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A multi-stage, crosscurrent column, packed with Pall rings, was

employed for oxygen absorption from an oxygen-rich air phase by

contacting with water. Mass transfer data were collected for the

column using 6 and 12 baffles and employing a partial gas phase recycle.

Data were also collected from a countercurrent column having the same

volume of packing as the crosscurrent column.

The mass transfer efficiency for the column was determined using

a variety of liquid to gas flowrate ratios and covering a range of

liquid flowrates. Efficiencies were highest for flowrates above the

transition point to crosscurrent flow. Efficiencies increased with

decreasing liquid to gas ratios. Efficiences were higher with the

larger number of baffles.

Higher oxygen concentrations in the gas phase were created

while using a gas phase recycle. The increased oxygen concentrations

resulted in increased mass transfer efficiencies and increased oxygen

utilization.

The location of the transition point was correlated as a funtion

of liquid flowrate and liquid to gas ratio. An earlier study,



performed on the same column but using a different gas-liquid system

and different ranges of flowrates, presented similar data. Comparison

of the data from this study and the previous one shows that more

information must be collected to determine which factors significantly

influence the location of the transition point.

The mass transfer efficiency for the countercurrent column was

greater than for the crosscurrent column when similar flowrates were

tested. However the flow-through capacity of the crosscurrent column

was much greater than the flow-through capacity possible with the

coutercurrent column. At flowrates above the flooding point for the

countercurrent column the crosscurrent column achieved efficiencies

which were comparable to the maximum efficiencies for the counter-

current column.

Overall capacity coefficients were calculated and correlated as

a function of liquid flowrate and liquid to gas ratio.

Based on these results and the favorable pressure drop behavior

demonstrated by other investigators the multi-stage crosscurrent

column is an attractive alternative to the conventional towers used

for the absorption of oxygen into water.
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Absorption of Oxygen in Water Using a Multi-Stage,
Crosscurrent Packed Column

I. INTRODUCTION

Mass transfer between a liquid and gas phase is of fundamental

importance in a variety of industrial operations. The preferential

transfer of one or more components of a gas mixture into a liquid

as the two phases are brought into contact is called gas absorption.

One major area where gas absorption is utilized is in pollution control.

A gaseous emission may contain components which must be removed before

it may be released to the atmosphere. An example is the SO2 present

in the flue gas of a high sulfur coal boiler. One method of

removing the SO2 is to contact the flue gas with an aqueous caustic

solution. In so doing, the SO2 is removed from the gas by absorption

and reaction. Another example of the industrial use of gas absorption

is the addition of oxygen to water to improve its BUD or COD levels.

A common piece of absoprtion equipment is the packed column.

Two primary flow patterns are presently being employed for gas-liquid

contacting operations: cocurrent and countercurrent. The majority

of commercial packed columns are operated countercurrently. In this

flow pattern the liquid flows down through the packing due to gravity

and the gas rises due to an imposed pressure gradient. The concentra-

tion profiles produced in the countercurrent column maximize the

concentration driving force and thus provide the most efficient mass

transfer per given height of packing material.
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The flow-through capacity of the countercurrent column is

limited. Above a critical gas velocity the drag force imposed on the

liquid by the upflowing gas exceeds the gravity force on the liquid

and creates an unstable and undesirable condition known as flooding.

The cocurrent column does not have this flow restriction.

In the cocurrent column the gas and liquid both enter at the

top of the column and flow down through the packing. The disadvantage

of this type of flow arrangement is a reduced concentration driving

force and thus a reduced mass transfer efficiency.

The crosscurrent, packed column has been proposed as an

alternative to the cocurrent and countercurrent, packed columns. In

the crosscurrent column the flow is essentially countercurrent in

that the liquid enters the top of the column and the gas enters the

bottom. However, baffles are placed in the column to divert

(alternately) the liquid and gas from side to side as they flow

through the column. The result is that the liquid and gas contact

each other at right angles as they move through the column. The

crosscurrent column has a larger flow-through capacity than the

countercurrent column. The concentration profiles for the crosscurrent

column are somewhere between those of the cocurrent and countercurrent

columns. This results in mass transfer efficiencies intermediate

to those for the other two columns. At higher flow, rates the

crosscurrent column has mass transfer efficiencies comparable to the

countercurrent column. Thus the crossflow column displays the

flow-through capacity of a cocurrent column and the mass transfer

efficiency of a countercurrent column.
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The objective of this study is to investigate the performance

of the crosscurrent packed column using a system where the gas is

only slightly soluble in the liquid. Such a system is the oxygen-

water system. Comparison will be made between the results of this

study and the results from earlier studies done with more soluble

systems. Comparison will also be made between the crosscurrent

column and a countercurrent column.
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II. LITERATURE SURVEY

A thorough literature survey covering the theoretical and

experimental history of the crosscurrent packed column, both single

and multi-stage, is given by Ghawamedin Bayanl.

Bayan studied the multi-stage, crosscurrent packed column using

the absorption of ammonia into water. Tracer studies were made and

mass transfer data were taken to better understand the flow

characteristics of the column. Mass transfer data exhibited a distinct

rise in mass transfer efficiency at a transition point; the

transition point being the point at which crosscurrent flow began

to occur. The number of baffles and packing dimensions were varied,

mass transfer data were obtained and trends were noted. A theoretical

model was developed which successfully predicted the mass transfer

behavior of the column.

