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Oxygen Absorption in Water Using a Multiple

Stage Crosscurrent Packed Tower

With and Without Recycle

I. Introduction

In the field of mass transfer, packed towers or columns are

some of the most widely used and important pieces of equipment.

Packed columns are commonly used wherever a component needs to be

transferred between two fluids, one of which is a gas stream and the

other a liquid stream. The component can be either a pollutant or a

desired product. Packed columns are frequently used to clean up

stack gases from chemical processes. They can be used to recover the

primary product of a process or to recover by-products which can then

be sold to outside firms. Packed columns are used for the cooling of

process gases or liquids. They are also used to oxygenate water in

sewage treatment plants. There are probably as many configurations

and sizes of packed columns as there are processes which use them.

There are three primary types of packed columns which are

distinguished by the flow patterns of the gas and liquid streams. In

all cases the column contains a packing material which aids in bring-

ing the two streams into intimate contact so that a transfer can

occur based upon concentration differences in the two streams. The

three column types are cocurrent, crosscurrent and countercurrent.

In the cocurrent column the two streams flow in the same direction -
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generally downward. This type of column is not limited by pressure

drop considerations, consequently, it can handle the largest volume

of material of the three. It is the least efficient of the three

because the concentration gradient at any point in the column is the

lowest. The countercurrent column is generally the most efficient

and most widely used. The two streams flow in opposite directions

creating a large concentration gradient. Because of pressure drop

problems, this type of column handles the least amount of material.

With the crosscurrent column the two streams flow perpendicular to

one another. While the crosscurrent column is generally in between

the other two in terms of efficiency and capacity, it has been found

that the column can be constructed to match and even exceed the

efficiency of the countercurrent column (2,4,6).

Researchers have studied the performance of one type of packed

column which, in essence, stacks several individual crosscurrent

units on top of each other to produce a column with the overall

configuration of a countercurrent column. This column has been

termed the multiple stage crosscurrent packed column. In this type

of column the gas stream is forced up from the bottom of the column

while water is sprayed down on the packing material from the top of

the column. Baffles are placed along the sides of the column forcing

the gas and water streams to flow in a criss-cross manner within the

column.

Studies have been performed to charaterize different aspects of

the multiple stage crosscurrent column's performance: (1) the pres-

sure drop for different baffle spacings and packing material dimen-
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sions, (2) the flow patterns of the two streams, (3) the efficiency

of several different gas-air-water systems and column configurations,

and (4) the effect on efficiency of recycling a portion of the gas

stream. Studies have also compared the performance of the column to

a fully countercurrent column and have found that the efficiency can

meet or exceed the efficiency of the countercurrent column for cer-

tain flowrates.

The purpose of this study was threefold. The first part of the

study was designed to continue the characterization work done by

Davis (6), using an oxygen-air-water system. Earlier studies used

more soluble gas systems. This study looked at a different operating

range than that used by Davis. In addition, this study looked at an

operating range which fell in between those used by Bayan (2) and

Davis (6) in order to extend the work already done to correlate the

liquid to gas flowrate ratio and the transition flowrate. Finally,

this study charaterized the column's performance when a recycle loop

was used with the gas stream. An oxygen-air-water system is used

very frequently in the sewage treatment field, therefore, the goal of

the last area of study was to determine if recycling could decrease

the use of oxygen a very costly gas.
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II. Literature Survey

A limited amount of work has been done on single stage and

multiple stage crosscurrent packed columns, consequently, not a great

deal of information is available in the literature. An extensive

literature search was performed by Sayan (2) up through 1980. A

recent search revealed that no relevant material has been published

since 1980. The following survey is a summary of those journal

articles which were deemed important to this particular study and

relevant thesis work from Oregon State University.

Thibodeaux (16) reported on the results of a single stage

crosscurrent study. Operating line equations and design equations

were given for cases of equimolar counterdiffusion, stripping and

absorption. A design procedure using the "number of transfer units"

technique was introduced for the single stage crosscurrent column.

Pittaway and Thibodeaux (15) described experimental work with oxygen

desorption from water. Data were obtained in order to develop corre-

lations for liquid phase mass transfer coefficients. Measurements

were also made of liquid holdup and drift angle. Thibodeaux (17)

presented work with single and multiple stage crosscurrent columns.

The MTU technique previously introduced was broadened to include

multiple stage columns. A set of charts was developed for the

"number of overall transfer units" for a single stage device. The

analysis assumed a linear operating line, a linear equilibrium line,

an isothermal system and linear flow distribution. The analysis was

useful for absorption, stripping, distillation and water cooling with
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air. An example problem was shown which compared cocurrent, counter-

current and crosscurrent towers. Thibodeaux (18) reported on a fluid

dynamics study of a multiple stage column. A summary was given of

previous work on drift angle and pressure drop characteristics.

Information was given on contacting patterns of the liquid and gas

phases, flooding points, pressure drop and liquid holdup. The

effects of flowrate, packing material and baffle spacing upon mass

transfer were reported.

Golshani (9) performed a pressure drop study on a multiple

stage column using an air-water system. In the study the variables

were packing material, baffle spacing, and liquid and gas velocities.

An extensive study was done by Bayan (2) using an ammonia-air-water

absorption system. A tracer study was performed to determine flow

patterns. The effect of different column geometries on mass transfer

efficiency was studied. It was found that the efficiency rose

markedly after the transition point - the point at which liquid began

to collect on the baffles and crosscurrent flow was established. A

model was proposed which successfully predicted the experimental

data. Zuehlsdorff (22) studied the column pressure drop for three

different baffle arrangements and for a countercurrent arrangement.

The overall mass transfer efficiency of an ammonia-air-water system

was also studied. The author found the crosscurrent arrangement to

be as good as or better than the countercurrent pattern. Kaster (11)

performed experiments with a carbon dioxide-air-water absorption

system to determine mass transfer efficiencies. A distinct change in

efficiency was observed at the transition point. Davis (6) studied
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an oxygen-air-water absorption system. The study covered mass trans-

fer efficiency for a non-recycle and recycle system. Again, a change

in efficiency was observed at the transition point. Overall capacity

coefficients were calculated and a correlation function proposed.

For further background information the reader is referred to

Bayan's (2) survey and bibliography.
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III. Experimental Equipment and Procedure

The main pieces of equipment used in this study were a multiple

stage crosscurrent packed column, a Sutorbilt rotary compressor, and

a YSI oxygen probe system. The equipment is described in more detail

in the following sections.

A. The column and compressor

The packed column was made of 13 mm thick plexiglass with

inner dimensions of 127 mm x 254 mm x 244 cm. F g.1 is a schematic

diagram of the system. The packing material was composed of 16 mm

polyethylene Pall rings with 87% porosity which were randomly dumped

into the column core. The packing material was held in place on two

sides by 6.4 mm square mesh screens and was flush with the column

walls on the other two walls. Thus a core, having voids on two

sides, was created which measured 127 mm x 153 mm x 152 cm. Horizon-

tal baffles were positioned into the two sides in which voids exis-

ted. In this study twelve baffles (six per side) were staggered the

length of the column, alternating from side to side with 245 mm

between baffles. The baffles and screens were attached to the column

wall with 3 mm diameter steel tie rods. A water-proof seal was

formed between the baffles and column wall using silicon seal. Other

seams and leaks were also sealed using silicon seal in order to

ensure an air tight system.

Figure 2 is a schematic diagram of the liquid and gas flow
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networks. The flowrate of the incoming liquid stream -city water-

was regulated by one of two ball valves depending upon the flow

desired. The flowrate was measured by two Fisher & Porter rotame-

ters: the larger with a 0.117 m
3
/min full capacity, the smaller with

a 0.0165 m3/min full capacity. The water entered the column through

a 25 mm Schedule 40 galvanized pipe and was sprayed down uniformly

over the packing core by a shower head. A 381 mm void was left at

the bottom of the column to minimize entrainment of gas in the liquid

phase and to allow for accumulation of liquid. To further reduce

entrainment caused by the jetting action of the liquid as it fell

from the packing core, a curved plate was placed over the liquid

outlet. On leaving the column the liquid flowed through a 25 mm

pipe, through a ball valve which regulated the liquid accumulation in

the bottom of the column, and to the drain.

