=C-XCJ-ll-XCJ+li~2.*Clo-BET l*XIJl~CIJI*GIJ-1))/0IJI 
GCK+1l=I-CON*XIKl-XIKOll+ICON*Ile-AETl+li.-ALP I*XIK+11-

1CIKOI*GIK1l/OCKOI 
DO 12 J=KOler.l 
WIJI=XCJI 
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133 DO 134 J=KOtL 
IF cxu1 -o.oou 135,135,134 

135 LOW =J 
GO TO 136 

134 CONTINUE 
LOW=L 

136 WRITEC3t~6 II XCJ),J=LOLtKI 
36 FORMAT(25XtF10e6) 

WRITEC3t 351 XS2 
35 FORMAT(30H INTERFACIAL CONCENTRATION IS F7e5///) 

WRITE! 3t22 I 
22 FORMATI//~OXt3H P t28H GAS PROFILE FROM INTERFACE //) 

WRITEC3t23 II XCJltJ 2K01t~OWI 
23 FORMATC25XtF10.61 

CALL CCPLOT CYDtXtLt 4HJOINtOtOI 
20 VEX=XCK+ll 

XN•XN*Y**Oe5/VAV 
XNUCII•XN 
RUIJStiii=XNUfll 
WRITEC3t30) XN tJO 

30 FORMATC5Xt24H KAV*CX/DUOI**Oe5 = tE10•4,20H CONVERGENCE AT J = 
1 '13) 

19 CONTINUE 
READC2t21 LRtMO,IND 

2 FORMATI212tl51 
IFILRI 3t6t3 

3 Dl =FLOATP~OI 
RsR*OI 
GP =GP*DI 
DIV=DIV*DI ,, 
DO 41 l=ltN 
MO•I/MD 
IFIMODCI~MDrl 4ltl6t41 

16'XNUIMOI=XNUCII 
41 CONTINUE 

MR=-N/MD +1 
MRl=MR 
GO TO 18 

6 CONTINUE 
CALL CCNEXT 
JFCNODATA-JS) 83t83t82 

62 GO TO 50 
83 CONTINUE 

lJP=OeO 
DO 7 J=ltJS 
IF! RU I J , I II-UP I 7, 7t87 

87 UP•RU CJ tlfl 
7 CONTINUE 

MUP=JFIXCALOG10CUPII 
LUP=IFIX (1.+UP/Cl0t**CMUPIII 

UP=FLOATILUPI *10e**IMUP l 
88 PUJ=ALOG101Tflll 
25 PUll= ALOGlOITIIIII 

PUJI=FLOATI!FIXCPUJI)+ll 
PUJ= FLOATIIFI~CPUJI-11 
XMIN=PUI 
XMAX=PUI I 
YMIN=-OeO 
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12 G!Jl=l2o*l1o-VARIJll*X!Jl-XIJ-1l-XIJ+11-C!Jl*GIJ-1li/O!JI 
G!Ll=l!lo-4o*CARG/3•I*XILI-!1.+2o*CARG/3ol*XIMI-CCLI*G!MII/OCLl 
W!K+ll=XIK+ll 
Wlli=XIll 
WCLl=XILI 
XI Ll=GC Ll 
DO 13 J•ltM 
Jl•L-J 
J2:oJ1+1 

13 XCJ11=GIJ11-QCJ11*XCJ2l 
DO 75 JO=ltJELL 
SET=XI1l 
XC1l=1o25*CI1o-2o*CARL/3ol*XC2l-!lo-4a*CARL/3•l*WC1l+!1a+e667*CARL 

ll*WI2l)/(1o+4e*CARL/3.1-0•25*SET 
S(11=ARS!XI11-SETI 
DO 32 J=2tK 
SET=XIJI 
X(Jl=-1o2~*1XCJ+li+X!J-1l-2a*llo~BET l*WIJI+WCJ+ll+WCJ-111/A( 

1JI-Oe25*SET 
32 S(Jl=ARSCXCJl-SETI 

SET=X I K+ll 
XIKOl= -1o2S*IX(Kl*CON+X(K0li+W(~)~CON-!CON*11a-BET)+ Cla-ALPI) 

l*WIKOl+W!KOl)l/A!KO l-Oa2S*SET 
SiKO )::ABSIX!K+1l-SET) 
DO 79 J=KOltM . 
SET=XIJI 
X!Jl=-!XIJ+1l+X!J-ll-2e*!1a-VARIJil*WIJl+WCJ+1l+WIJ-1ll/AIJI*lo25-

10o25*5ET 
79 S!JI=ABSIXCJI-SETl 

SET=XIL) 
X!Ll=-!XIMl*CILl-!1~-4o*CARG/3ol*WILI+Ilo+2•*CARG/3ol*WIMll/A(LI 

1*1a25-0a25*SET 
S!Ll=ABSIX!Ll-SETI 
DO 33 JOKE= 1tl 
IFIS(JOKEl-OaOOOll 33t33t75 