Little work has been done to study the performance of the multi-

stage, crosscurrent column using a system where the gas is relatively

insoluble in the liquid. Pittaway and Thibodeaux
2
studied the

desorption of oxygen from water to air using a single-stage,

crosscurrent packed column. A model was developed for predicting

liquid phase mass transfer coefficients. The mass transfer efficiency

of the single-stage, crosscurrent column was found to be between that

of a countercurrent and cocurrent column. Kaster
3
collected mass

transfer data for the multi-stage, crosscurrent column using the air-

CO
2
and water system. The data confirmed the change in mass transfer

performance at the transition point.
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III. EXPERIMENTAL EQUIPMENT AND MEASUREMENT

The principal pieces of equipment used in this study were the

multi-stage, crosscurrent packed column and its auxiliary flow

measuring devices, a Sutorbilt blower and a YSI dissolved oxygen

probe. Each of these pieces of equipment will be described in the

following sections.

1. The Multi-Stage, Crosscurrent Packed Column

The multi-stage, crosscurrent column that was used in this

experiment is illustrated in Figures 1 and 2. A more thorough

description of the column and its construction can be obtained from

Sayan
1

, Zuehlsdorff
4
and Kaster

3
. The column consisted of a 0.5

inch plexiglass rectangular shell. Within the shell, screens were

positioned on opposite sides of the column to hold the packing in

away from two of the column walls (see Figure 2). These screens

created a central packing section whose dimensions were 127 mm by

152 mm. Horizontal baffles were placed alternately at regular

intervals down the void spaces created by the screens. The plates had

dimensions of 3 mm by 127 mm by 51 mm. The central core was packed

with 16 mm (5/8 inch) polyethylene pall rings, and was 1.52 m (60 in)

in height.

It was possible to change the various flow parameters within

the column. In this experiment data was taken with three different

internal configurations. Two different baffle arrangements were

studied; one employing 6 baffles and the other employing 12 baffles.
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In both cases the baffle and packing dimensions were those described

above. The third configuration that was studied consisted of

replacing the screens with 0.25 inch plexiglass sheets. The plexiglass

was placed in such a way so as to restrict the liquid and gas flow

to the packing core, thus creating a conventional countercurrent packed

column with the dimensions of those given for the packed core.

A modification was made in the column previously described by

Kaster. A gas flow recycle loop was added to the column (see

Figure 1). The loop consisted of 3 inch PVC piping and a 1/2 h.p.

centrifugal fan to produce a flow of recycled gas. Two 3 inch gate

valves were installed to permit the control of the amount of gas

recycled. An orifice and manometer arrangement was employed to

measure the flowrate of gas within the recycle loop.

The gas phase for this experiment consisted of air enriched

with oxygen. The supplemental oxygen was supplied as bottled,

welding-grade oxygen and the airflow was provided by a Sutorbilt

Horizontal California Series B positive displacement blower. The air

flowrate was calculated using an orifice and manometer arrangement.

Corvallis city water was fed to the tower for the liquid phase. The

oxygen and water flowrates were measured using calibrated rotameters.

2. Dissolved Oxygen Probe

The level of dissolved oxygen (DO) in milligrams per liter in

the incoming and exiting water was measured using a YSI Model 54A

dissolved oxygen meter and probe. The probe was capable of measuring

oxygen levels to within ±0.05 mg/l. The probe was calibrated by

measuring the concentration levels in a distilled water sample
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saturated with oxygen; this sample was prepared by bubbling air

through distilled water for at least 24 hours.

3. Test Conditions

All tests for this study were conducted within the following

range of conditions:

liquid to gas molar flowrate ratios, L/G =25, 50 or 75
gmoles/s water
gmoles/s gas

liquid flowrates = 13.7 to 38.4 gmoles/s

gas flowrates = 0.296 to 1.24
gmoles

inlet gas molar 02 concentration = 24% to 35%

4. Measurement of Incoming and Exiting DO Levels

The previously described DO probe was used to measure the DO

levels in the incoming and exiting water streams. The sample was

taken in standard BOO type bottles and was mixed, using a magnetic

stirrer, while readings were being recorded. The probe provided

DO levels in mg/1 and the temperature of the sample in degrees Celsius.

5. Measurement of Incoming Air Flowrate

A more detailed theoretical description of the equations necessary

to calculate the air flowrate is given by Bayanl and Zuehlsdorff4.

The resulting equation for calculating the incoming air flowrate is

presented below. Figure 3 gives a schematic diagram of the orifice

and manometer arrangement employed.
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where

(P1)x(AP°th

air
.[(K,)x 1.0-(K2)x(iii)71

x(T)1

m = molar flow rate, gmole/sec

P
1
= upstream pressure, Pa

AP = orifice pressure drop, Pa

T
1
= orifice upstream temperature, °K

M
28.97 + (18.01)x(1.609)x(Z)

1.0 + 1.609 x(Z)
, average molecular

weight of the gas stream kg/kg mole

11

Z = humidity, kg H20/kg dry air

The constants K1 and K2, used in calculating Mair, were obtained from

the following table:

Table 1. Constants Used in Air Flowrate Equation

Orifice
diameter K

2
Operating range

m
K1

gmole/s

16.0

25.4

50.80

1.779x10
-3

4.5x10
-3

20.721x10
-3

0.29321

0.29510

0.32871

0.159-0.393

0.393-1.172

0.975-4.891

6. Entering Oxygen Flowrate

The oxygen flowrate was measured using a gas rotameter. For

oxygen the rotameter followed the following linear relationship

m
02

in = 6.00 x 10
-4

x (% scale); gmoles/s
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7. Entering Water Flowrate

The water flowrate was measured using a liquid rotameter which

followed the following relationship.

mH
0

in = 1.091x(% of scale); gmoles/s
2

8. Exiting Flowrates

In all cases the exiting flowrates were assumed to equal the

entering flowrates. This is a good assumption for the oxygen and

water system as only trace amounts of the total oxygen was absorbed

by the water.

9. Recycle Loop Flowrate

The flowrate of gas within the recycle loop was calculated using

the same orifice equation given for measuring air flowrates. The

total flowrate of gas through the column would be the sum of the recycle

and input gas flowrates. See Figure 3 for a diagram of the orifice

and manometer arrangement.
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IV. OPERATING PROCEDURE

The following is a summary of the operating procedure used in

this experiment for the column when using no gas phase recycle and

for the column when operating with a gas phase recycle.

