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Mass transfer from a single rising gas bubble in water may be

analyzed by numerical methods. In this study the simultaneous differen-

tial equations which describe two component mass transfer from a rising

gas bubble are solved by numerical integration. This is accomplished

using a computer model which employs a Runga-Kutta-Merson routine. Given

the depth and diameter of an orifice, and the initial composition of the

bubble the computer model will predict the bubble's depth, diameter,

composition, and the total number of moles present in the bubble at any

time. The bubble may contain up to two water soluble components and one

inert component and should be restricted to the range 0.01 cm < diameter

< 0.3 cm. The water through which the bubble rises may be pure or

contain a dissolved gas.

Experiments were conducted to test the accuracy of the model.

Through the use of photography and measurements of bubble rise times the

bubble histories of two systems were recorded. The two systems studied

were air-water and carbon dioxide-water. The experiments were carried

out in a three-inch, inner diameter pipe with a discharge orifice depth



of 12.5 feet. Orifice diameters of 0.015, 0.05 and 0.15 cm were used in

the experiments to discharge the initial bubble.

The computer model predictions were compared to the data of

Deindoerfer and to the data of the test experiments. The model tended

to be less accurate as the bubble diameter became small (less than

0.05 cm).' Multiple runs of the model were conducted for bubbles of

various oxygen, nitrogen composition. A correlation was found between

the percent of oxygen transferred and the depth of the discharge orifice

at specific orifice diameters. This may aid in the design of gas

dispersion equipment. It was found that the initial composition of the

bubble has very little effect on the percent of the oxygen transferred

but it has a large effect on the number of moles transferred.
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A COMPUTER MODEL OF TWO COMPONENT MASS TRANSFER FROM
SINGLE RISING GAS BUBBLES IN WATER

I. INTRODUCTION

Studying the mass transfer behavior of a single bubble is the

easiest way to understand mass transfer during absorption or stripping

of gases in liquid. Studying only a single bubble reduces the many

variables involved to a minimum. When the mass transfer behavior of a

single bubble is known it may be used to understand mass transfer in

bubble swarms. This understanding is needed in the design of gas

dispersion equipment used in aeration ponds.

Photographic techniques are often used to study rising bubbles.

Analysis of motion pictures in conjunction with the fundamental differ-

ential equations which describe mass transfer provide a method of

calculating instantaneous mass transfer rates. This technique has the

drawback of setting up laboratory equipment and it is very time

consuming. A model which would accurately predict the mass transfer

behavior of rising gas bubbles in liquid would make the study much

easier and less time consuming.

It has been found that the convective mass transfer coefficient for

a rising gas bubble exhibits time dependent behavior. This is thought

to be caused by surface active agents present in the liquid surrounding

the bubble. Surface active agents retard mass transfer from bubbles

and are present in virtually all industrial mass transfer processes.

The effects of surface active agents should be accounted for when

modeling industrial systems.
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The intent of this study is to model mass transfer from single

rising gas bubbles by solving the simultaneous differential equations

which describe mass transfer by numerical methods. The derived computer

model will be an extension of the computer model of Sing (13) to allow

for modeling systems with more than one water-soluble component.

It will be much easier to use and much faster than the photographic

method of analysis. The effects of surface active agents will be

accounted for using a bubble age parameter. The computer model

developed will be checked with simplified photographic methods and

with the data collected by Deindoerfer. The model will be applied to

oxygen, nitrogen-water systems to simulate possible aeration pond

conditions.
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II. THEORETICAL CONSIDERATIONS

The mass transfer from a single rising gas bubble in which only

one component is being absorbed may be explained by two differential

equations. When a slightly soluble gas is being absorbed by a liquid,

the major resistance to mass transfer is in the liquid film. The first

differential equation accounts for the number of moles present in a

bubble at any time and may be written:

dt

dnA = KLa
(CAS

CA.) (1)

where nA is the number of moles of gas A present in the bubble, t is

time, KL is the convective mass transfer coefficient in the liquid film,

a is the surface area of the bubble, CAS is the concentration of A at

the bubble interface, and CA. is the concentration of A in the bulk

liquid. If CAS is larger than CA., as is the case when absorption occurs,

the right hand side of equation (1) is negative indicating that the

number of moles of A in the bubble is decreasing. If, however, CA. is

larger than CAS the right hand side of equation (1) will be positive

indicating that stripping is occurring and the number of moles of A

present in the bubble is increasing.

The second differential equation needed to describe the bubble

defines the instantaneous velocity of the bubble and may be written:

dz
=

_
Vo (2)

where z is the position, or depth, of the bubble and Vo is the terminal

rise velocity of the bubble. The negative sign indicates that the

bubble rises toward the surface.
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When a component which is insoluble in the surrounding liquid is

added to the gas in the bubble no additional differential equations are

needed to explain the bubble. An insoluble component can also be

called an inert component. The number of moles of an inert component

present in the bubble will be constant throughout the entire life of

the bubble.

When an additional component is added to the gas in the bubble which

is soluble in the liquid surrounding the bubble, one additional differ-

ential equation is needed to describe mass transfer. This equation is

of the same form as equation (1):

dnB
KLa (CBS - CB.)

dt
(3)

where nB is the number of moles of gas B present in the bubble, CBS

is the concentration of B at the interface, and CB. is the concentration

of B in the bulk liquid. As was the case with equation (1), equation

(3) will represent either absorption or stripping depending on the

relative concentrations of B at the interface and in the bulk liquid.

An additional mass transfer differential equation would be necessary

to describe the system for each additional soluble component in the

system. This work will only be concerned with two soluble components
.

and one inert component.

Equations (1), (2), and (3) may be solved numerically if the func-

tional forms of the right hand side of each equation are known. This

can be accomplished if some simplifying assumptions are made:

1. The gas in the bubble is ideal

2. Henry's law applies to each component
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3. The system is isothermal

4. Humidification effects are negligible

S. Surface tension effects are negligible

6. The bubble is a perfect sphere

The assumption that the gas in the bubble is ideal allows the use

of the ideal gas law:

PV = nRT (4)

where P is pressure, V is volume, n is the number of moles of a gas,

R is the ideal gas constant, and T is temperature. The ideal gas law

is necessary when the volume of a bubble or the number of moles present

in a bubble need to be determined.

When a gas mixture is in contact with a liquid, Henry's law applies

when the concentration of gas in the liquid is small. Henry's law may

be written:

x = HPi (5)

where x is the mole fraction of a soluble component in the liquid phase,

H is the Henry's law constant for the component, and Pi is the partial

pressure of the component in the gas phase. Each soluble component

will have a different Henry's law constant.

If Henry's law holds for a system the interfacial concentration of

a component may be expressed:

PL

C
AS

= HPi (6)

where PL is the liquid density, and MWL is the molecular weight of the

liquid. The density of water at a temperature of 298 K is 0.995 g/cm3

and the molecular weight of water is 18.0 g/mole. Thus, for a bubble

rising in water at 298 K the interfacial concentration of a component



may be calculated using the following expression:

C
AS

= 0.055278 HP- (7)

6

By assuming that the system is isothermal, the physical properties

of the liquid and the gas can be expected to remain constant. The

assumption that humidification effects are negligible implies that the

diffusion of liquid vapor into the bubble will not significantly add to

the number of moles of gas present in the bubble. An additional

differential equation would be necessary to describe humidification

effects.