33 CONTINUE 
GO TO 34 . 

. 75 CONTINUE 
34 CONTINUE 

DO 11 J=1tl 
IFIXCJI-loOl lltllt40 

40 XIJl=la0•1 
11 CONTINUE 

Y•P*FLOAT !Il*R*VAV*VAV 
WRITE! 3t 141 Y 

14 FORMAT!22H PROFILE AT BR GROUP = tF10o5 
T!II)"'Y 
XN =!19a*XCKOj-30o*X1KOll+18o*~IK+2)•10a* X(K+3l +3o*XIK+4ll/ 

1 Cl2a.H? I 
XS2=XIK+11 
LOL=1 
IF! MOD !ItiNDI120t42t20 

42 DO 131 J=ltKO . 
IF !XIJI-Oa9991 132t132t131 

132 LOL=J 
GO TO 133 

131 CONTINUE 
LOL=K -1 



YMAX=UP 
CCXMAX=l280e/1024e 
KR=IFIX CPUII-PUI ) 
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CALL CCGRID CKRt6HL~8ELSt~t5) 
CALL CCLTR C400e/1024ul0e/11")24e tOt2tllH AADXIU0**3 ) 

CALL CCLTR (10e/10?4et150e/1024e.lt2tl7Y KAVGCX/IJOD)**Oe5 
DO 89 J=ltJS 
DO 85 I=l,II ~ 
TCI)=ALOGlOCT(J)) 

85 XRCI)=RUCJtl) 
CALL CCPLOT CTtXR tiit4HJOINtOt0) 

89 CONTINUE 
·cALL CCEND 
STOP 
END 

~) 
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APPENDIX E 

PHYSICAL PROPERTIES 

The physical properties used throughout the entire study are collected 

in this chapter. The units of all variables are in the cgs system of units 

except for pressure and where a note to the contrary is made. All the experi­

ments in the study were made at or near 25°C, and hence all properties are 

reported at this temperature. The one exception is the vapor pressure, which 

is tabulated over a temperature range. In the cgs system the universal gas 

constant is 

R 6 3 -1 -l 
82.0 em atm g-mole °K 

A. Diffusion Coefficients 

l. Gas Diffusivities 

The Wilke-Lee 78 modification o~ the Hirschfelder, Bird and Spotz32 

equatio"n is used to calculate all the binary- gas diffusiv~ties used in this 

series of experiments. Table E-l is a compilation of the results of these 

calculations. Where experimental values are available in the report by 

Wilke and Lee, 78 these are also added. The calculated values were used in the 

experiments. 

Table E-1 

Gas Diffusivities at 25°C 

Diffusing Solvent Calculated Experimental 
Component Gas 2 

D-cm I sec 
2 

D-cm I sec 

* Ethanol Nitrogen 0.123 0.135 

* Ethanol Oxygen 0.123 0.135 

Ethanol Carbon dioxide 0.0789 0.0793 

* Ether Oxygen 0.0938 0.0924 

Ether Carbon dioxide 0.0670 0.0620 

Ether Helium 0.377 

* Data for air 
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An example of the type of calculation which was necessary to arrive at a value 

of the diffusion coefficient is now discussed. The diffusivity of ether in 

oxygen is calculated. The constants which are necessary are quoted by Wilke 

and Lee 78 as: 

Oxygen M2 
Ether M1 

32 
74 

e/k 113.2 

·e/k 350. 

e12/k == ~ /k == -y350. X 113.2 

kT/e12 == 298.0j198.9 == 1.50 

r 0 == 3.433 
r 0 5.424 

From this information the following constants can be estimated by using tables 

and graphs given in Ref. 81. For this case w1
1 

== 0.5991 and 6 == 0.0 

4.428 

The predictive equation is 

3/2 I 1j2 
Ml+M2 1/2 T ((Ml+M2) MlM2) 

(10.7- 2.46 (~) ) ---.2~1..-------
1 2 P r 12 w1 (1 - 6) 