1. No Recycle

Preliminary tray spacing, placement of appropriate orifice and

preparation of oxygen saturated water were arranged before start up

procedures were initiated. The following start up procedures were

used:

a. Close recycle valve and open air exit valve

b. Turn on DO probe and allow it to equilibrate

c. Open liquid inlet valve and adjust drain valve opening so as to

insure that a few inches of standing water are present in the

bottom of the column, thus preventing high quantities of gas

entrainment in the exiting liquid stream

d. Turn on air blower and allow air inlet temperature to stabilize

e. Record atmospheric pressure, wet and dry bulb temperatures of

entering air

f. Adjust manometer valves according to settings given in Figure 3

g. Set desired liquid, gas and oxygen flowrates

h. Calibrate oxygen probe

Once all of the desired flowrates were set the column was operated for

at least ten minutes to assure steady-state conditions. Water samples

were taken from the entrance and exit lines of the column and were
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immediately analyzed for temperature and dissolved oxygen levels using

the DO probe. Samples were withdrawn until reproducible results

were obtained.

The following information was recorded for each run:

P
atm

= atmospheric pressure

P
1

= orifice upstream pressure

AP = pressure drop across orifice

T
1

= orifice upstream air temperature

T
w'

T
D
= wet and dry bulb temperature of inlet gas stream

% scale Water Rotameter

% scale of Oxygen Rotameter

Temperature of water stream

DO levels of entering and exiting water streams

Measurements indicated that the change between the inlet and exiting

water stream temperatures was insignificant.

The following shut down procedures were followed:

a. Turn off the air blower

b. Close liquid inlet valve

c. Turn off the DO probe

2. With Recycle

The operating procedures used when operating with a recycle

were almost identical to the procedures followed when operating

without the recycle. The only differences included turning on the

recycle fan and adjusting the recycle and exiting air valves so as to

produce the desired recycle flowrate. The column was operated for
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approximately 20 minutes to assure steady-state conditions at each

new flow setting before samples were withdrawn.
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V. PRESENTATION AND DISCUSSION OF RESULTS

The mass transfer performance of the multi-stage, crosscurrent

packed column was studied by Bayan for the system of ammonia in air

and water. In this study Bayan was able to observe that a definite

change in the mass transfer behavior within the column occurred

around the transition point. This is the point at which liquid

begins to accumulate on the plates and the two phases begin to cross

each other at right angles as they flow through the packing. Bayan

observed that the mass transfer efficiency increased gradually as

the flowrate increased below the transition point; the increase in

the efficiency with flow rate was much higher above this point. The

column had its best mass transfer performance after the transition.

This was consistant with observations and tracer studies on the

extent of mixing before and after the transition to crosscurrent flow.

Bayan was also able to compare the mass transfer performance

of the crosscurrent column to that of a countercurrent column

having equivalent packing dimensions.

Kaster collected data to determine the mass transfer performance

of the multi-stage, crosscurrent column using an air-0O2 and water

system. Her results confirmed the presence of the transition point

in mass transfer behavior.

Ammonia is relatively soluble in water and CO2 is moderately

soluble in water. To broaden the understanding of the performance

of the multi-staged crosscurrent column this study was initiated to

examine the oxygen enriched air and water system where oxygen was

transferred from the air to the water. Oxygen is less soluble in
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water than either ammonia or CO and thus the study of this system

complimented previous studies by supplying information about the

columns performance using a relatively insoluble system.

Kaster and Bayan both defined mass transfer efficiency as

follows:
Y
in

-Y
out

% Absorption Efficiency = v x 100
'in

where
in

= moles NH
3
per mole of air, entering gas

Y
out

= moles NH
3
per mole of air, exiting gas

This definition is not very satisfactory for the oxygen-water system.

The above definition is focused upon the removal of material from

the gas phase. With this as the desired result it is reasonable

to associate one hundred percent efficiency with total removal of

material from the gas phase.

In virtually every situation where oxygen is contacted with water

the purpose is to raise the level of oxygen in the water rather than

strip the oxygen from the gas. With this as the objective it would

be more meaningful to redefine the mass transfer efficiency so that

it focuses on the addition of gas to the liquid phase.

Accordingly, for this experiment the following definition of

efficiency was employed:
X
out

-X
in

% Absorption Efficiency
X -X

x 100
sat in

where
Xout moles 02 per mole of H20, exiting liquid

Xin = moles 02 per mole of H20, entering liquid

Xsat = saturation level of oxygen in the water if in

equilibrium with the gas phase
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This definition is expressed in terms of directly measurable quantities

and is geared toward the addition of the gas to the liquid phase.

The appropriate saturation level of oxygen in water was determined by

knowing the oxygen concentration in the gas phase and using a Henry's

Law constant to determine the saturation level of oxygen in water that

would be in equilibrium with the oxygen concentration in the gas phase.

The value of the Henry's Law contant was a function of the water

temperature.
5

The water used in this experiment was Corvallis city water. The

dissolved oxygen level in the incoming water varied according to the

weather conditions and time of year. In summer and spring the water

was below the saturation point and during the winter months the

incoming water was often super saturated. Because of these fluctuations

and the temperature dependence of the Henry's Law constant previously

mentioned, it was necessary to take a large quantity of data over a

short period of time when conditions were essentially isothermal.

This allowed for a more controlled situation and greater consistency

in the results.

As mentioned above, the incoming water was always nearly

saturated with oxygen (based on air at 21% oxygen). It was necessary

therefore to create the driving force necessary for mass transfer by

adding oxygen to the incoming air stream. Because of the quantities

of air used it was practical to raise the oxygen content only by a

few percent. Most of the data were taken with an incoming gas phase

mole fraction of 24% oxygen.