The internal pressure of a bubble is effected by the surface tension

at small bubble diameters. It can be shown that surface tension effects

are negligible at diameters greater than 0.01 cm (See Appendix). The

internal bubble pressure at diameters greater than 0.01 cm may be

expressed as a function of the depth of the bubble:

P = PAN PLgZ (8)

where P is the internal pressure of the bubble, PAN is the atmospheric

pressure, PL is the density of the liquid, g is the gravitational

constant, and Z is the depth of the bubble. At 298 K the depth of

water which exerts a pressure of one atmosphere is 34.0 feet. If the

atmospheric pressure is one atmosphere the internal pressure of the

bubble may be calculated using the expression:

Z + 34.0
34.0

where P has units of atmospheres and Z has units of feet.

The assumption that the bubble is a perfect sphere is necessary

for the solution of each of the three equations (1), (2) and (3).

(9)



In equations (1) and (3) the contact area between the gas and the liquid,

a, may be calculated using the formula for the surface area of a

sphere:

2

a = Itcl (10)

The terminal rise velocity can be determined numerically only if the

bubble is assumed to be spherical. A force balance on a sphere rising

in a liquid results in the following expression for the terminal rise

velocity:

Vo I

4d (PL - Pg) g] 1/2
3CDPL

where d is the diameter of the spherical bubble, PL and Pg are the

liquid and gas densities respectively, g is the gravitational constant,

and CD is the drag coefficient. The derivation of equation (11) is

presented in the appendix. For bubbles less than 0.3 cm in diameter,

CD can be estimated using theoretical values for a perfect sphere.

Above 0.3 cm in diameter actual drag coefficients are larger than those

predicted by theory. This causes actual bubble rise velocities to be

slower than predicted rise velocities in bubbles above 0.3 cm in

diameter. Figures 1 and 2 are plots of the drag coefficient for a

sphere and for a bubble in water. Figures 3 and 4 are plots of

theoretical bubble rise velocity and experimental bubble rise velocity

respectively.

When a bubble is formed by gas flow through an orifice, the initial

diameter of the bubble is related to the orifice diameter [12]. If the

gas flow is very slow, the bubble is released when the buoyant force

just overcomes the surface tension, at which time the bubble diameter
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is given by:

d = (
6d

o
a

) 1/3

L pg

(12)
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where d
o

is the diameter of the orifice, a is the surface tension, and

is the difference between the liquid and gas densities. In industrial

spargers where the gas flow rate is much larger, inertial effects

become dominant and the initial bubble diameter is almost independent

of the orifice diameter.

The convective mass transfer coefficient, KL, of a bubble is

dependent upon the bubble rise velocity and size, the gas diffusivity,

and the physical properties of the liquid surrounding the bubble. These

quantities can be combined to form two dimensionless groups, the

Reynolds number, Re, and the Schmidt number, Sc.

Re =
dV

Sc

D
AB

(13)

(14)

where d is the bubble diameter, V is the bubble rise velocity, v is the

kinematic viscosity of the surrounding liquid, and DAB is the gas

diffusivity. Most correlations for K
L
are expressed as functions of the

Reynolds and Schmidt numbers. The demensionless group called the

Sherwood number, Sh, contains the term KL and correlations for KL are

often expressed in terms of the Sherwood number:

K
L
d

Sh =
D
AB

(15)

K
L

is highly dependent on the bubble diameter.. Researchers have found

that certain correlations hold for certain bubble diameter ranges.

When the bubble diameter is less than 0.1 cm, the Froessling equation
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may be used to predict KL [5, 15]. When the bubble diameter is between

0.1 cm and 0.3 cm, a correlation derived by Weiner [15] may be used.

When the bubble diameter is greater than 0.3, Higbie [8] has developed

an expression which may be used. Figure 5 is a plot of theoretical KL

values versus the Reynolds number.

The Froessling equation holds when a bubble acts as if it were a

solid sphere. This occurs when a bubble is less than 0.1 cm in diameter

or when there is no circulation of the gas within the bubble. The

Froessling equation is:

Sh = 2
1/2

0.55 Re Sc
113

(16)

Weiner has come up with a correlation based on experimental fit of

data which holds for bubbles in the diameter range between 0.1 and 0.3

cm. He has designated this range as the transition region. Correlations

for KL in this region vary widely between researchers. This is due

to varying levels of contaminants in the liquid and varying experimental

methods. Weiner's correlation adequately predicts KL for bubbles in

which circulation occurs and can be written:

Sh = 0.814 Re
1/3

(17)

When a bubble is larger than 0.3 cm in diameter and circulation is

occurring Higbie's equation can be used to predict KL. The Higbie

equation for KL is based on penetration theory and is written:

Sh = 1.13 (Sc Re)
1/2

(18)

Several investigators have found that KL exhibits time dependent

behavior [4, 7, 9]. This time dependent behavior can be explained two

different ways.
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Leonard [9] has theorized that for highly soluble gases the

resistance to mass transfer may be increased because of the bulk liquid

having to migrate to the contracting bubble surface. This would reduce

mass transfer by reducing the driving force within the liquid film.

Another explanation for the time dependent behavior of KL is that

trace amounts of surface active agents come in contact with the rising

bubble, get trapped in the bubble interface and retard mass transfer by

reducing surface flow (7, 9).

During bubble ascent, internal circulation is caused by the shear

forces created by the flow of liquid around the bubble. Prior to

substantial accumulation of surface active agents, the bubble surface

will be mobile. Distortions in the mobile bubble surface, caused by

liquid and gas motion, will create a condition of continuous surface

renewal. Fresh liquid will be continually exposed to the gas in the

bubble.

As the bubble ascends, surface active agents get trapped on the

bubble surface and accumulate. Agents get swept to the rear of the

bubble by the shear forces of the liquid. With time the entire bubble

surface will be covered and shear forces will be reduced to an extent

as to stop internal circulation. This results in a greater resistance

to mass transfer. After the bubble surface becomes immobile the bubble

interface acts similar to that of a solid sphere. The Froessling

equation can be used to predict K L when this occurs.

Although the effects of surface active agents are known, mass

transfer theory cannot satisfactorily describe or predict the effects

with accepted concepts. Since surface active agents are present in
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practically all forms of industrial mass transfer, the effects of these

agents must be recognized.

The critical time concept can adequately predict a time dependent

KL. The critical time concepts relates to the accumulation of surface

active agents on the bubble. This concept requires the following

assumptions:

1. The concentration of the surface active agents in the liquid

is uniform

2. The rising bubble captures all the surface active agents that

come in contact with the bubble's projected area

3. The bubble's diameter and rise velocity are constant

The hypothetical volumetric rate of liquid which contacts the bubble

surface is:

[OF

RATE rPROJECTED1 rBUBBLE RISE 1

LOF LIQUID CONTACT' L AREA ' x I- VELOCITY '
(19)

The rate at which surface active agents are captured by the bubble is

then:

S.A.A. VOLUMETRIC S.A.A.
[CAPTURE] = [RATE OF LIQUID] x [CONCENTRATION]
RATE CONTACT IN LIQUID

where S.A.A. stands for surface active agent.