10.179 X 5144 X 0.2118 X 10-4 

1 X 4.4282 
X 0.5991 

2 0.0938 em /sec 

1. Liquid Diffusivities 

X 10 4 

Two liquid diffusivities were required for the present study, the 

diffusion coefficient of ether at high dilution in water and a similar value 

for ether in ethanol. Since these values had not been reported previously 

both were measured using a diaphram cell technique which is discussed else 

where. 7 In the case of the diffusion in water, an approximately 1.5 weight 

per cent ether solution diffused into pure water at 25.0°C. Analysis was 
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performed with a differential interferometer. Four values were found acce pi:Bble; 

these are shown in Table E 2. The average value is 

D = 0. 962 X 10 5 ± 3 ~ 5% cm
2 
/sec .. ether-H20 

Rossi et a1. 58 have found a value of 0.878 X 10 5 cm
2
/sec for the same system 

at 20°C. The value measured in the present study compares favorable with the 

value of 1.015 x 10-5 cm2/sec calculated by the Wilke Chang equation. 77 

In the case of the diffusion of ether in alcohol, 2 mole % ether so­

lutions diffused into ethanol. The gas liquid chromatograph was used to 

analyse samples. The diffusion coefficient averaged over five measurements is 

Dether EtOH 

This value is consistant with experimental data systems. It is also in good 

agreement with the Wilke -Chang equation, which predicts a value of 0. 855 cmJsec. 

No previous measurement of this system was found. 

Table E-2 

Experimental Diffusion Coefficients (25°C.) in cm2/sec X 105 

Average 

Ether-Water 

0.932 

0.997 

0.940 

0.980 

B. Viscosities 

Ether-Ethanol 

0.924 

0.847 

0.908 

0.795 

0.886 

0.871±5.0% 

The viscosities of the four gases used in this study were found in the 

Chemical Engineers' Handbook.53a The viscosities of the two liquids, ethanol 

and water, were also taken from this source. 53b Table E-3 is a collection of 

these values. 
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Table E-3 

Viscosities 

Substance State Viscosity cp. 

Oxygen Gas 0.0203 

Nitrogen Gas 0.0177 

Carbon dioxide Gas 0.0146 

Helium Gas 0.0190 

Water Liquid 0.8937 

Ethanol Liquid 1.15 

C. Densities 

All gas densities were obtained by the use of the ideal gas law. At 

25 °C they are 

pN2 1.369 gmjl 

p02 l. 561 gm/1 

pHe = 0.1932 gm/1 

pC02 = 2.155 gm/1 

I 84c 
The density of water at 25°C was found to be 0.997 gm ml and that of ethanol 

84d 
is 0.789 gm/ml . 

D. Vapor Pressure 

In order to calculate the Henry's law constant and to correct for 

minor deviations in temperature from 25°C, it was necessary to know the vapor 

pressure of both ethanol and ether. These were found in the Chemical Engineers' 

Handbook53e,f over a large range of temperatures. Using a semilog graph of 

vapor pressure as a function of the reciprocal of absolute temperature) the vapor 

pressures over the desired range were found. These are listed in Table E-4. 

~ 

··~l 
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Table E-4 

Important Vapor Pressures 

Temperature v.P. of EtOH V.P. of Ether 
oc mm Hg. mm Hg. 

21 45.0 427 

22 48.0 450 

23 50.5 471 

24 53.8 500 

25 57.0 525 

26 60.5 550 

27 64.5 575 

28 68.5 600 

E. Henry's Law Constant 

The dimensionless Henry's law constant (H/RT) is necessary when one 

is considering interphase mass transfer. The value of this constant for so­

lutions of the partially miscible ether-water system is calculated from 

solubility data. Seide1164 reports that this figure is 6.04 grams of ether 

per hundred grams of solution. The density of this solution of 0.98508 gm/cc. 

The Henry's law constant is then the ratio of the mole fraction at saturation 

(0.01537) to the vapor pressure of ether at 25°C(525 mm Hg). This procedure 

follows from the very low solubility of water in ether. 

Therefore 

H = 3.448 
4 10 mm Hg/mole fraction. 

In nondimensional form 

~ = H/RT 3.264 X 10-2 

In the ether-ethanol system Gordon and Hornibrook25 have measured the 

vapor pressure as a function of mole fraction. At a mole fraction of ether 

of 0.005, its partial pressure is 7.40 mmHg. Therefore 

and 

H 1.48 x 103 mm Hg/mole fraction 

-3 ~ = 4.54 X 10 
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APPENDIX F 

Nomenclature 

a Channel width, used in derivation of hydrodynamics only - em. 

a Slope of the velocity of the gas phase at the interface - sec -1 

b Thickness of the gas phase in two phase studies - em. 

b' Constant 

c 

c,ca 

Cg 

D 

e 

f 

g 

G 

Gz 

H 

H 

:N 
i 

Io 

k 

Liquid thickness in rectangular channel hydrodynamics - em. 

Concentration, when unsubscripted it is a dimensionless group, when 

subscripted with an a, for example, it is the concentration of com­

ponent a in the solution in gm moles/cc. 6 C is defined as Cg
0
/;N-c10 . 

C is the concentration transformed into the Laplace domain. 

c1 , c2 are dimensionless concentrations on grid points in computer 

solution. 

In two-phase flow notation only, this is the %of total flow which is gps. 