Due to the low solubility of oxygen in water the differences

between the incoming and exiting dissolved oxygen concentrations in
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the water were very small. The incoming oxygen concentrations ranged

from 11.7 to 12.0 ppm. The exiting concentrations ranged from 12.1 to

13.0 ppm. The DO probe's accuracy was ±0.5 ppm. It is obvious that

with such small differences between incoming and exiting concentrations

and between minimum and maximum exiting concentrations an error in

the precision of the data was to be expected.

This experiment was designed to study the performance of the

crosscurrent column using the oxygen-water system for flow conditions

around and above the transition point. As mentioned earlier, Bayan's

investigation has shown that the desirable operating range for this

column is above the transition point to crosscurrent flow; therefore,

most of the data were taken in this region. Data were also taken

using a partial recycle of the gas phase. This was done to study

the affect of recycle itself and to study the performance of the

column at higher gas phase oxygen concentrations.

Finally, the column was converted over to a conventional

countercurrent packed column, having the same packing cross-sectional

area and height as used in the crosscurrent column. Data were taken

to compare the performance of the multi-stage crosscurrent column

with that of the countercurrent packed column.

1. Presentation and Discussion of Mass Transfer Efficiences When

Operating With No Recycle

Two baffle configurations were tested for runs using no recycle.

Data were taken using 6 and 12 baffles. For each configuration, runs

were made using liquid to gas molar flowrate ratios of 25, 50 and 75.
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Figures 4, 5 and 6 show the calculated mass transfer efficiencies

for runs made with 6 baffles at liquid to gas molar ratios of 25, 50

and 75, respectively. Figure 7 shows all three sets of data on the

same plot for comparison purposes. In each case the efficiency

before the transition to crosscurrent flow shows very little variation

with flowrate. In this region efficiencies were rather low and based

on Bayan's model a large portion of the gas was probably bypassing

the liquid phase.

As would be expected for a relatively insoluble gas, the

efficiency in the region before transition (and in all regions) is

increasing with decreasing liquid to gas ratios. In contrast, for

the studies done by Bayan and Kaster the efficiency increases with

increasing liquid to gas ratios. The results are consistant when

one takes into account this difference in efficiency definition.

After the transition to crosscurrent flow the efficiency

becomes very dependent upon the liquid flowrate. The efficiency rises

sharply at first and then continues to rise with decreasing slope.

Bayan noted a drop off in efficiency at high flowrates. He attributes

this to the forced bypass of part of the gas stream at high flowrates

when some of the gas would bubble through the liquid at the front end

of the baffles. This phenomenon was visually observed but was not

reflected in the data collected in the current investigation.

After the transition point the efficiency increases as the

liquid to gas ratio decreases. The shapes of the curves for the

three liquid to gas ratios are very similar.

Figures 8, 9 and 10 show the calculated mass transfer efficiencies

for runs made using 12 baffles at liquid to gas ratios of 25, 50 and
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75, respectively. Figure 11 shows all three runs on the same curve.

The three runs show results that are very similar to those using 6

baffles. The efficiencies before the transition point show little

dependence on flowrate whereas the efficiencies above the transition

point show a large dependence upon flowrate. The efficiencies are

increasing with decreasing liquid to gas ratios.

Comparison of the data for 6 and 12 baffles shows that at liquid

to gas ratios of 50 and 75 the efficiencies using 12 baffles are

higher than the efficiencies using 6. At a liquid to gas ratio of

25 the efficiencies are very similar. It would seem reasonable that

the higher the number of baffles the greater the efficiency. Above

the transition point each added baffle forces the phases to cross

each other an additional time. Below the transition point the

added baffles create more resistance to flow outside the packed core

and thus would force more contact between the phases. Based on

these results it may be concluded that the effect of the number of

baffles on the mass transfer efficiency is greatest at higher liquid

to gas ratios and decreases with decreasing liquid to gas ratios.

More data must be taken to confirm this observation.

In every case the transition point is drawn as a sharp

break in the efficiency curves. Observations show that this is not

physically the case. For 6 baffles there was a small range of flowrates

over which the transition occurred and the crosscurrent flow pattern

developed. For 12 baffles the behavior was quite different. Cross-

current flow would first appear near the center of the column and then

spread throughout the column as the flowrates were increased. By the

time the very bottom and top of the column were in crosscurrent flow,
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the flow in the center section of the column was extremely turbulent.

Thus with twelve baffles there was no distinct transition to

crosscurrent flow. In both cases,however/the data seems to divide

well into two regimes which meet at a point.

2. Comparison of Crosscurrent Column (no recycle) to

Countercurrent Column.

As previously mentioned, the column was converted over to a

countercurrent packed column having the same cross-section and height

of packing as the crosscurrent column. Data were taken for this

column operating at a liquid to gas ratio of 50. Figure 12 compares

the mass transfer efficiency of the countercurrent column to that

of the crosscurrent column.

When experiments were run involving the absoprtion of a soluble

gas, Bayan observed that the mass transfer efficiencies in the

crosscurrent column were comparable to the efficiencies in the counter-

current column if the crosscurrent column was operating at flowrates

above the transition point. For the much less soluble system of

oxygen in water, Figure 12 shows that the efficiencies of the cross-

flow column were not as high as the efficiency of the countercurrent

column at any of the flowrates tested. The efficiency for the

crossflow column, using 12 baffles, is closer to that of the

countercurrent column than is the efficiency measured while using 6

baffles, but in each case the efficiencies are below those for the

countercurrent column.

It is important to note that the countercurrent column was nearly

at the point of flooding at the upper limit of the data (liquid
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flowrate of 30.4 gmoles/s). The crosscurrent column was capable of

operating at much higher flowrates. Also, the mass transfer

efficiency of the crosscurrent column was approaching about 90% at

these higher flowrates. This ability to handle larger flowrates at

rather high efficiencies would seem to make the multi-stage,

crosscurrent column more desirable than the countercurrent column for

certain applications.