(20)

Based on the above assumptions, the surface active agent capture

rate will be constant and the total amount of the agents trapped on the

bubble surface will be directly dependent on time.

S.A.A. S.A.A.
[ON BUBBLE] = [CAPTURE] x 'TIME]
SURFACE RATE

Time is measured from the release of the bubble.

(21)

The critical time, tc, is designated as the time it takes for surface
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active agents to completely cover the bubble surface and stop circula-

tion. The critical time concept infers that there will be two different

mass transfer mechanisms at the bubble surface: the mass transfer prior

to t
c

, when the amount of surface active agents is increasing, and the

mass transfer after t
c

, when the bubble surface is saturated with

surface active agents and the amount of surface active agents on the

bubble remains constant.

During the time prior to tc a portion of the bubble will be covered

with surface active agents and that portion of the bubble will have an

immobile interface. The remaining portion of the bubble will be free

of surface active agents and will have a mobile interface. The mass

transfer coefficient for the bubble may be evaluated using a combination

of the Froessling equation and the Weiner or Higbie equations. The

amount of the bubble with the immobile interface will be equal to the

relative time, tit
c

. Therefore, the total Sherwood number at times

less than t
c
may be evaluated as follows:

Sh
total

= (1 - tjt
c
)Sh

transition or Higbie

(t/t
c
)Sh

Froessling

(22)

When the Reynolds number of a bubble is less than 60 or if t is greater

than t
c

, the Sherwood number is evaluated by using only the Froessling

equation.

A total Sherwood number is determined for each soluble component

within a system. The mass transfer coefficient is assumed to be

independent of the direction of mass transfer.

Figure 6 is a pictorial representation of a single rising gas

bubble in liquid.



PAm

A

p
L
gz

Figure 6. A Single Rising Gas Bubble in Liquid.

z = 0

18



19

III. THE COMPUTER MODEL

There are three differential equations which must be evaluated in

order to model the mass transfer from a rising gas bubble in which two

soluble components are present:

dnA

dt
= -KLa (CAS CA.)

dng
-KLa (CBS CB.)

dt

dz
dt

If there is only one soluble component present, only equations (1) and

(2) need be evaluated. Since the evaluation of each of the equations

requires the solution of each of the other two equations, the system of

equations must be solved simultaneously.

There are several methods of solving simultaneous differential

equations by numerical integration. A discussion of the various tech-

niques and mathematics of numerical integration is not in the scope of

this work. A Runga-Kutta-Mersion subroutine, RKM, developed by

Dr. Eugene Elzy of Oregon State University was employed in the model for

the numerical integration of equations (1), (2), and (3). Given the

initial depth and number of moles of each soluble component, subroutine

RKM utilizes the functional forms of the right hand sides of equations

(1), (2), and (3) to calculate the bubble's position and the number of

moles of each soluble component present in the bubble at any time. The

mathematics of Runga-Kutta methods are discussed in detail in numerical

methods books [1].
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There are four situations which may be modeled by this computer

program.

1. Absorption only, without inerts

2. Absorption only, with inerts

3. Absorption and stripping, without inerts

4. Absorption and stripping, with inerts

Situations 1 and 2 involve the solution of two differential equations

while situations 3 and 4 involve the solution of three differential

equations. The computer program assumes that the bulk liquid concentra-

tion of the "absorbed" component is zero. The value of the bulk liquid

concentration of the "stripped" component is a variable which is set

by the user.

Situations 3 and 4 may also be used to model cases of two component

absorption and single component absorption in which the bulk liquid

concentration of the absorbed component is not zero. If the bulk liquid

concentration of the "stripped" component is set low enough in relation

to it's interfacial concentration, absorption will occur for the

"stripped" component. This will create a case of two component absorp-

tion. The same component may be "absorbed" and "stripped" in situations

3 and 4. This will create a case of single component absorption in

which the bulk liquid concentration is not zero.

The computer model consists of a main program, BUBBLE, and six

subprograms, RKM, CONY, CONC, RISE, DRAG, and VELO. All of the

subprograms, excluding RKM, constitute the functional forms of equations

(1), (2), and (3). Figure 7 is a flow chart of program BUBBLE.
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another run?
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Figure 7. Flow Chart of Program BUBBLE.
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The data required for the execution of program BUBBLE are as

follows:

1. The name, diffusivity, molecular weight, and Henry's law

constant for each soluble component

2. The molecular weight of the inert

3. The composition of the entering gas

4. The diameter and depth of the orifice

5. The critical time (AGE)

Some gas and water properties are listed in the appendix. The program

is designed to model systems and 298 K and an atmospheric pressure of

one atm.

After the correct data has been entered, the initial diameter and

number of moles present in the bubble are calculated using BUBBLE.

Subroutine RKM is then called to step off an increment of bubble rise.

Subroutine RKM requires at least six calls to complete one step of

bubble rise. Functions CONV, CONC, and VELO are used repeatedly, during

each step.

Function CONV is called by BUBBLE to calculate a convective mass

transfer coefficient for each soluble component. Function CONC is

called by BUBBLE to calculate the interfacial concentration of a soluble

component. Function CONV uses the velocity calculated by VELO in it's

evaluation of KL. Together, function CONV and CONC are used, along

with the data in BUBBLE to evaluate equations (1) and (3).

Function VELO is called by BUBBLE to calculate a rise velocity for

the bubble. Since an evaluation of the terminal velocity of the bubble,

equation (11), requires a drag coefficient, which in turn requires a
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terminal velocity, a numerical technique is employed to calculate the

rise velocity. Successive substitution is used to evaluate the velocity.

Successive substitution may be used to solve an equation of the form:

X = f(X) (23)

This is the form of equation (11). With a successive substitution

technique an initial value of X, X0 is estimated and substituted into

the right hand side of equation (23). The solution of f(XO), X1, is

then substituted into the right-hand side of equation (23). Successive

substitutions continue until X11+1 is sufficiently close to Xn and a

satisfactory value of X has been determined. Figure 8 is a graphical

representation of successive substitution.

The initial value of the velocity is 25 cm/s on the initial call of

VELO. On successive calls of VELO the initial value of the velocity is

the previously calculated bubble velocity. Function VELO calls function

RISE which uses equation (11) to calculate a new rise velocity. The

drag coefficient is calculated using function DRAG and the previous

value of the velocity. Function DRAG finds a value of the drag coeffic-

ient by means of linear interpolation between points of Figure (1), the

theoretical drag coefficient of a sphere.

The correct value for the bubble rise velocity was found when the

difference between the new and old values of the velocity was less than

0.00001. Function VELO, RISE, and DRAG consitute the functional form of

equation (2). Figure 9 is a flow chart of function VELO.

After the completion of a step of bubble rise by RKM, new values

of the depth and number of moles of each soluble component in the

bubble are known. A new value of the composition of each component in
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Figure 9. Flow Chart of Subroutine VELO.
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the bubble is then calculated along with other data to be printed.

