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LONGITUDINAL DISPERSION IN THE LIQUID PHASE 

OF A BUBBLE COLUMN CHROMATOGRAPH 

by 

Ronald Emmett Rambin 

ABSTRACT 

The bubble column chromatograph consists of a vertical 

cylinder sealed at the lower end and partially filled with 

liquid. Gas is introduced at the bottom in such a way that 

long, bullet shaped bubbles rise slowly through the liquid. 

Previous work (7) has shown that the column diameter can be 

chosen such that the liquid film flowing past the bubble 

approaches equilibrium with the contents of the bubble. 

This is the essential requirement of a chromatographic 

system. 

This work is a study of the effect of the bubbles on 

the longitudinal dispersion in the liquid phase. It was 

found that dispersion increased with increasing bubble 

length and film thickness for a constant number of bubbles. 

Thus, it is desirable to use short bubbles when using the 

bubble column as a chromatographic device. 
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I. INTRODUCTION 

A bubble column chromatograph consists of a liquid 

filled tube of slightly larger than critical (3) radius in 

which long bubbles slowly rise (Figure 1). A thin film 

flows down the wall past each bubble. Perfect mixing is 

assumed within each bubble such that mass transfer equili¬ 

brium is approached by each bubble with the liquid flowing 

past it. This is a good assumption provided that the rise 

velocity and liquid film thickness are suitably small. 

Owen (7) showed that the bubble column could be used 

as a chromatographic device for accurately predicting 

K-values. In his work, pulses of radioactivly tagged gas 

were injected into the carrier gas before it entered the 

bottom of the column. From the measured retention times 

of the peak maxima and the peak centroids vapor-liquid 

partition coefficients (K-values) could be determined. The 

K-values obtained using data corresponding to the peak height 

gave poor results when compared with literature values, but 

those corresponding to the centroids gave results which 

were accurate to better than 2 percent. 

The outlet peaks obtained by Owen were relatively dis¬ 

persed. The more peak spreading and tailing that occurred, 

the less reliable were the results due to the uncertainty 

in the location of the centroid. 

In order for the bubble column to be usable for obtain¬ 

ing K-values in multicomponent systems, it is necessary that 

the extent of dispersion caused by the bubble action in the 

liquid phase be understood. If the dispersion in the column 

can be reduced by optimizing operating conditions, the peak 

height and centroid abcissae should more nearly coincide 

which would make the data more reliable. This work was 
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undertaken to discover the parameters which control the 

liquid phase part of the dispersion. 

It is expected that four distinct phenomena will con¬ 

tribute to the longitudinal dispersion in the liquid phases 

(1) Taylor effects in the thin liquid film passing a bubble, 

(2) Taylor effects in the nose and wake sections caused by 

the flow field, (3) Taylor effects in the liquid slug 

between bubbles because of the reciprocating flow of the 

liquid caused by bubble introduction, and (4) straight 

molecular diffusion. The lumping together of these effects 

is discussed in the theory section. 

The method employed to measure the liquid phase contri¬ 

bution to the dispersion involved introducing a pseudo-impulse 

into the column and observing its dispersion as a function of 

time and/or number of bubbles past the initial pulse position. 

In the following sections, the experimental apparatus 

is discussed first, after which the data acquisition is 

described. The theory section discusses the basis for 

treating the data, which is carried out in Section IV. The 

data reduction and discusssion follow in Section V. Con¬ 

clusions are presented in Section VI. 
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II. DESCRIPTION OF EXPERIMENTAL APPARATUS 

The apparatus consists of: (1) a gas regulating system 

which supplies gas to the bottom of the "bubbler," (2) the 

"bubbler" which controls the size of the bubbles and fre¬ 

quency at which they are released into the column, (3) a 

precision bored glass column partially filled with liquid 

and slowly rising bullet shapped bubbles, (4) a sample 

injection system consisting of a micrometer syringe and a 

long needle used to inject the dye-radioactive material 

into the liquid phase of the column, and (5) a Geiger- 

Muller tube with a columnating device used to measure the 

radioactivity at various cross-sections of the column. 

The bubbling gas, helium was reduced by a two-stage 

regulator on the cylinder to about 5 psi (Figure 2). It 

was further regulated to about 1.5 psi by a Hoke line pressure 

regulator. Further regulation was achieved by a very fine 

metering valve with a vernier scale, which enables conditions 

to be reproduced. An on-off valve was located upstream of 

the very fine needle valve which enables the gas supply to 

be cut off very quickly. The line volume was minimized 

between the on-off valve and the entrance to the bubbling 

device in order that the gas flow would stop almost instan¬ 

taneously when the on-off valve was cut off. The 5" section 

of 1/8" O.D„ stainless steel tubing (0.027" I.D;) plus the 

8" section of 1/16" O.D. stainless steel tubing (0.019" I.D.) 

used had an internal volume of approximately 0.084 cc. 

The bubbling device, shown in Figure 3 was designed to 

accomplish three purposes: (1) to allow a count of the 

number of bubbles that had passed through the system, (2) to 

control the size of the bubbles, and (3) to control the spac¬ 

ing between bubbles. Initially the inside of the "bubbler" 
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was filled with dilute salt solution. When the on-off valve 

was turned on, gas flowed from the capillary tubing into the 

bottom section (A) of the "bubbler." The inside radius of 

this section was about 1.2 mm, which is below the critical 

radius. According to the theory presented in Section IV, 

the critical radius of a tube is the radius at which the 

bubble interface intersects the wall of the tube. The 

thin film along the wall breaks, and the bubble cannot rise. 

Thus, in section A a continuous slug of gas was formed which 

pushed the liquid up the column. When the solenoid valve was 

turned on, the difference in the hydrostatic head of the gas 

in the "bubbler" and the liquid in the outer loop caused the 

liquid to flow clockwise through the loop and into the lower 

section of the "bubbler." This forced the gas in the lower 

section upward into section B which contained the conical 

trapping end of the glass column. 

A timing circuit and an impulse counter was connected 

to the solenoid valve. When the timer switch was turned on, 

the first timer began. When the first timer went off the 

second timer came on, which activated the solenoid valve 

and caused the impulse counter to register one count. 