3. Presentation and Discussion of Mass Transfer Efficiencies

Using Recycle

There were two purposes for operating the crosscurrent column

using a gas-phase recycle system. The first reason was to test the

effect of recycling a portion of the gas stream on the mass transfer

performance of the column. Second, it was desired to use the recycle

loop to study the effect of higher concentrations of oxygen in the

gas stream. All recycle data were taken using the crosscurrent column

having 6 baffles, a recycle ratio of approximately 2.3, and a liquid

to gas ratio of 50.

Figure 13 gives a plot of the mass transfer efficiency for the

column using a gas-phase mole fraction of 24%. The efficiencies for

the column operating with and without recycle are presented. Any

affect on the mass transfer efficiency of the column due to the

recycle is smaller than the experimental error of this analysis.

There is no apparent significant affect of recycle on the mass transfer

efficiency of the column.

Figure 13 also shows the efficiency of the crosscurrent column,

with recycle, using oxygen mole fractions in the gas of 27 and 35%.
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The only effect of the higher oxygen concentrations appears to be a

slight increase in efficiency with increasing oxygen levels.

Additional data are necessary to verify whether this increase was due

to the higher oxygen concentration or due to the recycle.

A gas phase recycle system greatly enhances the oxygen

utilization of this column. Because oxygen has a low solubility in

water it would be more economical to recycle almost all of the gas

phase and bleed in a small amount of pure oxygen. This would allow

for high mass transfer efficiency with minimum oxygen consumption.

4. Correlation of the Transition Point as a Function of Liquid

Flowrate and Liquid to Gas Ratio

As previously noted the transition to the crosscurrent flow

pattern did not physically occurr at a distinct point, yet the mass

transfer data do fall into two distinct regimes which join at a

single point. The mass transfer efficiency is highest at flowrates

above the transition point. For design purposes, therefore, it would

be advantageous to be able to predict where the transition point

might occur and design the column to operate above this point.

Bayan presented a plot of the liquid to gas ratio at the transition

point as a function of the molar gas flowrate per unit cross-

sectional area. He found that a semi-log plot of the data was linear.

Figure 14 shows a similar plot, using data from this study and data

from Bayan's investigation.Bayan's data are the four points at the

lowest liquid flowrates. This figure plots the liquid to gas ratio

at the transition point as a function of the molar liquid flowrate.

Liquid flowrate is used because it is easier to see a possible functional
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relationship between the two sets of data than is shown when gas

flowrate is plotted on the abscissa. Figure 14 shows that the semi-log

relationship demonstrated by Bayan's data does not extend into the

flow ranae investigated in this experiment. In addition the data

from this experiment seems to show a relationship between the

transition point and the number of baffles.

Intuition says that there would be two factors influencing the

location of the transition point. The first factor would be the

geometry of the system; physical parameters such as height and type

of packing, number and spacing of baffles, etc. The second factor

would be the gas-liquid system being used in the column. It would

be expected that the transition point would be more dependent upon

the physical parameters of the system than upon the nature of the

gas-liquid system being used.

The data shown in figure 14 were taken while operating the same

column. Thus the only differences between the two sets were the

magnitudesof the liquid to gas ratios that were studied and the

gas-liquid systems that were used. It is possible,therefore,that the

effect of the differences in the gas-liquid systems is small and

that two continuous curves should be drawn through the data; one for

6 baffles and one for 12. The other possibility is that the properties

of the gas-liquid system being used do have a measurable affect on

the location of the transition point and the two sets of data shown on

Figure 14 should not lie upon the same curve. This is an area

which is of primary importance in the design of the crosscurrent

column and thus warrants additional investigation.
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5. Calculation of Capacity Coefficients

Using the mass transfer data from this experiment it was

possible to calculate overall mass transfer coefficients for the

column as a function of the liquid flowrate and the liquid to gas

molar ratio. Because the interfacial surface area of contact within

the column was not known, the mass transfer coefficient was defined

per unit volume of packing material. The coefficient was defined

as follows

N
02

= (K
x
a)x(X

02 sat
- X

0
2

)

1 m

where

N0 0molar flux of 02; gmoles/s-m
2
interfacial area

0
2

2,

a = m
2

interfacial area/m
3

packing

(X0
2

sat X02 )1 m (X0
2

sat-X02 in)-(X02 sat-X02 out

(X0
2

sat-X02 in)
In ty

''0
2

sat-X02 Out)

Kx = overall mass transfer coefficient, gmoles 02/s-m
2

Kxa = overall capacity coefficient, gmoles 02/s-m
3

It is obvious from this definition that the greater the mass transfer

coefficient the greater the amount of material transferred.

Figures 15 and 16 give plots of the overall capacity coefficients

verses liquid flowrate for the crosscurrent column having 6 and 12

baffles, respectively. The solid lines shown on these figures are
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Figure 15. Overall Capacity Coefficient as a Function of Liquid
Flowrate, for the Column Having 6 Baffles
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not necessarily the best lines that could be drawn through the

individual sets of data but are generated from an overall correlation

to be discussed in the next section.

For all liquid to gas ratios the results appear to be linear

both below and above the transition point. At flowrates below the

transition point, the values for the capacity coefficient go to

zero as the liquid flowrate goes to zero. At the transition point

the slopes increase. This increase is to be expected due to the

increased mixing associated with the crosscurrent flow pattern.