A Sutorbilt 3HVB rotary blower with a free air capacity of

3.186 m
3/min was used to force air through the system. The flow of

air was regulated by two gate valves: one to control by-pass and one

to control flow directly into the column. The gas stream was carried

to the column through an 83 mm inside diameter PVC pipe and entered

the column just below the packing core. At the top of the column was

a 508 mm void to minimize the liquid entrainment in the gas stream.

Upon exiting the gas could be exhausted to the room and/or recycled.

Two 7.6 cm gate valves were used to regulate the ratio of exhaust and

recycle. The flow of the recycled gas stream was assisted by a 1/2

h.p. centrifugal fan. The recycled gas flowed through a 7.6 cm PVC

pipe loop and was fed back into the main air stream lust prior to the



column entrance. The flowrates of the incoming air stream and the

recycle gas stream were measured using sharp-edged orifices and a

system of manometers to measure pressure drop. Figure 3 is a

schematic diagram of the manometers.

Standard welding grade oxygen was added to the incoming air

stream downstream of the orifice. The oxygen was delivered from a

gas cylinder through a bonnet valve and a Gilmont rotameter, model

no. E2448. The maximum oxygen flowrate possible was 1338 cm3/s.

B. Oxygen probe equipment

The concentration of oxygen in the inlet and the outlet water

was measured using a YSI 54A meter and a YSI 5750 polarographic probe

which could measure oxygen concentrationns within +/- 0.05 mg/l.

Standard 0.025 mm teflon membranes and a half-saturated KC1 solution

supplied by the manufacturer were used with the probe. Samples were

collected in BOD bottles and were stirred using a Labline magnetic

stirrer and 4 mm long magnetic stir bar. The meter was calibrated

using demineralized water with a resistivity of between 300 and 1000

kohms. The calibration water was aerated for at least 4 hours prior

to use (5,13) in order to fully saturate it. House air was filtered

through a Speedaire polycarbonate filter (model no. 42036) and then

bubbled through the demineralized water.

The method of measuring the oxygen concentration was very

critical to the final results. Because of this, the theory behind

the oxygen probe system will be explained briefly. The semi-
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permeable teflon membrane which covers the end of the probe is

selective for oxygen. The oxygen which diffuses across the membrane

sets up a current which is measured by the meter. The amount of

oxgyen which diffuses across the membrane is proportional to the

chemical activity of the oxygen in the liquid (8). The resistance to

diffusion which the oxygen must overcome is a function of the mem-

brane thickness and the thickness of a layer of stagnant liquid which

adheres to the membrane. The thickness of the layer is dependent

upon how fast the liquid is flowing past the membrane, in this case,

the spin rate of the magnetic stirrer (7,8). Given the same spin

conditions (ie. stir bar length, spin speed, etc.), the thickness of

the stagnant layer is essentially the same for all readings. The

spin rate has been found to play a significant part in obtaining

accurate readings (1,7,9) and should be controlled very carefully.

The spin rate must be high enough to prevent erratic readings (1) but

not so high as to create turbulence under the membrane (13). When

the probe system is calibrated with a known sample the current which

the meter measures is translated into a concentration reading. In

order to obtain accurate concentration measurements the readings must

be taken at the same spin conditions as was the corresponding cali-

bration. As long as the calibration and sample spin conditions

within a test sequence are the same, the final results are indepen-

dent of the particular conditions chosen.

An attempt was made to measure the oxygen concentration in-

situ. Plexiglass cylinders were inserted into the incoming and

outgoing water lines. Fig. 2 shows the positions of the cylinders.
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The inside dimensions of the cylinder were 6.4 cm (diameter) x 38 cm

(length). A 1.9 cm Swagelok fitting at the top of the cylinders

allowed the oxygen probe to be inserted into the cylinders such that

the probe was at a 90° angle to the flow of water. Instead of the

stagnant layer thickness being dependent upon stir rate it was depen-

dent upon velocity of the liquid. Unfortunately the oxygen meter can

not distinguish between dissolved oxygen (DO) and oxygen from

entrained air. It was found that the amount of entrained air could

not be controlled within the system, thus the in situ method was not

used. By carefully taking samples with BOD bottles the amount of

entrained air can be minimized if not eliminated, consequently, this

was the method chosen for the final experimental work.

C. Equations

Liquid Flowrate. The water flowmeters were calibrated using

the following method. A weight scale was calibrated by measuring

water samples of known volume and temperature. Samples were then

collected from the system for known times and at varying settings.

The samples were weighed and a calibration graph established. The

graph and data can be found in Appendix B.

Flow equations were established for the small and the large

flowmeters:

Mwater,in = 0.1582 x % full flow (small meter) (1)

Mwater,in = 1.092 x % full flow (large meter) (2)

It was assumed that



Mwater,out = Mwater,in (3)

All symbols are given in the nomenclature table in Appendix A.

Air Flowrate. Sharp-edged orifices were used to measure the

gas flowrate in the main flow line and in the recycle loop. The

flowrate can be measured because of the pressure drop which occurs

when a constriction is placed in the line (14). The equation used

for the incoming air flowrate was:

Mair = K
1

[1.00 K22P/P
1

]LP P
1

/(T
1

M)/

where Mair = molar flowrate; mol/s

P
1

= pressure upstream; Pa

LP = pressure drop across orifice; Pa

(4)

T
I

= temperature upstream; K

M = (28.97 + 28.98Z)/(1.0 + 1.609Z); the average

molecular weight of the gas stream; g/mol

Z = humidity; kg water/kg dry air

The derivation of the equation is given in Appendix C. The constants

K
1

and K2 are given in Table 1 for the four orifices used in this

study.

orifice
diameter
(mm)

K
1

x10
3

K2

operating
range

(mol/s)

12.4 1.053 0.29298 0.0807 0.270

16.0 1.779 0.29311 0.159 0.393

25.4 4.50 0.29510 0.393 - 1.172

50.8 20.721 0.32871 0.975 - 4.891

Table 1. Orifice constants

15



Three of the orifices used were calibrated by Zuehlsdorf (22)

using a Meriam Laminar Flow Meter and a Meriam micromanometer. A

fourth orifice was manufactured for this study and was calibrated

according to a method outlined by Perry (14) with reference to Bean

(3). See Appendix D for the calculations. It was assumed that

Mair,in = Mair,out (5)

Oxygen Flowrate. The Gilmont flowmeter was calibrated accord-

ing to the manufacturer's instructions. The calibration is given in

Appendix E. The resulting correlation was

Moxy = 5.6017x10
-4

x % full flow 9.7663x10
-4

(6)

Temperature. The thermometer was calibrated by measuring the

temperature of melting ice and boiling water. A correction factor

was determined for the thermometer, such that,

Twater = 0.9843 x Tmeasured; °C (7)

16

By taking measurements at the outlet and inlet it was determined that

the change in temperature was less than 1%, therefore, the system was

assumed to be isothermal.

Saturation Concentration. The oxygen saturation concentration

was calculated as follows:

Csat = yinPatm x 55.56 x 32000/H (8)

where Patm is the barometric pressure in atmospheres and H, the

Henry's law constant, is calculated based on a linear regression

correlation (14, p.3-98)

H = 2.55x104 + 7.33x102Twater

Mass Transfer Equations. No Recycle. An overall mass balance

was done of the system to determine the factors L/G, the ratio of the
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liquid phase molar velocity and gas phase molar velocity, and yin,

the mole fraction of oxygen in the inlet gas phase. The relation-

ships developed were

L/G = Mwater/(Mair + Moxy) (9)

and yin = (0.21Mair + Moxy)/(Mair + ?foxy) (10)

Mass Transfer Equations. Recycle. An overall mass balance of

the recycle system was done to determine L/G, yin, and R, the

recycle ratio. The relationships developed were as follows:

L/G = Mwater/(Mair + Moxy + Hr) (11)

R = Mr/(Mair + foxy) (12)

yin = (0.21Mair + ?foxy + R)/(Mair + foxy + Mr) (13)

where

o< = [(Cin-Cout)Mwater/(32000 x 55.56)] + 0.21Mair + Moxy

and Cin and Cout are the oxygen concentrations in, respectively, the

inlet and outlet liquid streams. The derivation of the relationship

for yin is shown in Appendix F.