For a set inlet pressure, the length of a bubble could 

be increased merely by increasing the setting for the first 

timer. If it is desired to increase the spacing between 

bubbles for a given bubble length, then the setting for the 

first timer must be increased and inlet pressure decreased 

until the desired bubble length is obtained. 

In order for the "bubbler" to operate properly, the 

outer loop must contain only liquid. A separatory flask 

filled with salt solution was connected to the outer loop to 

facilitate getting the air out of the system when the salt 

solution was initially put into the "bubbler." The valve to 
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this flask was opened and a vacuum was pulled at the top of 

the column. The air was sucked out of the outer loop along 

with some salt solution until all the air had been removed. 

The liquid was caught in a trap between the column and the 

vacuum pump. 

An 18" long 0,0355" O.D. stainless steel capillary tub¬ 

ing with an I.D. of 0.023" was soldered onto the end of a 

hypodermic needle for injecting the radioactive Sr-89 into 

the column. The needle was connected to a 0.2 ml capacity 

micrometer syringe. The micrometer syringe can eject very 

small quantities of liquid with high precision. The smallest 

division on the syringe was 0.0002 ml. 

A Geiger-Muller (G-M) tube connected to a pre-amplifier 

and a model 192A ultrascaler was used to detect radioactivity 

in the column. The G-M tube was completely shielded by a 

columnating device as shown in Figure 15, Appendix E. Radia¬ 

tion was picked up through a small slit in the front of the 

columnator. A slit width of 0.109" was found to give good 

results. The columnator was connected to a one-half inch 

vertical rod by means of a leveling bulb support which 

enabled the columnator and G-M tube to be moved up and down 

the chromatographic column. The columnator was raised merely 

by lifting the support to the desired position where it auto¬ 

matically locked itself fast to the rod. 
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XII* EXPERIMENTAL PROCEDURE 

The procedure for each run was to inject the dye- 

radioactive material between two salt solutions. After a 

certain number of bubbles had been passed through the column, 

a traverse was made with the Geiger-Muller tube to determine 

how much dispersion had occurred. 

It was originally planned to use water in the column, 

but when the radioactive material was injected, it was found 

that there was a significant difference in the densities of 

the two materials, resulting in convection in the column. 

In order to stabilize the dye-radioactive material at the 

point of injection, it was found necessary to use a slightly 

more dense salt solution below the injected sample and a 

slightly less dense solution above it (see Appendix D for 

more details). 

A batch of radioactive Sr-89 with a concentration of 

524 p,c/ml was made up for use in ail of the runs. Prior to 

making a run, the micrometer syringe was filled with the 

radioactive Sr-89. Meanwhile, helium gas was allowed to 

bubble through the more dense salt solution in the glass 

column. The inlet pressure and timer were adjusted to give 

the desired length of bubble and spacing between bubbles. 

When this was achieved the pressure was turned off with one 

bubble remaining in the bubbling device. The one bubble was 

left in the device in order to keep small quantities of 

liquid from leaking into the capillary tubing. A background 

count was taken by making a traverse of the column with the 

Geiger-Muller tube. The top of the salt solution in the 

column was noted. Then the valve to the separatory funnel 

was opened to allow the liquid level in the column to be 

lowered about 15 cm. A hypodermic syringe was used to slowly 
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decant a less dense salt solution onto the top of the more 

dense salt solution. The light solution was filled to the 

original level of the heavy salt solution. The micrometer 

syringe containing the radioactive material was firmly attached 

to a traversing device above the column. It was then slowly 

lowered into the column until the tip of the needle was at 

the interface of the two salt solutions (see Figure 4). Then 

0.0400 ml of radioactive material was injected. After the 

injection was completed the needle was raised 0.2 to 0.3 cm. 

above the radioactive layer. Approximately 0.0050 ml of 

]SFaCl was sucked into the needle to prevent any radioactive 

material from being scattered up the column as the needle 

was retracted. The syringe and needle were then removed 

from the column. 

A stopwatch was started and a traverse of the column 

was made with the Geiger-Muller tube. The solenoid valve 

was then turned on and off, releasing the first bubble. 

The pressure and timing mechanism were then turned on. The 

setting for the first timer allowed gas to flow for a little 

over a minute before the second timer came on which opened 

the solenoid valve and released the next bubble. 

After a certain number of bubbles had passed through 

the column a traverse of the column was made with the Geiger- 

Muller tube (see Figure 5 and 6). Before the traverse was 

made, the pressure and timer were turned off with one bubble 

remaining in the bubbling device. Both were turned off 

approximately one second before the solenoid valve was due 

to come on and release the next bubble. Readings were not 

taken until the last bubble in the column had passed through 

the radioactive layer. This was necessary because measure¬ 

ments of the radioactivity at a certain cross-section could 

not be made if the liquid was moving up or down. 



MICROMETER SYRINGE 

S£ 

% f 
GLASS COLUMN 

CAPILLARY TUBING CONTAINING 
DYE-RADIOACTIVE MIXTURE 

Na Cl (density ~ 1.0027 gm/cc) 

IMPULSE OF DYE-RADIOACTIVE 
MIXTURE (density ^ 1.004 gm/cc) 

NaCI (density ~ 1.008 gm/cc) 

FIG. 4- SAMPLE INJECTION SYSTEM 



2
2
,0

0
0

 

o o O O O o o o o o 
o o O O O o o o o o o 
o 

r* 

o 
o 
CD 

O 
r* 

CD 

CD O 

<\T 
o 
o' 

o 
CD 

o 
CD 

o 
'si’ 

o 
OJ 

c\j — — — — 

ro 

C\J 

O 

i 

c\j 
i 

ro i 

,sf 
I 

lAldO ‘0 

D
IS

TA
N

C
E
 

FR
O

M
 

IN
JE

C
TI

O
N
 

P
O

IN
T,
 

Z 
,C

M
. 