As with the mass transfer efficiencies, for any given liquid

flowrate, the smaller the value of the liquid to gas ratio the greater

the capacity coefficient and hence the greater the amount of

material transferred. For a liquid to gas ratio of 75, the coefficients

for the 12 baffle column were greater than the coefficients for the

6 baffle column. This difference was less for a liquid to gas

ratio of 50 and the coefficients are nearly the same for the two

baffle configurations at liquid to gas ratio of 25. Thus, as

previously observed using mass transfer efficiencies, the affect of

the number of baffles on the mass transfer performance of the column

appears to be decreasing as the liquid to gas ratio decreases.

6. Correlation of Capacity Coefficients

For design purposes it would be very beneficial to be able to

predict an overall capacity coefficient. With this in mind a

mathematical correlation was fitted to the data for the capacity

coefficients. Two equations are presented below.



For 6 Baffles:

K
x
a = (207)x(L) - (46.7)x(L/G) - 2690

For L/G from 25 to 50

For L
Transition

L < 38 gmoles/sec

L
Transition

may be estimated by the following equation:

L
Transition

For 12 Baffles:

where

(0.216)x(L/G) + 15.4 ; gmoles/sec

K
x
a = (207)x(L) -(37.6)x(L/G) - 2920

For L/G from 25 to 50

< L< 36 gmoles/secFor L
Transition

LTransition
(0.182)x(L/G) + 15.8 ; gmoles/sec

Kxa = overall capacity coefficient; gmoles 02/ s-m
3

L = molar flowrate of water; gmoles/s

L
Transition

= water flowrate at the transition point; gmoles/s
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L/G = ratio of liquid to gas molar flowrates

These equations apply above the transition point and are shown as

the solid lines on Figures 15 and 16. In most cases these correlations

do a good job at representing the data for the flowrates investigated.

Visually it is evident that the correlation for the column having 6

baffles does a poorer job at respresenting the data than the

correlation for the 12 baffle column.

It is important to bear in mind that these correlations are based

on a small quantity of data and only account for the affect of the
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liquid flowrate and the liquid to gas ratio. It is reasonable to

assume that before these correlationscan be considered general more

data must be taken covering a wider variety of parameters. Factors

such as the number, size and spacing of baffles, packing cross-section

and height, type of packing and the gas-liquid system being used could

all influence the capacity coefficient. However, with the limited

data available at this time it is sufficient to show that the

capacity coefficient can be expressed using a relatively simple

relationship.
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VI. SUMMARY AND CONCLUSIONS

The oxygen-water system was chosen for examination because of

low solubility of oxygen in water. This would help to complete the

spectrum of nonreactive systems tested using the multi-stage,

crosscurrent packed column.

The mass transfer efficiency for the column was determined using

a range of liquid to gas ratios, and covering a range of liquid

flowrates. In confirmation of a previous investigation, a distinct

transition point occurred in the data. Mass transfer efficiencies were

relatively constant with respect to increasing flowrates below the

transition to crosscurrent flow and increased rapidly as flowrates

increased above the transition. Efficiencies increased as the

liquid to gas ratio decreased.

Two baffle arrangements were tested. Higher mass transfer

efficiencies were obtained when using the larger number of baffles.

The affect of the number of baffles on efficiency decreased as the

liquid to gas ratio decreased.

Comparison was made between the crosscurrent column and a

countercurrent column of identical packing dimensions. The counter-

current column demonstrated higher efficiencies for given flowrates.

However, the crosscurrent column had a greater flow-through capacity

and ultimately achieved a maximum efficiency comparable to the

maximum efficiency of the countercurrent column.

Efficiencies were measured using a gas side recycle stream. For

equivalent oxygen concentrations in the gas phase,recycle showed no
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significant affect on mass transfer behavior. Recycle greatly

enhanced overall oxygen utilization. While using a recycle stream,

the column seemed to show an increase in efficiency with increasing

oxygen concentrations in the gas phase.

Data were collected to relate the location of the transition

point to the liquid flowrate and the liquid to gas ratio. The

results were compared to previous work. The relationship proposed

by Bayan does not hold for the data collected in this experiment.

This study differed from Bayan's in the gas-liquid system that was

used and in the ranges of flowrates that were tested. Either of

these differences could have affected the location of the transition

point.

Capacity coefficients were calculated for the column using no

recycle. The coefficients were linear with flowrate both above and

below the transition point. A change in slope occurred at the

transition point. The coefficients increased with decreasing liquid

to gas ratios and increased as the number of baffles was increased.

Preliminary correlations for the capacity coefficient as a

function of liquid flowrate and the liquid to gas ratio were presented.

The correlations do a good job at fitting the data. They apply only

for the oxygen-water system, the column used in this experiment and

only within the ranges of the data collected in this experiment.

In this study the performance of the crosscurrent column was

compared to that of the countercurrent column using the relatively

insoluble oxygen-water system. Bayan made a similar comparison using

the soluble ammonia-water system. Comparison of the two studies shows

that for flowrates below the flooding point of the countercurrent
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column, the crosscurrent column demonstrated comparable mass transfer

performance to that of the countercurrent column for the soluble gas-

liquid system but demonstrated less efficient mass transfer when the

low solubility system was tested. However,in both cases the

maximum capacity of the crosscurrent column exceeded that of the

countercurrent column, and even with the low solubility system the

column did achieve comparable mass transfer efficiency at flowrates

above the flooding point of the countercurrent column.

For the low solubility system the column performed best at low

liquid to gas ratios and at high gas phase recycle and gas concen-

trations. For any system the column achieved its greatest amount of

mass transfer when operated above the transition point where the

crosscurrent flow pattern was encountered.
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VII. RECOMMENDATIONS FOR FUTURE WORK

The results of this study helped to provide a more thorough

understanding of the mass transfer characteristics of the multi-stage,

crosscurrent packed column using a relatively insoluble gas-liquid

system. Based on these results it was demonstrated that mass

transfer coefficients,or any other parameters used to describe the

mass transfer, are dependent in some way upon the type of gas-liquid

system being used. Many more nonreactive systems must be tested

before more general correlations predicting mass transfer performance

can be formulated. Bayan has formulated a theoretical model to

describe the mass transfer in this type of column. This model needs

to be tested using a variety of systems.