Performance Equations. No Recycle. Previous studies (2,11,22)

have used a variety of correlations to describe the crossflow sys-

tem. Studies dealing with soluble and semi-soluble gases have used a

% absorption term, such as,

%Abs = ((yin yout)/yin) x 100

In the study of the oxygen system by Davis (6) a new term was devel-

oped which had more meaning for an insoluble system where the focus

was the concentration of the component in the liquid phase rather

than the gas phase. The "efficiency" term developed was

Eff = (Cout-Cin)/(Csat-Cin) (14)
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where Csat is the concentration of oxygen in the liquid phase when it

is in equilibrium with the oxygen in the gas phase, that is, when the

liquid phase is saturated. The correlation compares the actual

amount transferred with the amount which would be transferred if the

liquid phase became saturated. While this correlation is quite

meaningful it has the drawback that it is temperature dependent:

Csat is a function of temperature and Cin changes with temperature.

Based on experimental values, the daily inlet water temperature

fluctuation was on the order of 10%; the weekly variation was approx-

imately 30%; the seasonal fluctuation was as much as 100%. Because

of this temperature dependence, any efficiency correlation based on

Eq. (14) will not be repeatable since the present equipment set up

does not allow for control of the temperature. Because of these

drawbacks, a new efficiency term was developed which is independent

of temperature.

An analysis of the system (19,20), shown schematically in Fig.

4, indicates that the following equations are applicable:

NA = KL(Csat-CA,L) (15)

z = [L(C1- C2)] /[KLaC(Csat- CA)lm) (16)

where NA is the molar flux of oxygen (mol/s-m
2
); KL is the overall

mass-transfer coefficient in the liquid phase (mol/s-m
2
-mol/m

3
); C

A,L

is the bulk oxygen concentration in the liquid phase; z is the height

of the packing material (m); a is the interfacial surface area per

unit volume (m2/m3 ); C is the concentration of water; C
1

and C
2

are,

respectively, the outlet and inlet liquid phase concentrations of

oxygen; p
1

and p
2
are, respectively, the inlet and outlet gas phase
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concentrations of oxygen; Csat is the liquid saturation concentra-

tion; and

(Csat-C )
A lm

(Csat,2-C
2
)-(Csat,l-C

1

)

Csat,2-C2
In

C2

Csat,1-C1

O

0
C1 p

Fig. 4. Generalized Mon-recycle System

For a dilute system in which pl p2, it can be assumed that

Csat,1 = Csat,2

therefore,

(Csat-CA
)
1m

= (C
1

-C
2
)/1n((Csat-C

2
)/(Cssat-C

1

)]

Rearranging Eq. (16)

zKLaC/L = (CI-C2)/(Csat-CA)im

The left side of Eq. (19) is relatively temperature independent,

therefore, let

Eff' = (C
I

-C
2
)/(Csat-C

A
)
lm

This efficiency term compares the actual change in concentration,

(17)

(18)

(19)

(20)

C
1

-C
2

, with the maximum possible change in concentration, that is,

the driving force, (Csat-C
A)lm.

Combining Eqs. (18) and (20) and

simplifying a new efficiency term is developed



Eff' = ln[(Csat-C2)/(Csat-C1)]

or Eff' = ln[(Csat-Cin)/(Csat-Cout)]

20

(21)

Equation (21) was used to evaluate results from experiments with no

recycle.

Performance Equation. Recycle. For the case in which the gas

stream was recycled the most meaningful comparison was to return to a

relative percentage change term

%Abs = [(Cout-C n)/Cin] x 100 (22)

The point of interest in this case was the comparison of the outlet

oxygen concentration with recycle ratios and the amount of oxygen

added at the inlet. Changing the recycle ratio and the amount of

oxygen added resulted in a change in yin which in turn meant a change

in Csat and the driving force, thus using the Eff' term would be

meaningless. The %Abs term is subject to the problem of being

temperature dependent, therefore, measurements must be taken during a

period of relatively constant inlet water temperature.

D. Operating procedure

The operating procedure used during this study is outlined in

the following section. It was followed closely in order to standard-

ize the conditions and aid in the repeatability of the measurements.

Start-up procedure:

1. The DO meter and probe

a. Change the probe membrane if needed. Follow the manufacturer's
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instructions.

b. Connect the probe to the meter and turn on the meter to the

"zero" setting.

c. Allow 20 minutes for the probe to polarize.

2. The magnetic stirrer

a. Turn on the stirrer to the setting at which measurements will

be taken. For this study "2" was used.

b. Allow a 20 minute warm-up period.

3. Column water

a. Open the main gate valve.

b. Open the two rotameters and the sampling lines.

c. Allow the water to flow for 15 minutes in order to clear all of

the lines.

4. The compressor

a. Ensure that the exhaust valve is open otherwise the column will

become pressurized when the compressor is turned on.

b. Open the primary by-pass valve at the column.

c. Close the secondary by-pass valve at the compressor.

d. Turn on the heat exchanger water.

e. Close any other valves which are open to equipment other than

the packed column.

f. Press the start button.

g. Ensure that there are enough weights on the check valve to

give sufficient back pressure.

h. The compressor in this particular configuration needs no warm-

up time.



22

5. Oxygen

a. Open the valve at the gas cylinder.

b. Adjust the line pressure to ^125 psig.

6. Barometric pressure

a. Obtain the barometric pressure of the room.

b. This should be done at the beginning of each start up or

approximately every 8 hours.

7. Probe calibration

a. Measure the temperature of the aerated demineralized water.

b. Follow the manufacturer's instructions for calibrating the

oxygen probe.

c. Use the barometric pressure and water temperature to determine

the correction factor per the manufacturer's instructions.

8. If the recycle loop is to be used, the fan can be turned on at

this point.

9. Liquid and gas flowrates

a. Adjust settings until desired flowrates and ratios are

obtained. A programmable calculator with a trial and error

program is useful at this point.

b. Turn on the oxygen at the flowmeter and recheck flowrates and

ratios.

c. Allow the system to run for 5 minutes to obtain steady state

(in-situ tests indicated that steady state was reached in less

than 5 minutes once oxygen began flowing).

10. Sample taking

a. While the system is coming to steady state take inlet sample
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readings.

b. Fill the bottle from the bottom using a slow water flowrate.

Allow the bottle to overflow 2 times its volume. Insert the

probe ensuring that no bubbles are introduced into the bottle.

c. Set the bottle on the magnetic stirrer. Take a reading in 3.5

minutes (tests indicated that it took this long for steady state

to be obtained). During this time do not uncap the bottle.

Watch for bubble formation.

d. Measure the outlet concentration in the same way. Repeat

measurements until two repeatable readings are obtained.

Shut-down procedure:

1. Water

a. Close all rotameters.

b. Close the inlet sample line.

c. Close the main gate valve.

2. Shut off the oxygen cylinder.

3. Oxygen meter and probe

a. Turn the meter to the off position.

b. Plug the meter in for overnight if it needs recharging.

c. Refill the calibration water supply if needed and ensure that

it continues to aerate.

4. Turn off the magnetic stirrer and unplug.

5. Compressor

a. Push the stop button.

b. Turn off the heat exchange water.
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E. Test conditions

Non-recycle. For this study the following nominal test condi-

tions were used:

L/G = 15, 20 or 25

Mwater = 6.33 - 22.93; mol/s

Mair = 0.08 1.05; mol/s

Moxy = 0.0141 0.0416; mol/s

yin = 0.24

Recycle. For this part of the study the following nominal test

conditions were used:

L/G = 50

R = 0.0, 2.5, 3.0 or 3.5

Mwater = 29.48; mol/s

Mair = 0.0946 0.5655; mol/s

Mr = 0.0 0.4648; mol/s

Moxy = 0.0024 0.0466; mol/s

yin = 0.243 0.429
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IV. Results and Discussion

The experimental data are presented and discussed in the

following section. The results of this study are compared to three

previous studies, one by Davis (6), another by Bayan (2), and a third

one by Kaster (11).