Diffusion coefficient (also script D) - cm
2
/sec. 

maximum energy of attraction in ergs/molecule 

Function defined as 1/z 

Acceleration due to gravity - cm/sec2 

2:Nu0
2/3a 

Modified Graetz Number 

Henry's law constant -

DL/U b
2 

m 
mm Hg/m~le fraction. 

Increment in y direction in computer studies. 

Dimensionless Henry's law constant= H/RT 

\[1 
Imaginary Bessel function of the second kind to order "o" 

Boltzmann's constant in ergs/molecule °K. 

k A general constant which is later evaluated. 

kc Local mass transfer coefficient of the gas phase - em/sec. k same in 

Laplace domain. 

kc Overall mass transfer coefficient based upon the gas phase - em/sec. 

ko Real Bessel function of the second kind of order "o 11
• 

1 Distance from the leading edge of a stagnant film to exit - em. 

L Length of channel - em. 

' 
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Lc Length of channel - em. 

m Index defined in Eq. (A-,25). 

m Equilibrium constant between gas and liquid defined by Eq. (4-2). 

M Molecular weight - grams/gram mole. 

n Index on constants in Graetz solution. 

N Mass flux in gm moles/cm2sec. 

N Avogadro's Number. 

Nu Nusselt number. 

p Partial pressure of the transferrring component of the gas phase in 

mm Hg (always subscripted). 

P Total pressure in atmospheres. 

P Laplace transform variable. 

Q Volumetric flow rate in cm3/sec. 

r Collision radius-A 0
• 

R Universal gas constant - cm3 Atm (gm mole)-l °K-1 • 

R Separation solution in Eq. (3-6). 

R (uo3 /a2Dg)l/2. 

Re Reynolds Number. 

Rh Hydraulic radius - em. 

R 
n 

s 

s 
n 

St 

t 

Series with running variable, n, defined in Eq. (4-26). 
-1 Laplace transform variable. em 

Series with running variable, n, defined in Eq. (4-26). 

Stanton Number. 

Time in sec. 

T Absolute temperature - °K. 

u Velocity in general or specifically the velocity in the x direction -

em/sec. 

u0 Interfacial velocity - em/sec. 

Um Average velocity in the gas phase _em/sec. 

u umju0 
v Velocity vector - em/sec. 

W Width of channel - em. 

x Mole fraction of a component in the liquid phase. 

X Coordinate direction or distance parallel to flow - em. 



+ 
X 

X 

X 

y 

y 

z 

Zo 

ex 

Dimensionless distance parameter. 

X/L 

1/Lc 

Coordinate direction or distance perpendicular to flow - em. 

yjb 

2Rs1/ 2/3 

General Bessel function of order "o". 

Greek Letters 

( cr lH-1) 

Equilibrium constant between vapor and interfacial surfactant film. 

(5-7 cr $!) /72 

Angle which the channel is inclined to the vertical, in radians 

~n Series of constants in the Graetz solution 

r Surface concentration- molecules/cm2 . 

f(a) The gamma function (always of some argument a). 

6 Thickness of a film on an inclined plane - em. 

The thickness of a surfactant film - em. 

The distance between the interface and the flow reversal in counter­

current flow - em. 

sn Variable defined as (2n + l)b/W. 

T} Variable defined in Eq. (A-25) . 

yjL 

e 
A. 

il 

v 

ayju0 
Constant in Eq. (4-21). 

xD/aL3 

Constant in Eq. (4-20). 

Viscosity in cp. 
. 2 

Kinematic viscosity - em /sec. 
2 I 3 The Beek and Bakker distance group, a Dx u0 . 

2 Surface pressure-dynes/em • 7T 

p Density - gmfcc. 

Shear stress - Dynes/em. 

cr$!(~1/3)~/2-l/3 (-2/3)! 

.~· 

() 



~' 

¢ 

¢ 

X 

X 

?./! 

n 

1,2-­

a,b 

av 

act 

cwt 

f 

fp 

g 

i,int 

1 

lwt 

m 

0 

-251-

(D /D )1/2 
g 1 

Rate of adsorption at the interface molecules/sec. 

Fraction saturation. 

X direction solution in,the'Graetz problem. 

Transform variable defined in Eq. (3-17). 
The Modified Graetz number - DL/U b2

. 
m 

Y direction solution in Graetz problem. 

Subscripts 

Referring to the first, second, etc. quantity. 
' ' 

Referring to component a,b,--­

Average of quantity. 

Actual 

With constant wall temperature. 

Referring to the film. 

Referring to behavior between two flat plates. 

Of the gas phase or based upon the gas phase. 

At the interface. 

Of the liquid or based upon the liquid. 

Linear wall temperature. 

In the moving part of the surfactant film. 

At entry• 

s At the surface. In Chapter V refers to the stagnant region. 

) 
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