Since higher efficiencies are obtained when operating above

the transition point, a primary tool for design will be the ability

to predict the location of the transition point. More data, covering

the full flow range and involving several systems, must be accumulated

so that general correlations can be generated. Theoretical models

based on fluid mechanics that can accurately predict the location of

the transition point would be valuable.

Several additional areas of study also should be pursued. The

affect of a gas phase recycle on the mass transfer behavior of the

column should be studied. Absorption accompanied by chemical

reaction is a broad area of research that has not been studied for

the multi-stage, crosscurrent column. Finally, a scale up to a

larger size column should be attempted.
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VIII. NOMENCLATURE

a = m
2

interfacial area/m
3
packing

C = concentration; mg/liter

DO = dissolved oxygen in water; mg/liter

K1, K
2
= orifice constants

K
x

= overall mass transfer coefficient; gmoles 0
2
/s-m

2
-(mole faction 0

2
)

K
x
a = overall capacity coefficient; gmoles 02/s-m

3 -(mole fraction 02)

L = liquid flowrate; gmoles/sec

L/G = liquid to gas molar flowrate ratio; gmoles/sec./gmoles/sec.

= molar flowrate; gmoles/sec.

M = average molecular weight of gas stream; kg/kg mole

N = molar flux; gmoles/s-m2 interfacial area

P
1

= upstream pressure; Pa

AP = orifice pressure drop; Pa

T
1

= orifice upstream temperature; K

T
w

= wet bulb temperature

T
D

= dry termperature

X
in

= moles 0
2
per mole H2O in incoming liquid

Xout
moles 02 per mole H2O in exiting liquid

Xsat
saturation level of oxygen in water if in equilibrium with

the gas phase ; moles 02 per mole H2O
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Yin = moles of transferring gas per mole of air in incoming gas

y
out

moles of transferring gas per mole of air in exiting gas

Z = humidity; kg H20/kg dry air
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APPENDIX A

SAMPLE CALCULATIONS



SAMPLE CALCULATIONS

I No recycle

The following is a summary of the data collected and the

calculations performed for the crosscurrent column using no

recycle for run number 13.

Run #13 Date: 3/22/82

# of Baffles = 6 L/G = 25

1. Determining Air Flowrate

P
atm

= 761 mm Hg

P
1

= P
atm

x(133.32 Pa/mm Hg)+(34.0-1.0 in. H
2
0)

x(249 Pa/in. H20) = 109,700 Pa

DP = (32.1-8.0 in. H20)x(249) = 6000 Pa

T
w
= 64 °F

T
D
= 309 °K Z = 0.005

M = 28.97+28.98x(Z) = 28.8 g/gmole
1.0+1.609x(z)

Orifice Diameter = 25.4 mm

For an orifice diameter of 25.4 mm : K1 = 4.5x10
-3

K
2
= 0.29510

air
= (4.5x10

-3
)x[1.0-(0.29510)x(6000)] (6000)x(109,700)i

109,700 (28.9)x(309)

air
= 1.20 gmoles/s

2. Setting Water Flowrate

iH0 (L/G)x(G) = (25)x(1.20) = 30.0 gmoles/s

52

Water Rotameter Setting = L/1.091 = 30.0/1.091 = 27.5
% scale

of
rotameter
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3. Setting Oxygen Flowrate

For oxygen rotameter:

o
= 6.00x10

-4
x(% scale rotameter) ; gmoles/s

2

For 24% oxygen;

Desired oxygen flowrate = io = (0.24-0.21)x(Mair)
2 (1.0-0.24)

= 0.047 gmoles/s

% scale oxygen rotameter = 0.047 gmoles/s = 79 % scale

6.00x10
-4

4. Calculating Mass Transfer Efficiency

Data from dissolved oxygen probe:

TH0 = 9.6 °C
2

Oxygen in incoming water = 12.0 mg/1

Oxygen in exiting water = 13.0 mg/1

Henry's law constant at 9.6 °C = 3.25x104 atm/mole fraction

761
=

760
7.394x10

-6
mole fraction 0

2X
0
2
saturation

3.24x10
4

= 7.39x10
-6
x(55.5 gmole/1)x(32.0x10

3
mg 02 )

CO2 saturation
gmole

= 13.1 mg/1

Mass Transfer Efficiency = 13.0-12.0 = 0.91

13.1-12.0

5. Calculating Mass Transfer Coefficient

Gmoles 0
2
transferred per second =

(C
out i

-C. mg /1)x(L gmoles H
2
0/s)

n

(55.5 gmoles H20/1)x(32x105 mg 02/gmole)

= (13.0-12.0)x(30.0) = 1.69x10-5 gmoles/s

(55.5)x(32x105)
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No a ; gmoles 02 = 1.69x10-5gmoles/s = 6.04x10-4gmoles 02

2
0.0280 m

3

s-m
3
packing s-m

3
packing

Kxa = N
02
a/(X

02 saturation - X02 average
)

= (13.0+12.0 mg /1)x( 1.0 )x( 1.0 )X
0
2

avg
2 gmolels H2O) (32x103 mg 02)

gmole

= 7.04x10
-6

K
x
a = 6.04x10

-4
= 1740

gmoles

(7.39x10
-6

-7.04x10
-6

)
s-m

3
-(mole fraction 02)

II With Recycle

The following is a summary of the data collected and calculations

performed for the column using a gas stream recycle for run #36.