A. Non-recycle

In studies by Kaster and Sayan the percentage absorption

%Abs = (Yin-Yout)/Yin x 100

was plotted against the gas flovrate where Y was the component mole

fraction in the gas phase on a solute-free basis. Davis found that

for a relatively insoluble gas, such as oxygen, such a correlation

was not very meaningful. Instead he developed the efficiency term

Eff = (Cout-Cin)/(Csat-Cin)

and plotted this term against liquid flovrate. The purpose of this

new term was to compare the change in oxygen concentration of the

water with the maximum possible concentration change. The maximum

possible change was actually the concentration driving force which

for this system was (Csat-C
A

)
lm

as explained in the previous section,

consequently, the efficiency term

Eft' ln[(Csat-Cin)]/[(Csat-Cout)]

was used in this study and plotted against liquid flovrate.

Data were collected as described in the previous section and

were evaluated using the efficiency term, Eff', which was then plot-
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L/G Mwater
(mol/s)

Eft' L/G Mwater
(mol/s)

_

Eff'

25 21.84 1.99 20 7.91 1.55
« 20.75 1.66 « 7.91 1.16
II 21.84 2.27 11 14.20 1.57

" 20.75 1.72 " 16.38 1.26
« 19.66 1.49 « 15.29 1.74
« 18.56 1.07 " 16.38 1.81
. 16.38 1.05 " 17.47 1.70
« 13.10 0.97 IS 19.66 3.30
« 10.28 0.84 15 6.33 1.14
11 18.56 0.93 " 10.28 1.56
1* 22.93 2.09 " 13.10 1.63
« 10.28 1.12 " 14.20 1.81

20 7.91 1.15 " 15.29 2.60
es 10.92 0.95 is 16.38 2.91
« 13.10 1.02 " 15.29 1.28
« 15.29 1.61 " 14.20 0.98
« 15.29 1.18 " 12.01 0.90
« 16.38 1.53 " 7.91 0.80
It 17.47 2.61 " 10.28 1.58
« 18.56 3.45 " 14.20 1.03
« 18.56 2.12 " 15.29 1.03

Table 2. Efficiency Data; L/G = 15,20,25;
Mon-recycle

L/G Mwater

(mol/s)

Eff' L/G Mwater
(mol/s)

Eft'

50 20.1 0.44 75 32.9 0.77

" 22.2 0.56 « 35.7 1.10
« 24.1 0.85 a 38.1 0.92
« 27.2 1.14 " 29.8 0.51
« 28.6 1.25 " 36.7 1.01

" 31.6 1.54 25 10.3 0.41
« 34.8 1.95

« 15.5 0.51
« 38.4 1.54 " 18.1 0.51
11 19.6 0.44 " 18.2 0.49
« 17.6 0.44 « 20.7 0.62

75 21.2 0.34 « 22.9 1.10

" 25.5 0.34 . 25.3 1.10
« 28.2 0.44 « 27.7 2.49
« 29.8 0.77 " 25.8 1.71
« 31.9 0.77

Table 3. Efficiency Data; L/G = 25,50,75;
Mon-recycle
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ted against the liquid flowrate, ?Water. Figures 5, 6 and 7 are the

graphs of Eff' vs Mwater for L/G = 15, 20, 25, respectively. Table 2

summarizes the results. The original mass transter data can be found

in Appendix H, Tables 9 and 10. The individual L/G graphs are com-

bined in Fig. 8 for easier comparison. The work by Davis was eval-

uated using the Eff' correlation presented in this study. A graph of

the converted data is shown in Fig. 9. The new efficiency data are

summarized in Table 3 and a record of the mass transfer data can be

found in Appendix H, Table 11. The results from this study and from

Davis are combined and shown in Fig. 10. Appendix G gives a sample

of the method used for evaluating the data. The lines which were

drawn through the data on Figs. 5 through 10 are not based on linear

regression correlations but are only intended to show the general

trend in the data.

During operation of the column, the gas and liquid flow pat-

terns went through some very characteristic stages. At low liquid

flowrates there was no liquid on the baffles and the water flowed

vertically. Tracer studies performed by Bayan indicated that the gas

was probably taking the path of least resistance at this point and

was flowing around the baffles, by-passing much of the liquid. As

the liquid flowrate increased a point was reached when the liquid

began to accumulate on the baffles and to flow at an angle with

respect to the vertical. Previous tracer studies indicated that

after this "crossover" point the gas and liquid were flowing at 900

angles with respect to each other and the column was operating in a

crossflow pattern. The crossover point was not clearly defined.
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Davis also found this to be the case for a column with 12 baffles.

Visual observation showed that the crossover began in the middle or

lower half of the column and then spread to the rest of the column as

the liquid flowrate increased. Davis found that the crossover point

was more sharply defined when using 6 baffles. As the liquid flow-

rate increased, more liquid collected on the baffles and the motion

of the liquid flow on the baffles became quite turbulent. Unirri-

gated portions of the packing developed due to the angular flow of

the liquid. As the flowrate increased the operating limit of the

column was eventually reached and the column began to flood.

The efficiency data indicated that two regions existed in the

operation of the column. At low liquid flowrates the efficiency was

relatively constant with respect to the liquid flowrate but a point

was reached after which the efficiency increased rapidly with

increasing liquid flowrates. The point at which the rate of increase

in efficiency changed sharply was termed the transition point by

earlier studies. The transition point corresponded very closely with

the physical crossover point observed during the operation of the

column. In Fig. 8 it can be seen that as L/G decreased Eff'

increased for a given liquid flowrate. In addition, the slope of the

line in the crossflow region increased as L/G decreased. These

results were similar to those from the study by Davis in which oxygen

was also used but at higher L/G ratios. In Figs. 9 and 10 the same

general trend can be seen with the increasing slopes in the crossflow

region as L/G decreased and the increased efficiency as L/G

decreased. Kaster and Sayan worked with more soluble systems,
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respectively, carbon dioxide-air-water and ammonia-air-water. In the

analysis of their data they plotted percentage absorbed against the

gas flowrate, consequently, their findings were just the opposite:

the efficiency or absorption of the system increased as L/G

increased.

Sayan hypothesized as to the reason for the increasing

efficiency and the two flow regimes. At low liquid flowrates, as the

gas flowed around the baffles, by-passing much of the liquid, there

was very little intimate contact between the two phases and, there-

fore, the oxygen could not readily transfer from the gas phase. But

at high enough liquid flowrates, as the water began to criss-cross

establishing the crosscurrent pattern, the mixing of the two phases

was sufficient to cause increasingly more efficient transfer of the

oxygen. Even though unirrigated spaces developed, decreasing the

contact between the two phases, the turbulence on the baffles was

high enough to compensate. All studies have indicated that it is in

the crosscurrent region that the column should be operated for best

performance.

The repeatability of the oxygen absorption data was not as good

as desired. There were several problems which contributed to this

poor repeatability. The oxygen-air-water system was a very difficult

system to work with due to the relative insolubility of oxygen in

water and the difficulty of measuring DO concentrations. The water

was close to saturation or equilibrium with atmospheric air (21%

oxygen) when it entered the column. Because of the low level of

oxygen in the inlet gas stream (24%), the concentration driving force
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was small, consequently, very small changes in the oxygen concentra-

tion in liquid phase were being measured. The concentrations that

were measured ranged from 9.70 to 11.05 mg/1 for the inlet and 10.66

to 12.20 mg/1 for the outlet. The efficiency term, Eff', was partic-

ularly sensitive to small variation in the measurement. The

sensitivity of the system can be seen in particular for L/G = 15 and

20 on Figs. 5 and 6. The rate of increase in efficiency in the

crosscurrent region was such that small changes in /Water caused

large changes in Eff'. The crossover point was not clearly defined

for the 12 baffle column, as discussed earlier, therefore, the tran-

sition point for the efficiency data was probably not as sharply

defined as indicated on the graphs.

There were equipment problems which added to the irrepeat-

ability of the data. The condition of the incoming city water was

not controllable. The measured values for Cin and Twater changed

over time. For some tests this was a relatively minor change and it

could be assumed that the inlet condition was constant when analyzing

the data. At other times, such as at sunset, the system was in such

a state of change that measurements could not be taken. Because

treatment at the local sewage plant or run-off during heavy rains

could not be controlled, sudden changes in the oxygen concentration

of the water had to be monitored carefully. Inlet conditions were

measured close to the time of outlet measurement in order to minimize

the error. Other conditons which contributed secondarily to the

measurement problems were (1) water flowrate fluctuations due to

sudden changes in the main line water pressure, (2) interactions



37

between lines such that a change in flow of one line, such as the

main air line, caused a change in the flow of another line, such as

the water flowrate, and (3) poor sealing of the packed column.