F
IG

. 
5
- 

T
Y

P
IC

A
L
 

P
L

O
T
 

O
F 

LO
N

G
IT

U
D

IN
A

L 
D

IS
P

E
R

S
IO

N
 

IN
 

"B
U

B
B

L
E
 

C
O

L
U

M
N

" 
(R

U
N
 

A
2
) 



2
2
,0

0
0

 

o 
co 
cr 
LU 
CL 
CD 
Q 

< 
z: 
o ro 
< 

CD ZD 
2 cr 
o — 
_J 

£ 3 
_J o 0- o 
-j LU 
< _J 
O 00 
K “ 

hf 
I 

CD 

lAldO ‘ 0 

CD 

LL 



14 

After the traverse was completed, the solenoid valve 

was turned on and off again, releasing the next bubble. 

The pressure and timer were turned on and the sequence 

repeated. 

When the "bubble column" is used as a chromatographic 

device, the bubbles are usually one or two centimeters apart. 

The number of bubbles below any particular level of the 

column varies by only one, depending upon whether a bubble 

is approaching the point or has just passed it. In all of 

the dispersion runs no more than one bubble was in the 

column below the injection point. Thus, the same effect 

is achieved as in the chromatographic device. 

After the run was completed, the radioactive material 

was removed by evacuating the top of the column and catching 

the liquid in a trap. 
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IV. THEORETICAL DEVELOPMENT 

A. Bubble Rise Theory 

The motion of long bubbles at low Reynolds number in a 

vertical tube sealed at the lower end and partially filled 
(3) with liquid has been studied by F. P. Bretherton . The 

bubble is made up of a front (AB) and rear menisci (EF), two 

transition regions (BC and DE) and a uniform region parallel 

to the wall (DC) as shown in Figure 1 (Section 1) . The theory 

is good only for the case where |j,u/cr<< 1 which implies that 

viscous forces effect the profile of the bubble only in the 

region near the wall. The profiles of the menisci are deter¬ 

mined by static equilibrium between surface tension and gravi¬ 

tational stresses. The profile of the transition region and 

the uniform region parallel to the wall are approximated very 

well by the lubrication hypothesis. 
2 

Bretherton found that for pgr /& < 0.842 the profile of 

the front meniscus has a tangential plane which is vertical 

at some point on the profile. Physically, this can be inter¬ 

preted as the film intersecting the wall of the column; i.e., 

the film breaks and the bubble cannot rise in the tube. For 
2, values of pgr /a > 0.842 there is no point at which the tan¬ 

gent plane is vertical. Thus, a bubble can form and freely 

rise. With further theoretical development he found that 

for 0.842 < p gr^/cr < 1.04 ; 

(pgr2/c) - 0.842 = 1.25 (p,U/a)2/9 + 2.24 (^U/CT)
1//3
 U) 

= 1.10 “)2/3 + 1.85(-) 
r r 

(2) 
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B- Dispersion Theory 

The chromatographic theory used by Owen assumed no longi¬ 

tudinal dispersion in either gas or liquid phase. However, it 

is well know that longitudinal dispersion occurs in all real 

1-dimensional flow systems. If the dispersion is of the 

"diffusion" type, the width of an initial tracer will grow only 

with the square root of residence time, whereas the center of 

the tracer will move at a more or less constant rate (displace¬ 

ment proportional to the first power of time). Thus, the 

center motion can still be used to calculate K-values if the 

dispersion approaches diffusion-like behavior in a reasonably 

short fraction of the total residence time. 

A method of testing the "diffusion" character of the 

overall effect is to see if the dispersion of an intial 

impulse leads to a Gaussian curve, i.e, if the system can be 

approximated by: 

Fourier transform techniques can be used to solve Equation 3 

(see Appendix C) to give the Gaussian distribution: 

(3) 

where: C = radial averaged tracer 
concentration 

I.C.: C (0,0) = Q6 (0+) 

B.C. : C (+OQ, t) = 0 

V 4rr D t v E 

£ e(-B
2/4DEt) 

C(3,t) (4) 



17 
(6) 

It is shown by Hornv that a wide variety of local rate 

phenomena in 1-dimensional flow systems produce the effect 

of "diffusion"-type dispersion. The only condition that 

the separate dispersion coefficients be additive is that 

a sufficient time has elapsed since the impulse was 

introduced. 
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V. DATA REDUCTION AND DISCUSSION OF RESULTS 

From the data taken for each traverse of the column, a 

plot of C vs Z was made (Figure 5 and 6, Section III). 

Since the frequency at which the bubbles enter the col¬ 

umn is constant, Equation (3) of Section IV can be based on 

the number of bubbles passing through the initial pulse posi¬ 

tion instead of on t. The common logarithm of this equation 

can be taken: 

2 
log C(H.H) = l°g[^=§=f3 - 4 (2.3)D N <5> 

E E 

- 2 
It can be seen that a plot of log C(Z,N) vs Z should give 

a straight line with a slope, m, and an intercept, a, of (see 

Figure 7 and 8): 

m 1 
4(2.3)D£N 

(6) 

a = 109 ^4„%' <7) 
’ E 

Values of D were obtained by drawing the two most extreme 

straight lines through the data points and then averaging 

the two values of D^ calculated from Equation 6. These 

values are shown in Table 1. The A series of runs were with 

a column I.D. of 0.2285" whereas the B series were 0.2210". 
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TABLE 1 

Summary of Effective Diffusivity Constants, D 
E 

Run 
Number 

Column 

I.D., " 
Bubble 

Length,cm N °E 

Al 0.2285 

i—1 e 
i—1 10 0.0066 + 0.0008 

25 0.0048 + 0.0001 
64 0.0093 + 0.0004 

100 0.0090 + 0.0001 
150 0.0101 + 0.0010 

A2 0,2285 
i—1 10 0.0053 + 0.0007 

25 0.0102 + 0.0005 
64 0.0138 + 0.0009 

100 0.0156 + 0.0014 

A3 0.2285 • 

i—1 10 0.0091 + 0.0001 
25 0.0116 + 0.0005 
64 0.0148 + 0.0006 

100 0.0144 + 0.0012 
170 0.0178 + 0.0005 

A4 0.2285 1.9 10 0.0130 + 0.0014 
25 0.0162 + 0.0014 
64 0.0220 + 0.0010 

A5 0.2285 2 10 0.0127 + 0.0017 
25 0.0177 + 0.0015 
64 0.0344 + 0.0033 

A6 0.2285 3 10 0.0232 + 0.0027 
25 0.0417 + 0.0009 
64 * 

A7 0.2285 3 10 0.0210 + 0.0012 
24 0.0458 + 0.0022 
40 0.0710 + 0.0043 

^Dispersion too large to measure (C vs 3 vertually flat) 
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Table 1 (Cont'd) 