RKM is then called to complete another step. This continues until the

depth of the bubble exceeds zero or until the volume of the bubble

becomes negative.
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IV. EXPERIMENTAL WORK

In an effort to test the model's performance, experiments were

conducted to study single rising gas bubbles in water. The water used

in the experiments was Corvallis city water. City water was used

rather than distilled water in order to more closely simulate industrial

mass transfer conditions. The temperature of city water was 50°F. It

has been found that Corvallis city water is nearly saturated with air

[3]. This results in an oxygen concentration of about 3.57 x 10-8

mol/cm 3
. With this condition, an air bubble rising in the water would

behave as if it were inert. Two different gases were studied; air and

carbon dioxide.

The experiments were conducted in a three-inch, inner diameter

plastic pipe. Figure 10 is a picture of the experimental set up. The

depth of the orifice was 12.5 feet. The diameter of the orifice was

varied. Air was released through orifices of 0.015 cm and 0.05 cm in

diameter. Carbon dioxide was released through an orifice of 0.15 cm

in diameter. The orifices were made from hypodermic needles. In each

case, the gas flow rate was small enough to allow bubbles to be released

at one or two second intervals.

Photographs were taken in three locations to determine the diameter

of the bubble. The photographs were taken at the orifice, and heights

of three feet and five feet above the orifice. The pictures were taken

at 1/1000th of a second with 1000 ASA film. The time it took for a

bubble to rise three feet, five feet, and 12.5 feet were also recorded.

Figure 11 shows photographs of rising bubbles. One can see that as



Light

Gas Supply
(Air or CO2)

3,, Z = 12.5 ft.

Ruler

Bubble

Orifice

Figure 10. Experimental Set Up.
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ree eet from orifice c) Five feet from orifice

Figure 11. Photographs of Rising CO2 Bubbles.
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bubble diameter increases the assumption that the bubble is spherical

becomes less accurate. Figure 12 is a table of the bubble diameters

and rise times found in the experiments.

The diameter of the bubbles in the photographs was calculated by

averaging the width and height of the bubbles. The rise times were

calculated using the average of several bubble rise times. The bubbles

remained at the surface long enough to collect adequate data of bubble

diameter therefore, no photographs were taken at the surface.
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Air bubble released from .015 cm diameter orifice, Z = 12.5 feet

diameter just after release = 0.2 cm

(no rise times measured)

Air bubble released from .05 cm diameter orifice, Z = 12.5 feet

diameter just after release = 0.29 cm

diameter at 3' from orifice = 0.29 cm
diameter at 5' from orifice = 0.30 cm
diameter at surface = 0.30 cm

time to rise 3' = 3.25 sec
time to rise 5' = 5.40 sec
time to rise 12.5'= 14.65 sec

Carbon dioxide bubble released from 0.15 cm diameter orifice,
Z = 12.5 feet

diameter just after release = 0.40 cm

diameter at 3' from orifice = 0.20 cm
diameter at 5' from orifice = 0.10 cm
diameter at surface = 0.05 cm

time to rise 3' = 3.2 sec

time to rise 5' = 5.1 sec

time to rise 12.5' = 12.7 sec

Figure 12. Results of Experiments
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V. RESULTS

The computer model was applied to a carbon dioxide-water system.

Deindoerfer [4] has studied single, carbon dioxide bubbles in water; the

computer model is compared to his data in figures 13 and 14. The model

shows excellent agreement with the data.

The computer model was then applied to the experimental systems.

Figures 15 through 20 show comparisons of the model with the experimental

data. The model predicts the air-water system very well in all three

relations. In the comparison to the carbon dioxide-water system the

model agrees fairly well until the bubble gets less than about 0.1 cm

in diameter. In the experimental data the bubble does not vanish but

the computer model predicts that the bubble does vanish. At small

diameters there seems to be a smaller mass transfer rate than the model

predicts.

The discrepency could be caused by many reasons. Surface active

agents could be coating the bubble to such an extent as to virtually

stop mass transfer. This would account for the zone of essentially no

mass transfer after several seconds in Figures 13 and 18.

Surface tension effects could be reducing mass transfer rates as

the bubble diameter gets small. Surface tension may have an effect on

the interfacial mass transfer tendencies as the bubble diameter

decreases.

The assumption that the humidification effects are negligible may

start to break down as the length of time that a bubble is in the water

increases. This effect would begin to show up in the data as the moles
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Figure 15. Comparison of Computer Model to Experimental Data for Air Bubble
Diameter Versus Time.
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Figure 16. Comparison of Computer Model to Experimental Data for Air Bubble
Depth Versus Time.
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Depth Versus Time.
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of gas present in the bubble get small.

The initial bubble diameters predicted by the model agreed well with

the initial diameters seen in the experiments. Figure 21 shows a

comparison of the predicted and experimental initial diameters. Since

the molecular weights of carbon dioxide and air are fairly close and

since the density of water is much larger than air or carbon dioxide

there is almost no difference in the expected initial diameters of the

two gases. Therefore, the use of two different gases in this experi-

mental test of the model is of no consequence.

The model is very dependent on the value selected for the critical

time, tc. The selection of a tc becomes more crucial as the solubility

of the gas within the bubble increases. Figures 22 and 23 show the

effect of tc on an oxygen bubble and a carbon dioxide bubble respectively.

A critical time in the area of two to four seconds seems to simulate

real systems adequately.

The model was used to find a correlation between the orifice depth

and the percent of oxygen transferred from the bubble for various orifice

diameters. The model was used to simulate four systems. Each system

was modeled using four orifice diameters and five discharge depths. The

systems modeled were:

1. 21% 02, 79% N2 (AIR) in water

2. 50% 02, 50% N2 in water

3. 100% 02 in water

4. 21% 02, 79% inert in water containing dissolved CH4

The orifice diameters used were 0.01, 0.025, 0.05 and 0.10 centimeters.

The discharge depths used were 8, 10, 12.5, 15, and 20 feet. These
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Figure 21. Comparison of Computer Model to
Experimental Data. Orifice Diameter
Versus Bubble Diameter.
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Figure 22. Effect of Critical Time on a Carbon Dioxide Bubble.
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depths are common depths of aeration ponds. Figure 24 shows the number

of moles transferred from a 100% oxygen bubble for various orifice

diameters and depths. The number of moles transferred increases as the

diameter of the orifice increases and as the depth of the discharge

point increases. Figure 25 shows the percent of mass transferred from

a 100% oxygen bubble for various orifice diameters and discharge depths.

The percent transferred increases as the orifice diameter decreases,

and as the discharge depth increases. This shows that mass transfer

from a bubble is much more efficient at small bubble diameters. The

surface area to volume ratio of a bubble increases as the bubble gets

smaller, thus increasing the percent transferred. Figure 26 shows the

log of the percent transferred from a 100% oxygen bubble for various

orifice diameters and discharge depths. The plot is linear. Figure

27 shows the log of the percent of oxygen transferred from three of

the four systems at a single orifice diameter of 0.025 cm. This shows

that the percent of oxygen transferred from the bubble is very nearly

independent of the initial composition of the bubble. The small

difference in the percent of oxygen transferred arises from the differ-

ence in total rise times for the different systems. The difference in

total rise times is caused by two factors. The first factor is that

each system has a different rate of mass transfer. The rate of mass

transfer out of a pure oxygen bubble is larger than that of an air

bubble. An oxygen bubble will decrease in size faster than an air

bubble and, consequently, will rise slower. The second factor is that

each system has bubbles of different densities. An oxygen bubble has

a larger density than an air bubble. This will cause the oxygen bubble
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to rise slower than an air bubble.