As Fig. 10 indicates there were differences in the results from

this study and from the study done by Davis. This study had slightly

higher efficiency results for L/G = 25 than did Davis. A part of the

difference was in the reading of the instruments, such as the DO

meter. Any analog measurement is open to a certain amount of inter-

pretation. The oxygen flowrate, Moxy, was calculated differently for

the two studies. Davis used a correlation supplied by the manufac-

turer for air. For this study a correlation was developed based on a

method supplied by the manufacturer for gases other than air. For

all terms of this study in which the factor (Hair Moxy) was used,

such as the liquid to gas ratio, L/G, and the recycle ratio, R, to be

discussed in the next section, Davis assumed the contribution by the

oxygen flowrate to be insignificant and did not include it. One

final difference was the assumption by Davis of constant inlet condi-

tions, that is, Cin and Twater.

Bayan and Davis both looked at the relationship between L/G and

the transition point flowrate. In Bayan's study the gas transition

flowrate was used and in Davis' study the liquid transition flowrate,

Mwater,t, was used. In both studies a semi-logrithmic relationship

was developed. Davis converted Bayan's data to a liquid flowrate

basis and combined his data for L/G = 25, 50, 75 with Bayan's data

for L/G = 2, 3, 4 to determine if a relationship which was indepen-

dent of the particular gas-liquid system existed between L/G and
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Mwater,t. Bayan's study was based on an air-ammonia-water system and

Davis' on an air-oxygen water system. The two sets of data formed

straight lines on a semi-log graph but with different slopes indi-

cating that there was a discontinuity in the relationship. The data

from this study filled in a portion of the gap in their data. The

results of all three studies, plotted on a linear graph, can be found

in Fig. 11 with the data summarized in Table 4.

L/G Mwater,t
(mol/s)

Study

2

3

4

15

20
25

25

50

75

1.52
2.04
2.49
14.4

16.1
18.3
19.0
20.8
26.5

Sayan

Towle
ft

It

Davis

tt

Table 4. Transition Flowrate; Non-recycle

The transition values used for Bayan's work were those calculated by

Davis. The values used for Davis' work were based on the Eff' corre-

lations shown in Fig. 9. There was very little change in Mwater,t

whether Eff or Eff' was used. A regression of the data resulted in a

best fit for the relationship

L/G = 2.17exp[3.14Mwater,t] (23)

with an r-square value of 0.9527. For design purposes a relationship

between L/G and Mwater,t would be very useful.

Results from this study tended to confirm Davis' assumption
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Fig. 11. L/G vs Transition Liquid Flowrate; Non-recycle
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that the relationship between L/G and Mwaterst is independent of the

gas-liquid system used but instead is a function of the physical

make-up of the column. This assumption would, again, be very useful

for design purposes. To further confirm this assumption and for a

more accurate correlation, a study is needed in the range of L/G = 5

to 15 using a more soluble system than oxygen-air-water.

B. Recycle

In analyzing the data from the recycle system it was assumed

that a person using an oxygenating system would be interested in

obtaining as large an increase in the oxygen concentration of the

water as possible for as small an input of oxygen as possible. Ini-

tially, the data were evaluated using the mass transfer efficiency

term which as was used for the non-recycle system, that is, Eff'.

Davis, also, evaluated his results using the same efficiency term as

was used for his non-recycle system, that is, the efficiency term

Eff = (Cout-Cin)/(Csat-Cin)

Both correlations indicated that the mass transfer efficiency was not

improved by recycling. For the purposes of this study it was decided

that a mass transfer efficiency, such as Eff', was not the appro-

priate correlation with which to evaluate the data. The primary

interest of this part of the study was not how efficiently the system

reached the theoretical maximum concentration,that is, the driving

force, but rather how to increase the driving force in order to push

the system to higher outlet concentrations while adding a minimum
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amount of oxygen. A system could be very efficient at approaching

the concentration driving force but it might be such a low driving

force (eg. if yin is quite low) that the outlet concentration is very

low. How closely or "efficiently" the system reaches its maximum

concentration is a separate design consideration for which the Eff'

term would be useful.

To evaluate the results of the recycle study the percentage

absorption

%Abs = (Cout-Cin)/Cin x 100

was graphed against the oxygen flowrate, ?foxy. The graph is shown in

Fig. 12, the data are summarized in Table 5 and the original data can

be found in Appendix H, Tables 12 and 13. A sample of how the data

were collected and evaluated is given in Appendix G. A comparison

was made between varying amounts of recycling and no recycling. The

lines drawn through the data were based on linear regressions which

resulted in the correlations

%Abs = 569Moxy 3.20 (R = 0.0) (24)

%Abs = 2110Moxy - 5.79 (R = 2.5) (25)

%Abs = 2360Moxy - 5.07 (R = 3.0) (26)

%Abs = 2540Moxy - 8.02 (R = 3.5) (27)

The results from this part of the study were generally more

repeatable and consistent than in the non-recycle study. This was

due to using larger yin values than the value used in the non-recycle

study. With larger yin values the system was further from equilib-

rium, the driving force was larger and the changes in oxygen concen-

tration were greater. The recycle results were not as sensitive to
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R Moxy
(mol/s)

%Abs R Moxy
(mol/s)

%Abs

3.5
.

.

.

te

.

"
.

.

"

"
.

3.0
"

"

"

" 1

" 1

0.0057
0.0113
0.0175
0.0214
0.0310
0.0360
0.0259
0.0141
0.0310
0.0360
0.0259
0.0057
0.0310
0.0099
0.0158
0.0242
0.0226
0.0382

8.4

20.6
30.9
45.5
78.2
81.3
54.8
25.7
69.7
85.1
57.8
9.7

66.7
18.4
31.0
48.3

49.3
88.1

3.0

2.5

"

"
.

"
.

is

.

0.0
.

.

.

.

"
.

0.0097
0.0046
0.0080
0.0136
0.0214
0.0298
0.0354
0.0438
0.0024

0.0214
0.0242
0.0349
0.0298
0.0326
0.0466

0.0248
0.0466

18.0
7.7

12.5
21.1
36.3
54.7
68.9
90.4
2.5

37.9
13.8
19.6
11.4
13.6
23.4

8.9
23.1

Table 5. Absorption Data; L/G = 50; Recycle
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errors in the system which were discussed earlier.

From Fig. 12 it can be seen that there was a marked increase in

%Abs when a portion of the outlet gas stream was recycled as opposed

to exhausting all of the gas. In addition, for a given oxygen flow-

rate, the %Abs increased as the recycle ratio, R, increased. By

using the absorption term, the intuitively obvious was clearly demon-

strated: less oxygen was needed to obtain the same Cout if a portion

of the exhaust gas was recycled and this benefit increased as the

fraction of the inlet gas stream which was from the recycle loop

increased, that is, the larger the value of R.

Oxygen is a very costly gas. A once-through process, there-

fore, is very expensive. It is apparent from this study that even a

small amount of recycling would be beneficial. How much to recycle

can be determined by a cost analysis study which compares pumping

costs for the recycle loop with the cost of the oxygen which is

added. There is probably a point at which the cost of pumping out-

weighs the money saved by not having to add as much oxygen to the

inlet.
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V. Conclusions

In this study the characterization of the crosscurrent column

was furthered by looking at the column's performance using an oxygen-

air-water system. The efficiency data collected from the non-recycle

system indicated that there were two operating regions for the

column. At low liquid flowrates the efficiency was low and constant;

at high flowrates the efficiency increased at a constant rate. This

conclusion agrees with the findings of Davis (6) and Bayan (2).

According to Bayan's hypothesis this was due to the flow patterns of

the gas and liquid streams.

It was determined at what liquid flowrate the change from low

to high efficiency occurred for each of the three liquid to gas

flowrate ratios. A transition correlation was developed for these

values and those from the works of Davis and Bayan. The data from

this study indicated that a semi-logarithmic correlation, as used by

Sayan and Davis, did not fit the data properly. The entire gap

between Davis' and Bayan's works could not be filled in with this

study because the limit of accurate measurement was reached. Another

study with a more soluble system will be needed to complete the

characterization.