Summary of Effective Diffusivity Constants, 

Run 
Number 

Column 
I.D.," 

Bubble 
Length,cm N °E 

Bl 0.2210 

i—1 • 
i—1 10 0.0052 + 

25 0.0040 + 
64 0.0070 + 

100 0.0060 + 

B2 0.2210 1.25 10 0.0070 + 
35 0.0083 + 
64 0.0080 + 

102 0.0088 + 
150 0.0091 + 

B3 0.2210 • 
i—1 10 0.0058 + 

25 0.0070 + 
64 0.0098 + 

100 0.0110 + 
150 0.0110 + 

0.0004 
0.0002 
0.0001 
0.0002 

0.0002 
0.0003 
0.0005 
0.0003 
0.0003 

0.0005 
0.0007 
0.0003 
0.0010 
0.0005 
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TABLE 2 

Effect of Bubble Length of D 

Column Bubble 
D

E I.D. N Length 

0.2210 64 

i—
1 • 

i—
1 0.0070 

0.2210 64 1.25 0.0080 
0.2210 64 1.4 0.0098 

0.2210 100 
i—

1 

r
H

 0.0060 
0.2210 102 1.25 0.0088 
0.2210 100 1.4 0.0110 

0.2210 150 1.25 0.0091 
0.2210 150 1.4 0.0110 

0.2285 64 1.1 0.0093 
0.2285 64 1.4 0.0138 
0.2285 64 

(?> 0 
i—

1 0.0220 
0.2285 64 2 0.0344 

0.2285 100 1.1 0.0090 
0.2285 100 1.4 0.0144 
0.2285 100 1.4 0.0156 
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From Figure 9 and 10 it can be seen that D increases 
E 

linearly with the bubble length for a particular column 

I.Do and a constant number of bubbles. D also increases 
E 

with column I.D. for a given bubble length and constant 

number of bubbles as shown in Table 3. 

In the B series (I.Do = 0.2210") the values of D 
E 

increase slightly at first as N increases (Figure 12), then 

begin to level off at a constant value. It is believed that 

the initial increase is due to the fact that statistically 

not enough bubbles have passed through the column. This is 

also true for runs Al, A2, and A3 (Figure 11). However, for 

runs A4 and A7, D appears to be increasing for all values 

of N. These runs are with the larger I.D. column and for 

longer bubbles than in the other runs. Thus the dispersion 

was much greater and it is believed that statistically 

enough bubbles were not run through the column. Since the 

dispersion was great in these runs, the Gaussian curves of 

C vs z were tending to become flat for the last values of 

N read, making measurements of the width of these curves 

difficult. 

Initially it was feared that once the Sr-89 was dis¬ 

persed in the column that perhaps small convection currents 

were set up due to differences in densities as before. 

Thus a run was made (Run Cl) to determine the magnitude of 

the molecular diffusion and any convection that might be 

occurring. Table 4 is a summary of the values of D cai¬ 
rn 

culated and shows that molecular diffusion accounts for 

only a small part of the dispersion in the column. 
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TABLE 3 

Effect of Column I„D. on D 
E 

Bubble 
Length N 

Column 

I.D. D
E 

i—1 • 
i—1 10 0.2210 0.0052 

1.1 10 0.2285 0.0066 

1.1 25 0.2210 0.0040 i—1 • 
i—1 25 0.2285 0.0048 

1.1 64 0.2210 0.0070 

i—1 • 
i—1 64 0.2285 0.0093 

i—1 • 
i—1 100 0.2210 0.0060 i—1 • 

i—1 100 0.2285 0.0090 

1.4 10 0.2210 0.0058 
1.4 10 0.2285 0.0053 
1.4 10 0.2285 0.0091 

1.4 25 0.2210 0.0070 
1.4 25 0.2285 0.0102 
1.4 25 0.2285 0.0116 

1.4 64 0.2210 0.0098 
1.4 64 0.2285 0.0138 
1.4 64 0.2285 0.0148 

1.4 100 0.2210 0.0110 
1.4 100 0.2285 0.0156 
1.4 100 0.2285 0.0144 
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TABLE 4 

Molecular Diffusivity 

Run Cl 

Constants, D 
m 

t, sec 
D , cm /sec 
m 

24,090 7-61 x 10"6 

64,140 

KD 1 O
 

i—
1 

X 

L
O
 

00 

86,595 8,76 x 10 6 86,595 
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VI. CONCLUSIONS 

In order that the "bubble column" can be used as a 

chromatographic device the rise velocity of the bubbles must 

be such that mass transfer equilibrium is obtained between 

the liquid and gas phase. Thus, for any particular system, 

a relatively small I.D. column is desirable, since this results 

in small rise velocities as calculated from Equations (1) and 

(2) in Section II. Smaller columns are also desirable because 

there is less longitudinal dispersion in the liquid phase. 

Longitudinal dispersion is to be minimized in chromatographic 

techniques, since peaks of elution curves are spread out 

otherwise,giving less reliable K-values. Since dispersion 

increases significantly as bubble length increases, it is 

desirable to use as short a bubble as possible and still have 

bullet shaped bubbles. It should be pointed out that if the 

length of a bubble becomes less than the I.D. of the bubble 

column, then the theory of long bubbles no longer applies 

and the bubble will rise very rapidly in a turbulent fashion. 