Since the percent of oxygen transferred depends so little on the

initial composition an approximation can be made that one equation will

hold for a bubble, of random oxygen-nitrogen composition, released

from a certain size orifice.

An equation can be derived which will predict the percent of oxygen

that will be transferred if the orifice depth and orifice diameter are

known. This equation is:

0
2
transferred = G (Z)M (24)

where G can be found using Figure 28, Z is the depth of the orifice and

M can be found using Figure 29.

This equation accurately predicts the percent of oxygen transferred

in any oxygen, nitrogen bubble to within 3.0 percent of the value

predicted by the model. An example of the use of equation (24) is

presented in the Appendix.
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Figure 28. Plot of Variable G for Equation (24)
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VI. CONCLUSION

A computer model has been developed which will adequately predicts

two-component mass transfer from a rising gas bubble in water. For

gases of high solubility, such as carbon dioxide, the value of the

critical time selected will have a large effect on the computer model

prediction. For gases of smaller solubility, the value of the critical

time selected will have a smaller effect.

The percent of mass transferred from a bubble is highly dependent

on the bubble's initial size. The smaller the bubble is the higher

the percentage transferred will be. However, more overall mass is

transferred from larger bubbles.

Future studies in the area of single rising gas bubbles should

include the effect of surface tension on mass transfer from small

bubbles.
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APPENDIX A

Nomenclature Unit

a - area through which mass transfer cm
2

occurs

Dimensions

L
2

C
AS

- concentration of A in equilibrium mole/cm
3

M/L
3

with A in gas bubble

C
A.

concentration of A in bluk liquid moleJcm
3

M/L
3

C
BS

- concentration of B in equilibrium mole/cm
3

M/L
3

with B in gas bubble

CB, - concentration of B in bluk liquid moleJcm
3

M/L
3

C
D

- drag coefficient dimensionless

d bubble diameter cm

D
AB

diffusivity of A in B cm
2
/sec L

2
/t

d
o

- orifice diameter cm

f - function of

g - gravitational constant cmJsec
2

L/t
2

G - variable for equation (24)

gr - grams gr

H - Henry's law constant mole frac- Lt
2
/M

tion/ATM

K
L

convective mass transfer cm/sec L/t

coefficient

M - variable for equation (24)

n
A

- moles of A moles M

n
B

- moles of B moles M

P - bubble internal pressure ATM MJLt
2
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Unit Dimensions

PA TM
- atmospheric pressure ATM M/Lt

2

P. partial pressure of component i ATM M/Lt
2

R ideal gas constant ATM-cm
3

g-mole-°K

bubble radius cm

Re Reynolds number dV
o

dimensionless

V

Sc - Schmidt number V dimensionless
D
AB

Sh - Sherwood number KO dimensionless

D
AB

t time sec t

T absolute temperature °K T

t
c

critical time sec t

- bubble volume cm
3

L
3

V
o

bubble rise velocity cm/sec L/t

x - mole fraction dimensionless

X independent variable

Y dependent variable

z bubble position cm(ft) L

Greek Symbols

p average density of static head gr/cm
3

M/L
3



Unit Dimensions

PL
- liquid density gr/cm3 M/L

3

Pg - bubble density gr/cm3 M/L
3

Y - surface tension dynes/cm Mit
2

v kinematic viscosity cm
2
/sec L

2
/t

P - viscosity grJcm -sec M/Lt

A - difference

59
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APPENDIX B

Surface Tension Effects on a Bubble's Internal Pressure for a

spherical bubble, the internal pressure is [17]:

or

2y,
P = (P

A
+ p

L
gz) + ----, where y is surface tension r is the

r

y
Ar , =

2
---
r

bubble radius

The surface tension of water is:

Y = 71.97 dynes/cm @ 25°C [20]

Conversion from dynes/cm2 x 9.869 x 10-7 = ATM

Letting r = 0.005 cm, d = 0.01 cm

2(71.97)
AP = 2.88 x 10

4
dynes/cm

2

5 x 10
-3

AP = 28.4 x 10
-3

ATM

AP = 0.0284 ATM

This AP will be negligible compared to the total hydrostatic head,

where total head is: 1 - 1.4 ATM.
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APPENDIX C

Bubble Force Balance

For an object where total drag is due to pressure as well as

frictional effects 122].

F PLVeo

A
C
D

2

2

A - maximum projected area
P 4

(Al)

Trd
2

F - total buoyant force = - pg) g x bubble volume

rrd
3

(PL Pg) g

Substituting into the left hand side of Al:

(p, pg) Trg d
3
J6

V.2
=

d
2
14

C
DPL

2

(p
L

-p
g
)g d 4

6

V.2

4d
(PL _ p

g
)g

2

3 CD pL
= V

00

1J2

4d(PL p
g
)g
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APPENDIX D

Physical Properties

Property 283K 298K

Water density (g/cm3) .9997 .9946

Water kinematic viscosity (cm
2
Jsec) 13.081 x 10

-3
8.668 x 10

-3

Water surface tension (dynes/cm) 74.20 71.569

Gas-Water diffusivities (cm
2
Jsec)

carbon dioxide

oxygen

nitrogen

methane

Henry's law constants (mole frac / ATM)

carbon dioxide

oxygen

nitrogen

methane

1.81 x 10
-5

2.31 x 10
-5

1.76 x 10
-5

9.62 x 10
-4

3.06 x 10
-5

-5
1.49 x 10

1.96 x 10
-5

2.50 x 10
-5

1.90 x 10
-5

2.14 x 10
-5

6.08 x 10
-4

2.30 x 10
-5

1.14 x 10
-5

3.845 x 10
-4
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APPENDIX E

Example of the Use of Equation (24)

Determine the percent of 02 transferred from an air bubble which

is released into pure water at a depth of 13 feet from an orifice with

a diameter of 0.03 cm. (Assume a very small gas flow rate.)

Solution

The percent of 02 transferred may be found using equation (24).

% 0
2

tx = G (Z)M

G and M can be determined using Figures 28 and 29.

therefore:

G = 2.70

M = 0.67

Z = the depth of release = 13.0

% 0
2
tx = 2.70(13.0)

0.67

% 0
2
tx = 15.1%
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APPENDIX F

Program Listings

PROGRAM BUBBLE

PROGRAm DUBBLE(INPUI,0UTPUT,TAPE5=INBUTITAPE6=OUTPUT)
DIMENSION Y(10),F(10)
CHARACTER* 8 CHARA,CHARB

COMMON /BUB/ CHULK,COMPA,COMPF,COMPI,ROL,ANU,PRESS,AN
1,BMW,AIMW

COMMON /PKm; ACCUM,M,INDEX

REAL INERT
DATA TEMF,GAS,E,PRO,PI /278.,82.05,.1,.032808,3.14159/

ACCUM=0.