Using a recycle loop in the gas stream improved the performance

of the column a great deal when compared to the system which used no

recycle. The outlet oxygen concentration increased significantly

despite adding less oxygen to the inlet air stream. In addition, the

effect increased when the rate of recycle was increased. This study
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pointed out clearly that a system which employs a partial recycle

loop of the gas stream can realize a significant savings in oxygen

usage.
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VI. Recommendations For Future Work

There are many more areas of study which could be pursued with

the multiple stage crosscurrent column. For the non-recycle system a

more soluble gas could be used to fill in the gap of the transition

data shown in Fig. 11. The study would need to be in the range of

L/G = 5 through 15. For the recycle system another gas could be

studied and/or different recycle ratios could be investigated. More

recycle data are needed to determine the mass transfer efficiencies

for given recycle ratios in order to develop a design correlation. A

cost analysis could also be done on the recycle system to maximize

savings on oxygen but minimize pumping cost for the recycle loop.

Finally, an absorption system accompanied by a chemical reaction

could be investigated.

If oxygen is used again - particularly for the non-recycle

system - some equipment modifications should be made. A better

sealing system is needed for the column; gaskets might be a possi-

bility. For a truly accurate study, real-time measurements are

needed to account for the dynamics of the system. The in-situ method

discussed earlier was an attempt to do this. A water delivery and

measurement system is needed which dampens out the line fluctuations.

Finally, in order to collect large amounts of data, a more "user

firiendly" and controlled system is needed for adjusting and monitor-

ing air flowrates. A great deal of time is consumed adjusting and

readjusting valves to obtain the correct flowrates.
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Appendix A: Nomenclature

a = specific interface surface; m2 interfacial area/m3 packing volume

C = concentration of water; mol/m3

= concentration of oxygen in the liquid phase; mg/1

L
= concentration of oxygen in the bulk stream;, moil's3

Cin = incoming oxygen concentration; mg/liter

Cout = exiting oxygen concentration; mg/liter

Cr = rotameter flow coefficient

Csat = oxygen concentration in water at equilibrium with the gas

phase; mg/liter or mol/m3

d = orifice diameter; mm

DO = dissolved oxygen in water

Eff = performance correlation from Davis (6)

Eff' = performance correlation for the non-recycle system

G = gas phase molar velocity; mol/s-m
2

H = henry's law constant; atm gas/mol solute/mol solution

K
I

, K
2

= orifice equation constants

K = overall mass-transfer coefficient in the liquid

phase; mol/s4-Ac

L = liquid phase molar velocity; mol/s-m
2

Hair = molar flowrate of air; mol/s

Moxy = molar flowrate of oxygen; mol/s

Mr = molar flowrate of gas recycle loop; mol/s

Mwater = molar flowrate of water; mol/s

M = average molecular weight of air stream; g/mol
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(HW)oxy = molecular weight of oxygen; g/mol

P = barometric pressure; Pa

Patm = barometric pressure; atm, mm Hg

P1 = pressure upstream from orifice; Pa

P
2
= pressure downstream from orifice; Pa

LP = orifice pressure drop, P1 - P
2;

Pa

Rd= percentage change in diameter ratio for the oxygen rotameter

St = stokes number

T
1

= orifice upstream temperature; K

Tw = wet bulb temperature; °C

Td = dry bulb temperature; K, °C, °F

Toxy = oxygen gas temperature;
o
F

Twater = water temperature; °C

= orifice mass flowrate; kg/s

yin = mole fraction of oxygen in incoming gas stream

z = height of the packing material; m

Z = humidity; kg water/kg dry air

= density of float for oxygen rotameter

/4 = oxygen viscosity; Pa-s

%Abs = performance correlation for the recycle system
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Appendix B:

Water Flowmeter Calibrations

% full
flow

Mwater
(mol/s)

% full
flow

Mwater'
(mol/s)

10 1.85 70 11.49

15 2.68 80 12.33

20 3.36 90 13.59
30 5.03 81 13.17

40 6.59 90 14.26

50 8.22 70 11.16
60 9.61

Table 6. Small Water Flowmeter

% full
flow

Mwater
(mol/s)

% full
flow

Mwater
(mol/s)

10 12.16 12 13.17

12 13.17 14 15.52
14 16.61 16 18.04

16 17.24 18 19.46

18 21.39 20 21.85

19 22.90 22 24.37

25 27.68 26 29.19

10 11.33

Table 7. Large Water Flowmeter
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Fig. 13. Liquid Molar Flowrate vs % Full Flow
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Appendix C:

Air Flowrate Equation Derivation

For a constriction, such as a sharp-edged orifice, the mass

rate discharge equation is (14)

W = KYA212gpli

where

W = mass flowrate through the orifice; kg/s

A2 = cross sectional area of the orifice opening; m

Y = expansion factor

1

K = orifice coefficient = c/11-13
4

P = ratio of orifice diameter to pipe diameter = d/D

PI, P
2

= pressures upstream and downstream for the orifice,

respectively; Pa

fl= density of the ambient air upstream; g/m

g
c

= conversion factor = 1 kg-m/s
2
-N

d = orifice diameter; m

D = pipe diameter; m

= ratio of specific heats = 1.4 for air

M = average molecular weight; g/mol

R = gas constant = 8.314 Pa-m /mol-K

C = coefficient of discharge

GP = PI P2; Pa

For subsonic flow Y is approximated as (14)

Y = 1.00 (0.41 + 0.35p4 )GP/qP )
1

Assuming the air is an ideal gas, then

(1)

(2)

54
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= MPS /(RTC)

and the molar flowrate, Mair (mol/s), is

Mair = W/M = YKA2)J2gP Pl/(RTIM) x 1000 g/kg

Substituting for Y and K, the molar flowrate becomes

Mair = 15.51CA2 Lop_ (0.41 + 0.35p4)LP] \FPT7
i(1 1.4 P T1 M

If K1 = 15.51CA2/ Jl p4 /

and = (0.41 + 0.35) /1.4

then ?fair = K [1.00 KLP/P ]i/LIP P
I

/(T
I

t

where Mair = molar air flowrate; mol/s

P
I

= pressure upstream; Pa

LP = pressure drop across orifice; Pa

T
1

= temperature upstream; K

M = (28.97 + 28.98Z)/(1.0 + 1.609Z); average molecular

weight of gas stream; g/mol

Z = humidity; kg water/kg dry air
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Appendix D:

Orifice Constants Derivation

To perform the recycle experiments a 12.4 mm orifice was manu-

factured in order to obtain low enough air flowrates through the

3.25" pipe. The orifice coefficients, K
1

and K2, were calculated

with reference to Perry (14) and Bean (3). Refer to Appendix C for

the molar air flow equation.

The orifice coefficient, C, is based on Reynolds number, Re,

and t3, the ratio of orifice diameter to pipe diameter. For this

particular orifice

p = 12.4mm/3.25" = 0.1502

Values for C have been tabulated in Bean (3) for different Re num-

bers, pipe sizes and p values. Interpolation was necessary to obtain

values for a 3.25" pipe. Values listed for /3 = 0.1500 were used. It

was found that for

Re = 10,000 - 100,000

C = 0.6003 +/- 0.0047

therefore, let C = 0.60. From experimental data it was found that

the average molecular weight of the air stream, M, and the dry bulb

temperature, Td, were very constant

M = 28.81 +/- 0.013 g/mol

Td = 25.75 +/- 0.78 °C

therefore, let M = 28.8 g/mol and Td = 26 °C.