Run #36 Date: 3/23/82

# of Baffles = 6 L/G = 50 Orifice Diameter = 25.4 mm

P
atm

= 758 mm Hg

1. For the primary feed

P1 = Patmx(133.32)+(20.4-14.5 in. H20)x(249) = 102,500 Pa

AP = (21.9-18.3 in. H
2
0)x(249) = 896 Pa

T
w
= 65°F

T
D
= 309 °K Z = 0.006

M = 28.9 g/gmole ; ( see previous section of sample caic.
for equations)

i
air

= 0.180 gmoles/s
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o
= 0.0071 gmoles/s

2

% scale 0
2
rotameter = 0.0071 = 12 %scale

6.00x10
-4

2. For recycle loop

P
1

= P
atm

x(133.32)+(18.8-18.6)x(249) = 101,700 Pa

AP = (21.6-18.6)x(249) = 747 Pa

T
D
= 297 °K

Air in recycle is assumed to be saturated: Z = 0.0195

M = 28.9 g/gmole

air
= 0.424 gmoles/s

3. Overall

0.181+0.424 = 0.604 gmoles/s
lair total

it =(0.604 gmoles/s)x(50) = 30.2 gmoles/s

% scale rotameter = 30.2 = 28% scale on large rotameter

1.091

Recycle ratio = 0.424 = 2.36
0.180

Efficiency calculations were equivalent to those done

without recycle.
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APPENDIX B

MASS TRANSFER DATA



Table 2. Mass Transfer Data; No Recycle
All runs made at 24% oxygen in the gas stream.

Run Number of M
CO

Number Baffles
H2O 0

2
in 02 out

gmoles/s mg/1 mg/1

L/G
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1 6 38.0 11.7 12.9 50

2 36.6 11.7 12.8

3 35.4 11.7 12.8
4 33.9 11.7 12.7

5 31.4 11.7 12.6

6 30.0 11.7 12.5

7 28.7 11.7 12.4

8 25.2 11.7 12.2

9 30.7 11.7 12.5

10 32.6 11.7 12.6

11 35.9 11.7 12.E

12 38.3 11.7 12.8

34 15.8 11.7 12.2

35 17.7 11.7 12.2

13 6 30.0 12.0 13.0 25

14 37.5 12.0 12.9

15 26.0 12.0 12.8

16 23.8 12.0 12.8

17 22.5 12.0 12.7

18 20.6 12.0 12.4

19 19.1 12.0 12.6

20 17.1 12.0 12.5

21 21.2 12.0 12.7

22 25.4 12.0 12.8

23 28.3 12.0 13.0

31 13.7 12.0 12.5

24 6 38.1 12.1 12.8 75
25 36.1 12.1 12.8

26 34.0 12.1 12.7

27 32.0 12.1 12.6

27a 31.1 12.0 12.4

28 33.1 12.0 12.4

29 36.0 12.0 12.6

30 37.4 12.0 12.7

31 29,6 12.0 12.3

32 25.9 12.0 12.3

33 21.6 12.0 12.3



Table 2. continued

Run
Number

Number of
Baffles H 02

gmoles/s

C

20

mg/1

, out

mg/1

L/G

64 12 20.1 11.7 12.2 50

65 22.2 11.7 12.3

66 24.1 11.7 12.5

67 27.2 11.7 12.7

68 28.6 11.7 12.7

69 31.6 11.7 ..,..
1- r.,.c

70 34.8 11.7 12.9

71 38.4 11.7 12.2

72 19.6 11.7 12.2

73 17.6 11.7 12.2

74 12 21.2 11.7 12.1 75

75 25.5 11.7 12.1

76 28.2 11.7 12.2

77 29.6 11.8 ,- c
.,,.. ...

78 31.9 11.8 12.5

79 32.9 11.2 12.5

80 35.7 11.6 12.6

81 38.1 11.0 12.5

82 29.8 11.6 12.2

93 36.7 12.0 12.7

8S- 12 10.3 11.6 12.1 25

84 15.5 11.6 12.2

65 16.1 11.6 12.2

87 18.2 11.2 12,3

86 20.7 11.2 12.4

89 22.9 11.9 12.7

90 25.3 11.9 12.7

91 27.7 12.0 13.3

92 25.8 12.0 12.9

Water temperature between 9.5 and 10.5 °C
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Table 3. Mass Transfer Data; Column With Recycle

Run Number of L/G 6.
ai r

t i 1

ai r CU
% 0

2Ilh
2
0 CO

2
out

2
i n

Number Baffles
in feed in recycle in gas

gmole/s gmole/s gmole/s mg/1 mg/1

36

37

38
39

40
41
42
43
44
45

46
47

6 50 0.180
0.180
0.180
0.179
0.179
0.179
0.210
0.210
0.210
0.189
0.189
0.189

0.424
0.424
0.424
0.409
0.409
0.409
0.487
0.487
0.487
0.436
0.436
0.436

30.0
30.0
30.0
29.4
29.4
29.4
34.8
34.8
34.8
31.3
31.3
31.3

12.7

13.9

17.4
12.6

13.5
17.1
12.7
13.9
17.9
12.6

13.7
17.6

12.1

12.1
12.1

11.7
11.8
11.7
11.7
11.7
11.7
11.7
11.7
11.7

24

27

35

24

27
35

24

27
35

24

27
35

Water temperature between 9.5 and 10.5 °C
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Table 4. Mass Transfer Data; Countercurrent Column
All runs made at 24 oxygen in the gas stream.

Run
C

Cn /G

Number
r.11H

2
0 O

2
in out t.

gmoles/s mg/1 mg/1

52

53

54

55

56

5C

59

60

61

62

63

20.6
25.0
27.2
27.9
30.4
20.6
23.2

25.0
26.1

27.8
29.4

11.9

11.9

11.9
11.9
11.9

11.6

11.6

11.7

11.9
11.9

11.7

12.5

12.6

12.2

12.9
13.2

12.3

12.4

12.5

12.2
12.2
13.0

50

Water temperature between 9.5 and 10.5 °C