This would not meet the chromatographic requirement of equili¬ 

brium, and would produce a great deal of dispersion. Thus, 

the length of the bubbles in future work should be slightly 

greater than this lower limit. 
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TABLE 5 

Experimental Data 

Run A2 

Column I.D. = 0.2285" 

Bubble Length = 3 cm 

Background (B.G.) = 52 cpm 

Rise Velocity = 0.52 cm/sec 

t (Min.) N z CPM C, (CPM-BG 

0.00 0 -1.0 264 212 
1.25 0 -0.5 22,322 22,270 
2.50 0 0.0 37,515 37,463 
4.00 0 0.5 3,196 3,144 
5.25 0 1.0 220 168 

18.00 10 -3.5 669 617 
19.25 10 -2.0 902 850 
20.50 10 -1.0 1,993 1,941 
22.00 10 -0.5 5,639 5,587 
23.25 10 0.0 10,793 10,741 
24.50 10 0.5 8,829 8, 777 
25.75 10 1.0 5,154 5,102 
27.00 10 2.0 2,197 2, 145 
28.25 10 3.0 1,447 1,394 

45.75 24 -4.0 717 665 
47.00 24 -3.0 790 738 
48.25 24 -2.0 1,065 1,013 
49.50 24 -1.0 1,801 1,749 
52.00 24 0.0 3,382 3,330 
53.25 24 0.5 3,682 3,630 
54.50 24 1.0 3,388 3,336 
55.75 24 2.0 2,266 2, 214 
57.00 24 3.0 1, 775 1,723 
58.25 24 4.0 1,538 1,486 

78.00 40 -4.0 703 651 
79.25 40 -3.0 813 761 
80.50 40 -2.0 1,(0119 967 
81.75 40 -1.0 1,488 1,436 
83.00 40 -0.5 1,759 1,707 
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Table 5 (Cont'd) 

Experimental Data 

Run A2 

Column I.D„ = 0. 2285” 

Bubble Length = 3 cm 

t (Min.) N Z 

84.25 40 0.0 
85.50 40 0.5 
86.75 40 1.0 
88.00 40 2.0 
89.25 40 3.0 
90.50 40 4.0 
91.75 40 5.0 
93.00 40 7.0 
94.25 40 10.0 

Background {B.C4.} = 52 cpm 

Rise Velocity + 0.52 cm/sec 

CPM C, (CPM-BG) 

1,933 1,881 
2,067 2,015 
2,003 1,951 
1,691 1,639 
1,493 1,441 
1, 280 1,228 
1,204 1,152 
1,187 1,135 
1,001 949 
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TABLE 5 

Experimental Data 

Run A3 

Column l.D» = 0.2285" 

Bubble Length = 3 cm 

t (min.) N Z 

0.00 0 -1.0 
1.25 0 -0.5 
2.50 0 0.0 
3.75 0 0.5 
5.00 0 1.0 

17.50 10 -3.0 
18.75 10 -2.0 

20.00 10 -1.0 
21.25 10 -0.5 
22.50 10 0.0 
23.75 10 0.5 
25.00 10 1.0 
26.25 10 2.0 
27.50 10 3.0 

45.75 25 -3.0 
47.00 25 -2.0 
48.25 25 -1.0 
49.75 25 -0.5 
51.00 25 0.0 
52.25 25 0.5 
53.50 25 1.0 
54.75 25 2.0 
56.00 25 3.0 
57.25 25 4.0 

102.75 65 -3.0 
104.00 64 -2.0 
105.25 64 -1.0 
106.50 64 -0.5 
107.75 64 0.0 
109.00 64 0.5 

Background (B.G.) = 37 cpm 

Rise Velocity = 0.53 cm/sec 

CPM C, (CPM-3C) 

1,149 1,112 
17,873 17,836 
49,868 49,831 
1,318 1,281 

156 119 

1,038 1,001 
1,310 1, 273 
2.640 2,603 
7,050 7,013 

10,838 10,801 
9,497 9,460 
5,076 5,039 
1,659 1,622 

608 571 

912 875 
1,167 1,130 
1,866 1,829 
2,610 2,573 
3,058 2,031 
3,353 3,316 
3,171 3,134 
2,193 2,156 
1,559 1, 522 
1,114 1,077 

652 615 
791 754 
945 908 

1,056 1,019 
1,153 1,116 
1,101 1,064 
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Table 5(Cont'd) 

Experimental Data 

Run A3 

Column I.D. = 0.2285" Background (B„ G.) = 37 cpm 

Bubble Length = 3 cm Rise Velocity = 0.53 cm/sec 

t (min.) N Z CPM C, (CPM-BG) 

110.25 64 1.0 1,113 1,076 
111.50 64 2.0 1,012 975 
112.75 64 3.0 952 915 
114.00 64 4.0 834 797 
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APPENDIX B 

Sample Calculations 

A. Calculation of D s 
E 

From the Gaussian curve of C vs. Z (see Figures 5 and 

6 y Section III) the width of the curve for various values 

of the ordinate C is measured and set equal to 2z. From 

these values, a table similar to Table 6 and 7 was pre- 
2 

pared a The plot of log C against Z~ is a s traight line as 

in Figure 7 and 8, Section 7. The slope of the line for 

N = 10 (Figure 7) was calculated as follows % 

log 22.9 - 3.70 
m — ~. '. = -1.319 

0 - 0.60 

From Equation 6, Section V, can be calculated: 
E 

D 
E 

_ 1 
4(2.3)Nm 

1   

"(4) (2.3) (10) (-1.319) 

0.0082 cm^/bubble 

B. Calculation of D - Molecular Diffusion (Run Cl)s 
rn 

Initially a Graussian distribution was obtained by 

passing 25 bubbles through the column. The gas supply 

was then shut off completely. Readings were then made at 

various intervals for the following 24 hours. Since D 
m 

i.s a constant; 

A (D t) = D At m m 
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TABLE 6 

2 Data for Plotting Log C Against 2 

Run A2 

N C 2Z Z s2 

10 18 0.66 0.33 0.11 
16 0.79 0.395 0.16 
14 0.84 0.42 0,18 
12 0.91 0.455 0.207 
10 0.99 0.495 0.245 
8 1.08 0.54 0.295 
6 1.19 0.595 0.354 