From Appendix C

4
K = 15.51CA24 p1 )

1
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and

therefore,

and

K2 =(0.41 + 0.35p)/1.4

A
2

= 77(0.124)
2/4

K
1

= 1.053x10
-3

K = 0.29298
2

From Appendix C

?fair = K1 [1.00 - K2ALP/Pi] 1(AP PI)/(TIM)

Experimentally it was found thatAP,min " 2 in. water and

LP,max "4 22 in. water, therefore,

P1,max " 22 x 249.1 + 760 x 133.32 = 106803 Pa

LP,max " 22 x 249.1 = 5480 Pa

Pimin " 2 x 249.1 + 760 x 133.32 = 101821 Pa

L1P,min " 2 x 249.1 = 498.2 Pa

and the operating range for the 12.4 mm orifice is

Hair = 0.08068 0.2703)mol/s
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Appendix E:

Oxygen Flowmeter Calibration

From Zuehlsdorf (22) for oxygen

Moxy = 8.115x10
4 CrRdir,(2.0 + Rd/100);

and

,St =2.829x10 9
Rd

3
joi/u,

2

From the manufacturer

mol/s

(14, p.3-211) shows

(1)

(2)

(3)

(4)

(5)

that

Cr = (db2 + 4act- b)/2a

and

Rd = 1.0 + 0.263 x % full flow

and

a = 3.08logR 1.25

b = 3.83 - 1.171logR

c = logSt - 0.111logR

A linear regression of data given by Perry

)4= 2.43x1078Toxy + 1.85x105; N-s/m2, Toxy in °F (6)

Assuming: 1) oxygen is an ideal gas

2) the pressure of oxygen in the flowmeter is equal to P

which, for the purpose of the calculation, is approxi-

mately constant

3) Toxy is approximately constant

then = P2(MW)oxy/(RTcxy) (7)

where = P] -LP

Based on experimental measurements:

P2 = 101430 N/m



Toxy = 74 °F

Combining Eqs. (2), (6), (7) and (8)

St = 9.0412R
d

3

From Eqs. (1), (3), (4), (5) and (9), Table 8 and Fig. 14 are

developed.

% full
flow

Moxy x 10
(mol/s)

% full
flow

Moxy x 10
(mol/s)

0 0.5132 60 31.90

10 5.030 70 37.77
20 10.04 80 43.79
30 15.24 90 49.96

40 20.63 100 56.29
50 26.18

Table 8. Oxygen Flowmeter Calibration

(9)
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Fig. 14. Oxygen Molar Flowrate vs % Full Flow
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Appendix F:

Yin For the Recycle System

A material balance was done based on Fig. 15

Fig. 15. Overall Mass Balance of Recycle System

where x., y. = mole fractions in, respectively, the liquid and gas

phases for line i.

L.3. , G. = the molar velocities in, respectively, the liquid

and gas phases for line i.

Assume: 1) L1 = L2 = L

2) G4 = G6 = G.

3) Y6 = Y3 Y5

4) y1 = 0.21

5) y2 = 1.0

Measured quantities:

1) C1 and C
2

2) G1, G2, G3

Find: y4 = yin



Solution:

From material balance I:

Y2G2 x1L1 YIGI = x2L2 Y5G5 (1)

and G2 + LI + GI = L2 + G_ (2)

From material balance II:

yiGI + y2 G2 + y3 G3 = y4 G4 (3)

and GI + G2 + G3 = G4 (4)

From material balance III:

Y6 G6 y5 G5 4. Y3 G3
(5)

G6 = G5 + G3 (6)

Combining Eqs. (3) and (4)

y yGG

+

+ yG
Yzi G2 2+ G3 3

1 2

From Eqs. (1) and (2)

5

but

therefore

Because

then

and

x1 L1 + Yl GI
x2 LZ

+ y2 G
2

(-1 63

G6 ^' G4 = G + G2 + G3

Y
5

L + yG x L? +
= 1-1 11

G
I

+
2

LI = L2 = L and y3 = y5

(x x )L + y G
1 G1 + GI

I

3

(X1 x2)L + yiGI + y2G2

Y4 YIGI Y7G; G,1

+ ()

+ G
I 2 3

Note that
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and x
1

- x2 = (C
1

C
2
)/(32000 x 55.56)

therefore

where

yin = [0.21Mair + Moxy +0(11]/[Mair + Mr + Moxy]

= 0.21Mair + Moxy + (C1 - C2)L/(32000 x 55.56)
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Appendix G:

Sample Calculations

I. Mon-recycle

The following is an example of calculations for an experimental

run with no recycle. A programmable calculator was used to set

oxygen and air flowrates by a trial and error method.

Run # 96 Date 5/26/83 L/G 2.Q.

1. Calculating water flowrate

Flow setting = 50 (small rotameter)

Mwater = 50 x 0.1582 = 7.91 mol/s

2. Setting the air flowrate

Patm

P
1

= 752.6 mm Hg

Hg

water) x 249.1 Pa/in. water]

= [Patm x 133.32 Pa/mm

+ (20.55 17.95 in.

= 100984 Pa

bLP = (21.6 19.1) x 249.1 = 623 Pa

Tw = 18 °C

Td = 27 °C = 300.15 K Z = 0.0093 kg water/kg dry air

M = (28.97 + 28.98Z)/(1.0 + 1.609Z) = 28.81 g/mol

orifice diameter = 25.4 mm K = 0.0045 K = 0.2951

Mair = {0.0045[1.0 - 0.2951 x 643/100984]

)61643 x 100984/(300.15 x 28.81)) = 0.3831 mol/s

3. Setting the oxygen flowrate

For yin "' 0.24

64



% setting = {[(0.24 - 0.21)0.3831/(1 0.24))

+ 9.7663x10
4
)/5.6017x10

-4
= 28.74%

With the oxygen set at 28.5%

-4 -4
?foxy = 5.6017x10 x 28.5 9.7663x10 = 0.0150 mol/s

4. Check settings

L/G = 7.91/(0.0150 + 0.3831) = 19.872

yin = [(0.21 x 0.3831) + 0.0150)/(0.0150 + 0.3831) = 0.2397

5. If L/G is not correct then readjust Hair, Moxy.

6. Calculating the Efficiency

Twater = 15.8 x 0.9843 = 15.55 °C

Cin = 10.2 mg/1

Cout = 11.05 mg/1

H = 2.55x10
4

+ 733 x 15.55 = 36,900 atm/mole fraction

Csat = 0.24(752.6/760)55.56 x 32000/36,900 = 11.44 mg/1

Eff' = ln[(11.44 10.2)/(11.44 11.05)] = 1.158

II. Recycle

Run V 126 Date 6/8/83 L/G ^' 50 R 2.5

1. Water flowrate

Flow setting = 27% (large rotameter)

Mwater = 27 x 1.092 = 29.48 mol/s

2. Recycle loop

Since L/G = Mwater/(Moxy + Hair + Mr)

and R = Mr/(Moxy + Hair + Mr)

then Mr = Mwater/[L/G(1/R + 1)]

For this run adjust the recycle flow to the value

Mr = 29.48/[50(1/2.5 + 1)] = 0.4211 mol/s

(1)

(2)

65



66

Patm = 752.6 mm Hg

P
1

= 752.6 x 133.32 + (19.9 18.5) x 249.1 = 1101 Pa

LP = (21.7 18.7) x 249.1 = 747 Pa

Td = 76 °F = 297.59 K

Assuming the air is saturated

then Z = 0.0194 kg water/kg dry air

M = 28.64 g/mol

orifice diameter = 25.4 mm K
1

= 0.0045 K
2

= 0.2951

Mr = {0.0045[1.0 0.2951(747/1101)]

x 747 x 1101/(28.64 x 297.59) ) = 0.4219 mol/s

3. Main loop

From Eqs. (1) and (2)

Moxy + Hair = Mwater /[L /G(R + 1)]

For this run adjust the oxygen and air flows until

Moxy + Mair = 29.48/[50(2.5 + 1)] = 0.1685 mol/s

P
1

= Patm x 133.32 + (24.7 13.6)249.1 = 103102 Pa

LP = (22.5 17.9)249.1 = 1146 Pa

Tw = 18 °C

Td =
o
C = 298.15 K

M = 28.79 g/mol

Z = 0.0101

orifice diameter = 12.4 K
1

= 0.001053 K2 = 0.29298

Mair = 0.1231 mol/s

4. Setting the oxygen flowrate

Moxy 0.1685 0.1231 = 0.0454 mol/s

% setting = (0.0454 + 9.7663x104)/5.6017x104 = 82.8%

With the oxygen set at 80%, Moxy = 0.0438 mol/s
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5. Check settings

L/G = 29.48/(0.1231 + 0.0438 + 0.4219) = 50.07

R = 0.4219/(0.1231 + 0.0438) = 2.527

6. Calculating the absorption

Cin = 9.68 mg/1

Cout = 18.43 mg/1

%Abs = (18.43 9.68)/9.68 x 100 = 90.4%

For information purposes yin and Csat are calculated.