M=0

INDEX=0

X=0.

H=.1

ROL=.9946

ANU=.008668

SIG=71.569

COMPA=0.

COMPE=0.

COMPI=0.

AMQ=0.

BMW=0.

AIMW=0.
V=25.

CHARB= IGNORE '

PRINT 34
34 FORMAT( /, "PLEASE ENTER THE NUMBER WHICH CORRESPONDS",

1" TO YOIA SITUATION.",/,"1 ADSORPTION ONLY, WITHOUT INERTS",/,

2"2 ABSORPTION ONLY, WITH THEFTS ", /,

3"3 ABSflRiPTIDN AND STPIPPING, WITHOUT INERTS",/,

4"4ABS!-Ji:RTICN AND STRIPPING, WITH INERTS")

READ*,IS

IF(IS.E0.4)IS=5
IF(IS.E0.3)IS=4
IF(I3.GE.4) GO TO 35

11=2

60 TO 36

35 11=3
36 PRINT 1

-1--FORMAT("ALL PHYSICAL DATA SHOULD BE AT 298.14 AND 1.ATM!")

PRIT 2
2 FORMAT("ENTER NAME OF GAS ASORBED (IN 'OUOTES' PLEASE)")

PEAD+,ChA;A
PRINT 3

3 FORMAT("ENTER ITS DIFFUSIVITY, MW, AND HENRYS LAW CONSTANT")

READ*,DIFFA,4M4,HENA
IF(IS.EO.4.0R.IS.E0.5)G0 TO 600

GO TO 1,-1
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600 PRINT 4

4 FORMAT("ENTER NAME OF GAS SIRIPPED (IN QUOTES' PLEASE)")
READS,CHARB
PRINT 3

READf.,DIFFB,BMW,HENB

601 IF(IS.E0.2.0R.IS.EU.5)G0 TO 602
GO TO 500

602 PRINT 5

5 FORMAT("ENTER THE MU OF THE INERT')
READ*,AIMU

500 IF(IS.NE.1)G0 TO 800
COMPA=1.

GO TO 513

800 PRINT 8,CHARA
B FORMAT("ENTER INITIAL LOMP. OF ",A8,"IN BUBBLE.")

READt.COMPA

IF(IS.E0.4.0R.IS.E0.5)G0 TO 510
GO TO 511

510 PRINT 9,CHARB
9 FORMAT("ENTER INITIAL COMP. OF ",A8,"IN BUBBLE.")

READ*,COMPB

511 IF(IS.E0.2.0R.16.E0.b)G0 TO 512
GO TO 513

512 PRINT 20
20 FORMAT("ENTER INITIAL COMP.OF INERT IN BUBBLE.")

READ*,COMPI
513 A=COMPA+COMPB+COMPI

IF(A.E0.1.000)G0 TO 501
PRINT 12

12 FORMAT("COMPOS1TIONS MUST TOTAL 1.000")
GO TO 500

501 IF(IS.E0.4.0R.IS.E0.5)G0 TO 502
CBBULK=0.

GO TO 64
502 PRINT 13,CHARB

13 FORMAT("ENTER CONCENTRATION OF ",AB, "IN UATER.")
READ*,CBBULK

64 PRINT 14

14 FORMAT("ENTER ORIFICE DIAMETER.")
READ*,D0
PRINT 15

15 FORMAT("ENTER DEPTH Or DISTRIBUTER. ")
READ*,2

PRESS=(2+34.)/34.

ROG=(COMPA4AMU+COMPB*BMW+COMPPAIMW)4PRESS/82.06/2Y8.
D=(6.*DO+SiGi(ROL-ROG)/981.)**.33333
PRINT 16

16 FORMAT("ENTER AGE PARAMETER.")
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READf,AGE

VOL=Plili**3/6.

AREA-FIf114-4.2

Y(1)=Z/PRO

Y(2)4VOL*RREG3 /GAS/TEMP*COMPA

Y(3)=Y(2)/COMPA4COMPD

INERT=Y(2)/COMPA4COMPI
TOTMOL=Y(2)+Y(3)+INERT
XA=Z

WRITE(6,90)CHARA,CHARB,X,D,Z,VOL,COMPA,COMPB,COMPI,TOTMOL
90 FORMAT(/,40X,"DUDBLE COMPOSITIONS",/,3X,"1IME",3X,

1"DIAMETER',3X,"DEPTH",4X,"VOLUME",3X,AB,1X,A8,2X,"INERTS",2X,
2"TOTAL MOLES",/,2X,F6.2,F9.5,F10.4,E10.3,F9.4,F9.4,F8.4,E13.5)

10 CALL RKM(II,X,Y,F,H,IRKM,E,1.0)

IF(IRKM.E0.2)G0 TO 11
V=VELO(D,V)
F(1)=-V

A=CONV(V,D,X,AGE,DIFFA)
B=CONC(XA,COMPA,HENA)
F(2)=-A4AREApB

IF(IS.LE.3)G0 TO 10

F(3)=CONV(V,D,X,AGE,DIFFB)fAREA*(CliBULK-CONC(XA,COMPB,HENB))
GO TO 10

11 Z=Y(1)tPRO

PRESS=(Z+34.)/34.

VOL=(Y(2)+Y(3)+INERT)LGAS*TEMP/PRESS
IF(VOL.LE.0.) GU TO 623
TOTMOL=Y(2)+Y(3)+INERT

COMPA=Y(2)/TOTMOL
COMPB=Y(3)/TOTMOL
COMPI= 1.- (COMF'A +COMPB)

D=((6.4VOL),P1)44.33333
AREA=PItIlf42

XA=Z

WRITE(6,91)X,D,Z,VOL,COMPA,COMPB,COMPT,TDTMOL
91 FORMAT( 2X, F6. 2, F9. 5, F10 .4,E10.3,F9.4,F9.4,F8.4,E13.5)

IF(Z.GT.1.E-9)G0 TO 10
GO TO 93

623 PRINT 92,Z

92 FORMAT(/,"BUBBLE VANISHED NEAR A DEPTH OF",F7.4," FEET")
93 PRINT 17

17 FORMAT(/,"ENTER 1 FOR ANOTHER RUN WITH THIS SYSTEM (0 TO STOP)")
READ,I
IF(I.NE.1)STOP
X=0.

M =0

H=.1

GO TO 500

END
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SUBROUTINE RKM

SUBROUTINE RKM(N,X,Y,F,H,IRKM,E,XINT)

COMMON /RKM/ ACCUM,M,INDEX
DIMENSION Y(10),F(10),SAVEY(10),PHI(10),K(10,5),ERROR(10)
REAL K

M=M+1

GO TO(100,200,300,400,500,600)M

100 IRKM=1

IF(XINT.EQ.0.0)GO TO 16
IF(INDEX.NE.0)60 TO 14
INDEX=1

ACCUM=0.