25 9 .83 0.415 0.17 
8 1.05 0.527 0.28 
7 

i—1 
C
M
 

i—1 0.605 2.37 
6 1.45 0.725 0.53 
5 1.70 0.85 0.72 
4 1.97 0.985 0.97 
3 2.32 1.16 1.35 

64 4.4 0.95 0.475 0.23 
3.8 1.58 0.79 0.62 
3.2 2.15 1.075 1.16 
2.6 2.74 1.37 1.88 
2.0 3.39 1.695 2.87 
1.4 4.25 2.125 4.52 

100 3.0 1.30 0.65 0.42 
2.6 2.95 1.475 2.18 
2.2 2.95 1.475 2.18 
1.8 3.84 1.92 3.69 
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TABLE 7 

Data for Plotting Log C Against Z 
2 

Run A3 

N c 2Z z 22 

10 16 0.71 0.355 0.13 
14 0.83 0.415 0.17 
12 0.94 0.470 0.22 
10 1.05 0.525 0.28 

8 1.18 0.59 0.35 
66 1.36 0.68 0.46 

4 1.64 0.82 0.67 

25 9 0.98 0.49 0.24 
8 1.16 0.58 0.34 
7 1.40 0.70 0.49 
6 1.64 0.82 0.67 
5 1.91 0.955 0.91 
4 2.15 1.075 1.16 

64 5 1.06 0.53 0.28 
4 1.94 0.97 0.94 
3 2.90 1.45 2.10 
2 3.91 1.955 3.82 

100 3.4 1.30 0.65 0.42 
3.0 1.89 0.945 0.89 
2.6 2.52 1.26 1.59 
2.2 3.25 1.625 2.64 
1.8 4.05 2.025 4.10 

170 2.0 2.80 1.96 1.96 
1.8 3.60 3.24 3.24 
1.6 4.35 4.73 4.73 
1.4 5.05 6.37 6.37 
1.2 5.60 7.84 7.84 
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Also i CD t) = (D t) - (D t) ... 
m in f xnd X m in^-t XB JL 

Therefores D = 
m 

^m^ final ^m^ initial 1 min. 
t 60 sec. 

Values of D t are calculated from Equation (6), Section V, 
m 

using t instead of N in the equations 

_ -1 
°m 4 (2.3) m 

The value of t used was the average time between the start 

and the end of a traverse. 

Thus, for t = 1443.75 min. 

0.9428 - 0.1837 1 „ 2, 
D =  , AA~.  TR = 8*76 10 cm /sec 

m 1443.75 60 
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APPENDIX C 

Solution to Diffusion Equation 

The diffusion equation is: 

s2c SC _ n 

‘■0 

I.C.: C (Z,0) = Q 6(Z) 
(8) 

B.C.: lim C (Z,t) = 0 

|B| -»OQ 

Taking Fourier Transforms: 

[c (g/t)J - c* (§,t) = j»c (a,t)e 3“ da -i§B 
(9) 

Integrating by parts: 

S C 
s a 

-i 
e 

pCv 

a 
+ 

-oa 

Co 

iS 

*■- C& 

S C 
s a e 

-iSa 
da 

(10) 

(11) 

The first term on the right of Equation (11) is zero since 
S c 

= 0 for (Z)-* if the boundary condition is true. Integrat¬ 

ing by parts again: 

oo 

dZ 

= i§ |C e ^ 2 i§l c (a, t) e da 
aJ 



42 

The first term on the right again is zero. Thus, 

a25 
LVJ 

= -S2 c* (Sft) 

Be Be (§,t) 
F at = Bt 

The Fourior transform of Equation (1) is: 

S2c* (|.t) ♦ 

Holding § constant: 

= 0 

dC*.(L,t), 
C*(§,t) 

- §2dt 

Integrating: 

In C* (S,t) = -S2t + In f(5J 

C* (S,t) =* f(5) e"§2t 

C* (5,0) = f(S) 

(12) 

Fourier transform of the initial condition is: 

P [c (2,0)] = C* (§,0) = ^(g)e_i5B 
dz 

= e 

= 1 

-iSZ 

Z 
= 0 

This implies that 

f(S) = 1 (13) 

f 

C* (5,t) = e~
§2t 

Thus 
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The inverse Fourior Transform is: 

‘l (5* <E't))= - I 
C* ( §,t)ei?t d§ 

- c (g,t) 

Substituting Equation (16) into Equation (17) 

(14) 

C (B,t) = 
2TT L*a 

_i_r 
2 V * 

-§ t iga s * e = d§ 

(~§2t + iga) 
dg 

(15) 

The identity: 

-§2t + i§2 = + M§- ) 
2t 

is now substituted into Equation (18): 

Let 

C <»,t) - 

v = §-ia/2t 

dV — ^ 

fj 

C (a,t) = C- -a^4t/ -tv 
dV 

i -a2/4tf* -tv2 - — e J e dV 
~oa 

TT 

2 _ 
Let a = Using formula 423, page 304 of the CRC (Reference 5) 

C (a,t) = ~ e _ i. -a /4t ( \Tff~ 

—1—- e"2 /4t VTTTT e 
c (a,t) 



44 

APPENDIX D 

Experimental Procedure 

A. Column Selection and Preparations 

The precision bored pyrex tubing used for the column 

was chosen on the basis of a suitable internal diameter. 

Eight pieces of glass tubing ranging in size from 0,2002" 

to 0.2285" I.D. were bought from Wilmad Glass Company. 

The free rise velocity of gas bubbles in salt solution in 

the tube was checked experimentally to irtake sure the tubes 

were in the practical range. For actual chromatographic 

runs the smaller I.D. columns would be used since it is 

necessary that the bubbles remain in the column for a long 

enough time that they come to equilibrium with the liquid 

in the column. The larger I.D. columns were used for the 

dispersion experiments because the free rise velocity was 

fairly large, which enabled the runs to be completed in a 

short time (two or three hours) and molecular diffusion 

could be neglected. 

With smaller columns it was found to be imperative 

that the column be cleaned thoroughly to allow the bubbles 

to rise freely and smoothly. The columns were cleaned with 

hot cleaning solution and then thoroughly rinsed with 

distilled water. A meter stick was mounted behind the 

column for convenient reference of the liquid level. 

B. Sample Preparation; 

The original sample of radioactive Sr-89 obtained from 

Oak Ridge National Laboratory in Oak Ridge, Tennessee, had 

a concentration of 5,00 + 5% mc/ml. The Sr-89 came in the 
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chemical form of SrCl^ in HCl solution. The normality of 

the original batch was 1.11 acid. The total volume was 

1.2 ml. 

Using lambda pipets (1 lambda = 0.001 ml) and a remote 

pipetting device the original batch was diluted with dis¬ 

tilled water to 524 rnc/ml. The total volume of sample was 

6.65 ml. In order that visual observation of the radio¬ 

active material could be made., 0.0507 gm of KMnO^ was 

added to the Sr-89 solution. 

When runs were made the 0.2 ml capacity micrometer 

syringe was filled with the Sr-89 solution. Great care 

was necessary to make certain that all air bubbles were out 

of the syringe and needle. In each run 0.0400 ml of sample 

was injected into the column. This amounts to a total of 

20.96 |ic injected in each run. 

C. Determination of Operation Voltage for Geiger-Muller 
Tube s 

The proper operating voltage for the ultrascalar with 

the GM tube was determined from Figure 13 which is obtained 

by plotting the count rate received from a standard radio¬ 

active sample against the detector-tube voltage for several 

different voltages. The physical conditions were not 

changed during the measurements. The operating voltage of 

1450 volts was selected since it is approximately one-third 

of the voltage from the lowest to the highest point on the 

plateau and slight fluctuations in the high voltage would 

not appreciably affect the count rate measurements. 

D. Experimental Difficultiesx 

The biggest problem encountered in this research pro¬ 

ject was trying to match up the density of the radioactive 
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Sr-89 solution to that of the liquid in the chromatographic 

column. No data concerning the density was furnished with 

the original batch of Sr-89 obtained from Oak Ridge National 

Laboratory. The volume of the sample was too small to 

measure with a hydrometer on a pycnometer. 

It had been originally planned to inject the radio¬ 

active Sr-89 into a water system? however, when this was 

attempted, it was found that there was a significant dif¬ 

ference in the densities of the two materials, resulting 

in convection in the column. It was decided to try to 

match the densities by adding salt to the water. 

In order to expedite the matching process, a dye was 

injected into a salt solution with identical specific 

gravities. Thus, the phenomenon could be observed visually 

to determine the degree of accuracy that the density of the 

liquid in the column had to be matched up with the radio¬ 

active sample. It would also make it easier to develop a 

good technique for injecting the sample. 

Using density data found in the International Critical 

Tables, solutions of potassium permangamate and sodium 

chloride were quantitatively made up with a Metier analyti¬ 

cal balance. The densities of the two mixtures were the 

same to four significant figures. Convection still occurred 

when the potassium permanganate was injected into the salt 

solution. A trial and error procedure of matching the two 

solutions were also tried, but the system was still unstable. 

It was decided to try decanting a salt solution with a 

density less than the dye solution on top of a salt solu¬ 

tion with a density more than that of the dye. The potassium 

permanganate solution was then injected between the two 

solutions. This technique worked fine and the system was 

stable. 
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A small quantity of potassium permanganate was then 

added to the radioactive Sr-89 solution. The density was 

determined by a trial and error procedure as before with 

the pure dye. 

The specific gravity of the mixture of dye and radio¬ 

active material was found to be about 1.G04 + 0.0005 at 23°C. 

Two salt solutions were made up with specific gravities of 

1.0027 and 1.008 at 23°G. When the dye-radioactive mixture 

was injected between these two salt solutions,, it. remained 

at. the interface of the two salt solutions. A small amount 

of dispersion occurred with time due to molecular diffusion. 

Another difficulty which was encountered was due to 

the extreme care which had to be taken when handling the 

steel capillary tubing. When the tubing was cut the end 

was closed. It was opened by "electropolishing" the end. 

This process, being the reverse of electroplating, was 

carried out in an HCl solution using a d.c. source of cur¬ 

rent „ 

Another problem was rust which was formed inside the 

stainless steel capillary tubing used in the injection of 

the radioactive sample into the system. Potassium permanga¬ 

nate is a very strong oxidizing agent, which vigorously 

attacks stainless steel. In some of the first runs made, 

small quantities of rust came out of the needle when the 

Sr-89 was injected. Thus the amount of radioactive material 

injected could vary slightly from run to run. The amount 

of rust formed was minimized by waiting until a few minutes 

before injecting the sample to fill the micrometer syringe. 

In later runs quartz capillary tubing was used. 

Numerous problems were also encountered in designing 

the bubbling device. At first, 1/8" tubing was used for 
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the outer loop. The frictional drag was too great, result¬ 

ing in the bubble rising out of section A very slowly or 

not at all. This problem was solved by using l/4,! tubing, 

with an 0.210"I.D. With this tubing it took a bubble only 

about one second to be swept out of the lower section of 

the “bubbler." 

At first a capillary tube with a very small I.D. was 

used for the gas entering the "bubbler." The surface area 

on the end of the capillary tubing was so small that only 

small bubbles were formed. These bubbles rose rapidly through 

the "bubbler" instead of forming a continuous slug of gas in 

the bottom section. This problem was solved by putting in 

capillary tubing with an I.D. of 0.019". 

There was also a problem of the salt solution leaking 

into the capillary tubing when the gas supply was cut off. 