14 ACCUM=ACCUM+H

IF(ABS(ACCUM-XINT).GE.1.E-9)G0 TO 11
25 INDEX=0

RETURN

11 IF(ACCUM.LE.XINT)GO TO 16

INDEX=0

HLAST=H

IH=2

H=H-ACCUM+XINT
ACCUM=XINT

16 RETURN

200 X=X+H/3.
DO 1 J=1,N

SAVEY(J)=Y(J)

K(J,1)=F(J)*H/3.

PHI(J)=K(.1,1)

ERROR(J)4(J,1)
1 Y(J)=SAVEY(J)+R(J,1)

RETURN

300 DO 2 J=1,N
K(J,2)=F(J)*H13.

2 Y(J)=SAVEY(J)+.5*(K(41)+K(J,2))
RETURN

400 DO 3 J=1,N
K(J,3)=F(J)*H/3.

ERROR(J)=ERROR(J)-4.5*K(J,3)
3 Y(J)=SAVEY(J)+3./8.*K(41)+9./8.*K(J,3)

X=X-H/3.+H/2.

RETURN

500 DO 4 J=1,N
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K(J,4)=F(J);.H/3.

PHI(J)=PHI(J)+4.+K(44)
ERROR(J)=ERROR(J)+4.*K(J,4)

4 Y(J)=SAVET(J)+1.5*K(J,1)-4.5*K(J0)+6.0(.64)
X2004/2.

RETURN

600 DO 5 J=1,N
K(J,5)=F(J)*H/3.
PHI(J)=PHI(J)+K(J,5)

ERROR(J)=.21-(ERROR(J)-.54K(J,5))

IF(ABS(ERROR(J)).GT.E)GO TO 10

5 CONTINUE

GO TO 20

10 I=I+1

IF(I.GE.21)WRITE(6,900)X
900 FORMAT(1X,"RKM HALVED STEP INCREMENT 20 TIMES,X= ",E15.8)

X=X-H

H=H/2.

ACCUM=ACCUM-H

INDEX=1

IH=1

DO 6 JJ=1,N

Y(JJ)=SAVEY(JJ)

6 F(JJ)=1.5*K(JJ,I)/H
IRKM=1

M=2

GO TO 200
20 CONTINUE

DO 8 J=10(
IF(AbS(ERROR(J))/E.GT.0.003)G0 TO 90

8 CONTINUE

IF(IH.NE.2)GO TO 26

GO TO 17
90 IF(IH.NE.2)GO TO 9
1/ IH=1

IF(HLAST.GE..44.XINT)GO TO 22

21 H=HLAST

GO TO 9
22 IF(HLAST.LE.0.8*XINT)G0 TO 24

23 H=XINT

GO TO 9

24 H=.50(INT
GO TO 9

26 H=2.4H

9 DO 7 JJ=1,N
7 Y(JJ)=SAVEY(JJ)+.5*PHI(JJ)

M=0

IRKM=2

RETURN

END



FUNCTION CONV

FUNCTION CONV(VEL,D,X,ABE,DIFF)
COMMON /BUB/ CBDULK,COMPA,COMPB,COMPIFROLIAKUIPRESS,AMU
1,BMU,AIMU

RECRIT=(1.13*(AMU/DIFF)**.186667/.11)**2
SM= (AMU /DIFF)* *.33333

RE =VEL *D /AHU

IF(RE.LE.60.)60 TO 20

SHERH=1.13*SORT(SM**3.*RE)
SHERT=0.11*SM*RE
SHERF=2.+.55*Sil*SORT(RE)

IF(X.GT.AGE)60 TO 22

IF(RE.GT.RECRIT)SHERT=SHERH

CONV=((1.-X/AGE)*SHERT+X/AOE*SHERF)*DIFF/D
RETURN

22 CONV=SHERF*DIFF/D
RETURN

20 SHER=2.+.55*Sh*SORT(RE)

CONV=SHER*DIFF/D
RETURN
END

PUNCTION CONC;2,COMP,HEN)
COMMO /BUB/ CBBULK,COMPA,COMPB,COMPI,R01,AMU,PRESS,AMW
11BNUtAIMU

PRESS=(2+34.)/34.*COMP
FRAC=HEN*PRES3 /(1.-HEN*PRESS)

CONC=FRAC*.055278
RETUrM
END

C
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FUNCTION RISE

FUNCIIUN RISE(D,VEL)

COMMON /BUD/ CHBULK,COMPA,COMPB,COMPI,ROL,AMU,PRESS,AMW
1,DMW,AIMW

ROGAS=(COMPA*AMW+COMFB*DMW+COMPI*AIMW)*PRESS/82.06/298.
REN=D*VEL/AMU

PROP=4.*981./(3.*ROL)

RISE=SORT(PROP*D*(ROL-ROGAS)/DRAG(REN))

RETURN

END

C

C

FUNCTION DRAG(RA)
DIMENSION RE(12),CIi(12)

DATA RE /-0.30103,0.,.30103,.69897,1.0.30103,1.69897,2.,
12.30103,2.69897,3.,3.30103/
DATA CD /1.69897,1.342423,1.149219,.851258,.628389,.4843,

1.136721,0.0,-.151811,-.30103,-.371611,-.406714/
IF(RA.LT.0.5)G0 TO 30

RL=ALOG10(RA)
DO 20 K=1,12
IF(RL.LT.RE(K))Gu TO 15

20 CONTINUE
IF(RA.GT.2000.)G0 TO 25

15 FRAC=(RL-RE(K-1))/(RE(K)-RE(K-1))
DOG=CD(K-1)-FRAC*(CD(K-1)-CD(K))

DRAG=10.**DOG

RETURN

30 DRAG=24./RA
RETURN

25 DRAG-0.392
RETURN

END

FUNCTION VELO(D,Y)
VO-V

10 V=RISE(D00)
IF(ABS(V-Y0).0..00001)G0 TO 20

VO=V

GO TO 10

20 VELO=V
RETURN

END
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APPENDIX G: Sample Output

Modeling Experimental Data for Air

PLEAGL riTrR THE COMBER WHICH CARREVPONDS TO YOUR SITUATHH.
1 ADSORPTION ONLY, WITHOUT INERTS
2 AnORPTION UNLY, WITH INERTS
3 ABSORPTION AND STPIPPIUO, WITHOUT IPERTS
4 ABSORPTION AND STRIPPINS,IIITH INERTS

6Lf' PDSICAL DATA SHOULD *BE AT 298.K.AND-1.--A110.

EbfER NAIVE CF GAS ABSORBED (IN 'QUOTES' PLEASE)
? = AIR'

&HER ITS DIVFUSIVITY, 11W, AN0 HENRYS LAW CONSTANT
? .0000231,28.95,.00000000001

DUE:: ORIFICE DIAMETER.
? .05

ENTER LEITH )F DISTRIBUTER.
? 12.5

ENIER IGE PARAMETER.
'?