This messed up runs because the water in the capillary tube 

fouled up the inlet gas pressure, which caused irregular 

size bubbles to be produced. This problem was solved by 

coating the inside of the capillary tubing and the bottom 

of the "bubbler" with paraffin. The paraffin was first 

dissolved in carbon tetrachloride before putting it into 

the tubing. The carbon tetrachloride was then allowed to 

evaporate, leaving the paraffin behind. The paraffin in 

the bottom of the "bubbler" tended to repell the water. 
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APPENDIX E 

Details of Equipment 

The columns used in this work were pyrex precision bored 

tubing obtained from Wilmad Glass Company, Inc., in Buena, 

New Jersey. Each of the tubes were 24 inches long. The wall 

thickness was standard and the I„D„'s were accurate to 

+ 0.0002 inches. The inside diameters of the columns weres 

(1) 0.2002% (2) 0.2053% (3) 0.2080% (4) 0.2115", (5) 0.2150", 

(6) 0.2195", (7) 0.2210% (8) 0.2285". Columns (7) and (8) 

were used in the dispersion experiments. The lower ends of 

the columns were enlarged by a glass blower so that they 

could be used in the "bubbler." 

The line pressure regulator used in this work was a 

Hoke Model Number 804A 10, xr.arketed by W. H. Curtin & Co. 

of Houston. Its maximum delivery pressure is 4 psi. It 

has a 1/4" NPT female inlet connection and a 1/2" NPT female 

outlet connection. 

The needle valve used was a Nupro "very fine" metering 

valve with a vernier handle, marketed by T. A. Read of 

Houston. The connections were for 1/8" tubing. All regulat- 

ing valves were Whitey 0KS2 valves with 1/8" tubing connec¬ 

tions marketed by T. A. Read.. 

The micrometer syringe used was a RGI Incorporated 

catalog Number S1C0 syringe marketed by Cole-Farmer Instru¬ 

ment & Equipment. Company of Chicago, Illinois. It has a 

capacity of 0.2 ml with the smallest division being 0.0002 ml. 

Its main advantage other than the high degree of precision 

with which it delivers liquids is that the liquid comes in 

contact with only glass and teflon. 
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A B-D Yale 10 cc Hypodemic Syringe was used to inject 

the light salt solution into the column. 

The stainless steel tubing and capillary tubing used 

was obtained from Tube Sales, Inc. of Los Angeles, 

California. 

The mechanical impulse counter used was a Veeder-Root 

model Number 0150704, 115 volt AC counter marketed by the 

Eads Co. of Houston. Atco series 305-B timers also marketed 

by the Eads Co. of Houston were used for the timing circuit. 

The range on the first timer was 240 seconds and for the 

second, 60 seconds. The wiring diagram in Figure 14 was 

used. The detector used was a type TGC-1/1B83. The serial 
2 

number used was 15046. The window weight was 2.6 mg/cm . 

A p-11 preamplifier manufactured by Tracerlab Inc. was 

also used. Its serial number was 1032. A model 192A Ultra¬ 

scalar manufactured by Nuclear-Chicago Corporation was used 

to record the pulses received from the detector. 

The vacuum pump used was a Duo Seal Vacuum Pump manu¬ 

factured by the Welch Scientific Co. of Chicago, Illinois. 

The solenoid valve used was a Hoke 2 way, normally 

closed valve, marketed by the W. H. Curtin Co. of Houston. 

The connections were 1/8" NPT' 

The lambda pipets used were marketed by the E. H. Sargent 

Co. of Houston. The remote micro pipet used with the lambda 

pipets in mixing the radioactive sample was manufactured by 

Tracerlab in Boston, Massachusetts. 

The 500 ml separatory flask used to supply the more 

dense NaCl solution to the outer loop of the "bubbler" was 

obtained from the Rice Chemistry Supply Room. The stop¬ 

cock was made of teflon to prevent grease from getting into 

the system. 



FIG. 14- TIMER CIRCUIT 
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A gas collecting bottle with teflon stopcocks was used 

as a trap between the vacuum pump and the top of the column. 

The bubbling device (see Figure 3 and 15) was made by the 

Rice Mechanical Engineering Shop out of 11" piece of 2" 

diameter clear plexiglass. 

Part A of the columnating device (Figure 16) was firmly 

attached to the pre-amplifier by means of four screws. The 

three screws at the other end of part A are for centering 

the GM tube inside of the columnator. The lucite cylinder 

on the inside of part A reduces scattering inside the 

columnator. 

Part B fits over the end of part A and was held in 

place by a set screw. The two steel plates on part A are 

held apart by a spring. By adjusting the screws at the end 

of the plates, the width of the slit can be adjusted. A 

slit width of 0.109" was used in this work. 



FIG. 15-SCHEMATIC DIAGRAM OF "BUBBLER 
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APPENDIX F 

Materials 

The sodium chloride used in this work was reagent, 

A.C.S. grade, obtained from the Rice Chemistry Department. 

Distilled water also obtained from the Rice Chemistry 

Department was used in all aqueous solutions in this project. 

The radioactive Strontium-89 prepared by Oak Ridge 

National Laboratory in Oak Ridge, Tennessee, came in the 

chemical form of Sr C^ in HCl solution. The original con¬ 

centration was 5.00 +_ 5% mc/ml. with a normality of 1.11 

acid. The radioactive strontium-89 was chosen was the 

tracer for two reasons. First of all, it emits Beta par¬ 

ticles with a maximum Mev of 1.463 which is great enough 

to be detected through the walls of the glass column. 

Second, it has a half life of 50.5 days which is long 

enough such that it would not decay to any significance 

during a run. 

The helium used was practical grade, obtained indirectly 

from the Bureau of Mines in Amarillo, Texas. 

The potassium permanganate used was "Baker Analyzed" 

reagent lot Number 90350. 
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APPENDIX G 

Miscellaneous 

A. System Constants; 

For Water; 

V- 

P 

M 

a 

g 

0.009358 poise 

0.9975 g/cc at 23°C 

18 

72.30 at 23.c cm 

979.28 - Houston 

B. Critical Tube Radius for Helium-Water Obtained from the 
Criterion; 

3 
pgr = 0.842 

CT 
r = 0.2495 cm 
c 

C. Preparation of Sodium Chloride Solutions; 

No. 1 - 7.6028 gm diluted to 2 liters at 23°C. From 
Figure 17; p = 1.0027 gm/cc 

No. 2 - 30.000 gm diluted to 2 liters at 23°C. From 
Figure 17; p = 1.008 gm/cc 



FIG. 17-DENSITY OF AQUEOUS NaCI. 
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