TI is DIAMETER DEPTH VOLUME

BUBBLE COMPOSITIONS
AIR IGNORE IVERTS TOFAL MOLES

.00 .29703 12.5000 .120E-01 1.0000 .0000 .0000 .67035E-06

.10 .28412 12.4087 .120E-01 1.0000 .0000 .0000 .67035E-06

.30 .28449 12.2259 .121E-01 1.0000 .0000 .0000 .67035r-06

.70 .28521 11.8600 .122E-01 1.0000 .0000 .0000 .67035E-06-

1.00 .28582 11.5850 .122E-01 1.0000 .0000 .0000 .67035E-06
1.50 .28678 11.1262 .123E-01 1.0000 -.0000 .0000 .67035E-06

2.00 .28776 10.6662 .125E-01 1.0000 .0000 .0000 .67035E-06

3.00 .2977 9.7441 .127E-01 1.0000 .0000 .0000 A7035E-06
4.00 .2918-, 8.3174 .130E-01 1.0000 .0000 .0000 .67035E-06

5.00 .29t00 7.8961 .133E-01 1.0000 .0000 .0000 .6703 SE -06

6.00 .29622 6.9500 .136E-01 1.0000 .0000 .0000 .67035E-06

7.00 .29952 6.0070 .139E-01 1.0000 .0000 .0000 .67035E-06

U.00 .30071 5.0628 .143E-01 1.0000 .0000 .0000 .67015E-06

9.00 .30340 4.1113 .146E-01 1.0000 .0000 .0000 .67ME-06
10.00 .30598 3.1543 .150E-01 1.0000 .0000 .0000 .67035E -06

11.00 .30867 2.1916 .151E-01 1.0000 .0000 .0000 .67035E-06

12.00 .31117 1.2229 .159E-01 1.0000 .0000 .0000 J7031,E-06

13.00 .31440 .2481 .163E-01 1.0000 .0000 .0000 .67035E-06

14.00 .31746 -.7331 .168E-01 1.0000 .0000 .0000 .67035E-06
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Modeling Experimental Data for Carbon Dioxide

PLEASE ENTER THE NUMBER WHICH CORRESPONDS TO YOUR SITUATION.
1 ABSORPTION ONLY, WITHOUT INERTS
2 ABSORPTION ONLY, WITH INERTS
3 ABSORPTION AND STPIPPING, WITHOUT INERTS
4 ABSORPTION AND STRIPPING, WITH INERTS

3

ALL PHYSICAL DATA SHOULD BE AT 293.K AND %ATM!
ENTER NAME OF GAS ADSORBED (IN 'QUOTES' PLEASE)

? CO2'

ENTER ITS DIFFUSIVITY, NW, AND HENRYS LAU CONSTANT
? .0000181,44,.000933

EMIER LAME OF OAS STRIPPED (IN 'QUOTES' PLEASE)
' 02'

EATER ITS DIFFUSIVITY, NW, AND HENRYS LAW CONSTANT
.0000231,32,.0000306

ENTER INITIAL COMP. OF CO2 IN BUEIRLE.

1 1

ENIER INITIAL. COMP. OF 02 IN BUBBLE.

7 0

EWER IONCENTRATION OF 02- IN WATER.

.0000000357

ENTER ORIFICE DIAMETER.
.15

ENTER DEt.TH DF DISTRIBUTER.

7 12.5
ENTER AGE PAtAMETER.

4
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TIME

.00

.10

.20

.30

.50

.70

.90

1.00

1.20

1.40

1.60

1.80

2.00

2.20

2.40

2.60

2.80

3.00

3.20

3.40

3.60

3.00

4.00

4.20

4.40

4.60

4.80

5.00

5.20
5.40

5.80

6.00

6.50

7.00

7.50

8.00

8.50

9.00

10.00

11.00

12.00

13.00

DIAMETER

.40961

.39798

.38652

.37522

.35249

.33144

.31223

.30362

.28684

.27152

.25752

.24174

.23311

.22256

.21296

.20424

.19629

.16906

.1824/

.17647

.17100

.11603

.16150

.15718

.15234

.14848

.14412

.13974

.13535

.13096

.12180

.11738

.10555

.09357

.08143

.06913

.0574?

.0471P

.02260

.04250

.01879

.04391

DEPTH

12.5000

12.3828

12.2675

12.1543

11.9321

11.7194

11.5157

11.4180

11.2264

11.0423

10.8651

10.6943

10.5304

10.3731

10.2219

10.0762

9.9355

9.7995

9.6678

9.5399
9.4156

9.2946
9.1766

9.0613

8.9486

8.0387

8.7320
8.6285

8.5281
6.4309

8.2428
8.1554

7.9447
7.7550
7.5357

7.4371

7.3186

7.2315

7.0934

7.0391

6.911 ',4

6.8721

VOLUME

.360E-01

.330E-01

.302E-0 1

.277E-01

.229E-01

.191E-01

.159E-01

.147E-01

.124E-01

.105E-01

.894E-02

.768E-02

.663E-02

.577E-02

.506E-02

.446E-02

.396E-02

.354E-02

.318E-02

.283E-02

.262E-02

.240E-02

.221E-02

.203E-02

.107E-02

.171E-02

.157E-02

.143E-02

.130E-02

.118E-02

.946E-03

.847E-03

.616E-03

.429E-03

.283E-03

.173E-03

.994E-04

.550E-04

.605E-05

.402E-04

.347F-05

.443E-04

1UB1LE COMPOSITIONS
CO2 02 mrs

1.0000 .0000 .0000

.9999 .0001 .0000

.9999 .0000.0001

.9998 .0000.0002

.9997 ,0000.0903

.9995 .0000.0005

.9993 .0000.0007

.9992 .0000.0008

.9989 .0000.0011

.9986 .0000.0014

.0018.9982 .0000

.0021.9979 .0000

.0026.9974 .0000

.0031.9969 .0000

.9964 .0000.0036

.9959 .0000.0041

.0047.9953 .0000

.9946 .0000.0054

.0060.9940 .0000

.9933 .0000.0067

.9926 .0000.0074

.0032.9918 .0000

.99t1 .0000.0089

.0097.9903 .0000

.0107.9893 .0000

.0117.9883 .0000

.0128.9872 .0000

.0141.985? .0000

.9844 .0000.0156

.9828 .0000.0172

.9785 .0000.0215

.9759 .0000.0241

.0332.9668 .0000

.9525 .0000.0475

.9282 .0000.0718

.1161.8839 .0000

.8001 .0000.1999

.3553.6447 .0000

-2.0839 3.0839 .0000

.5859 .4141 .0000

-3.5410 4.5410 .0000

.6912 .3089 .0000

TOTAL MOLES

.20127E-05

.18415E-05

.16827E-05

.15356E-05

.12670E-05

.10484E-05

.67256E-06

.80060E-06

.67224E-06

.56785E-06,

.48258E --06

.41263E-06

.35527E-06

.30807E-06

.26900E-06

.23649E-06

.20928E-06

.18641E-06

.1670?E-06

.15069E-06

.13673E-06

.12479E--06

.11455E-06

.10531E-06

.96573E-D7

.68321E-07

.80554E-07

.73259E-07

.66419E-0?

.60020E-0?

.46075E-07

.42742E-07

.31063E -07

.21 546E -07

.14144E-07

.06389E-08

.49401E-08

.27264E08

.29389E-09

.19839E-03

.17098E-09

.21797E-08