0.4= (9.68 18.43)29.48/(32000 x 55.56) + 0.21 x 0.1231 + 0.0438

= 0.0695

=
0.21 x 0.1231 + 0.0438 + 0.0695 x 2.527 = 0.4168yin

0.1231 + 0.0438 + 0.4219

Twater = 17.1 °C x 0.9843 = 16.83 °C

H = 37,838 atm/mole fraction

Csat = 19.39 mg/1
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Appendix H:

Mass Transfer Data
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Table 9. Non - recycle Data; L/G = 15,20,25

Run
8

Hair
(mol/s)

Mwater
(mol/s)

?foxy

(mol/s)
Cul
(mg/1)

Cout
(mg/1)

Csat
(mg/1)

63 0.8436 21.84 0.0338 10.78 12.00 12.19

64 0.7996 20.75 0.0315 10.80 11.85 12.10
65 0.8444 21.84 0.0338 11.02 12.20 12.34

66 0.7956 20.75 0.0315 11.05 12.03 12.24

67 0.7568 19.66 0.0298 11.03 11.97 12.24

68 0.7186 18.56 0.0282 10.40 11.40 11.94

69 0.6283 16.38 0.0248 10.35 11.37 11.91

70 0.5073 13.10 0.0200 10.35 11.33 11.94

71 0.3955 10.28 0.0155 10.40 11.27 11.93
72 0.7194 18.56 0.0282 10.60 11.40 11.94

73 0.8769 22.93 0.0349 10.80 12.00 12.17

101 0.3976 10.28 0.0155 10.25 11.20 11.62

74 0.0773 7.91 0.0141 10.85 11.77 12.19

75 0.5287 10.92 0.0209 10.75 11.60 12.14

76 0.6367 13.10 0.0248 10.78 11.65 12.14

77 0.7309 15.29 0.0290 10.80 11.78 12.02

80 0.7358 15.29 0.0293 10.40 11.35 11.77

81 0.7833 16.38 0.0310 10.25 11.40 11.72

82 0.8347 17.47 0.0332 10.40 11.60 11.69

83 0.8935 18.56 0.0352 10.40 11.62 11.66

85 0.8921 18.56 0.0352 10.22 11.35 11.50,

86 0.3791 7.91 0.0150 10.10 11.10 11.30

96 0.3831 7.91 0.0150 10.20 11.05 11.44

97 0.6896 14.20 0.0270 10.20 11.20 11.46

98 0.7897 16.38 0.0310 10.25 11.12 11.46

106 0.7327 15.29 0.0290 10.05 11.10 11.32

107 0.7899 16.38 0.0312 9.95 11.12 11.34

108 0.8385 17.47 0.0332 9.92 11.07 11.32

109 0.9441 19.66 0.0374 9.80 11.30 11.36

87 0.4090 6.33 0.0158 10.00 10.87 11.28

88 0.6586 10.28 0.0259 9.95 11.05 11.34

89 0.8373 13.10 0.0332 10.05 11.15 11.42

90 0.9102 14.20 0.0360 10.10 11.20 11.42

91 0.9783 15.29 0.0388 10.00 11.35 11.46

100 1.0498 16.38 0.0416 10.20 11.60 11.68

102 0.9780 15.29 0.0388 10.18 11.18 11.57

103 0.9100 14.20 0.0360 9.75 10.80 11.43

104 0.7714 12.01 0.0304 9.73 10.75 11.45

105 0.5026 7.91 0.0197 9.70 10.66 11.45

111 0.6588 10.28 0.0259 10.25 11.15 11.38

112 0.9025 14.20 0.0360 9.95 11.00 11.58

113 0.9699 15.29 0.0388 9.95 11.00 11.58
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Table 10. Non-recycle Data; L/G = 15,20,25

Run
it

Mwater
(mol/s)

oxygen,in

(%)

L/G Eff'

63 21.84 24.0 24.9 1.99
64 20.75 t. 25.0 1.66
65 21.84 ., 24.9 2.27
66 20.75 ,* 25.1 1.72
67 19.66 ft 25.0 1.49
68 18.56 i, 24.9 1.07
69 16.38 i. 25.1 1.05
70 13.10 .. 24.8 0.97
71 10.28 ,, 25.0 0.84
72 18.56 .. 24.8 0.93

73 22.93 .. 25.2 2.09
101 10.28 .. 24.9 1.12

74 7.91 ,, 20.2 1.15
75 10.92 ., 19.9 0.95
76 13.10 ,, 19.8 1.02

77 15.29 ,. 20.1 1.61
80 15.29 ,. 20.0 1.18
81 16.38 ,. 20.1 1.53

82 17.47 is 20.1 2.61
83 18.56 ., 20.0 3.45
85 18.56 ,. 20.0 2.12

86 7.91 .. 20.1 1.55
96 7.91 .. 19.9 1.16
97 14.20 .s. 19.8 1.57
98 16.38 .. 20.0 1.26

106 15.29 ft 20.1 1.74
107 16.38 .. 19.9 1.81
108 17.47 .. 20.0 1.70

109 19.66 .. 20.0 3.30

87 6.33 23.9 14.9 1.14

88 10.28 24.0 15.0 1.56
89 13.10 ,, 15.1 1.63

90 14.20 ,, 15.0 1.81

91 15.29 .. 15.0 2.60
100 16.38 .. 15.0 2.91

102 15.29 ,, 15.0 1.28

103 14.20 .. 15.0 0.98

104 12.01 ft
15.0 0.90

105 7.91 ,. 15.1 0.80

111 10.28 ,, 15.0 1.58

112 14.20 i. 15.1 1.03

113 15.29 ,. 15.2 1.03
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Table 11. Non-recycle Data; L/G = 25,50,75 [Davis (6)]

Run
It

Mwater
(mol/s)

Cin
(mg/1)

Cout

(mg/1)

Csat

(mg/1)

L/G Eff'

64 20.1 11.7 12.2 13.1 50 0.44

65 22.2 « 12.3 "
« 0.56

66 24.1 « 12.5 It « 0.85

67 27.2 « 12.65 "
« 1.14

68 28.6 « 12.7 « « 1.25

69 31.6 « 12.8 « « 1.54

70 34.8 « 12.9 ft ft 1.95

71 38.4 « 12.8 ft « 1.54

72 19.6 « 12.2 « is 0.44

73 17.6 « 12.2 « ff 0.44

74 21.2 « 12.1 " 75 0.34

75 25.5 « 12.1 "
« 0.34

76 28.2 « 12.2 « « 0.44

77 29.8 11.8 12.5 « « 0.77

78 31.9 « 12.5 « PO 0.77

79 32.9 « 12.5 Of ft 0.77

80 35.7 11.6 12.6 tt tt 1.10

81 38.1 « 12.5 ft It 0.92

82 29.8 « 12.2 PI It 0.51

93 36.7 12.0 12.7 « « 1.01

83 10.3 11.6 12.1 « 25 0.41

84 15.5 « 12.2 « « 0.51

85 18.1 « 12.2 " " 0.51

87 18.2 11.8 12.3 « . 0.49

88 20.7 « 12.4 "
ft 0.62

89 22.9 11.9 12.7
ft ft 1.10

90 25.3 « 12.7
ft ft 1.10

91 27.7 12.0 13.0 « « 2.40

92 25.8 tf 12.9 "
.. 1.71
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Table 12. Recycle Data; L/G = 50

Run

#
Hair

(mol/s)

Mwater
(mol/s)

Mr
(mol/s)

Moxy
(mol/s)

Cin
(mg/1)

Cout
(mg/1)

Csat
(mg/1)

138

139
140
141

143

144
145

146
147
148

149
150

115

116
117

118
132
133

136
137

121
122
123

124
125
126

129

130

151
152
153

154
155
156

157

0.1250

0.1195
0.1138
0.1096
0.0997
0.0946
0.1055
0.1161
0.0999
0.0948
0.1048
0.1252

0.1166
0.1376
0.1303
0.1206
0.1254
0.1112
0.1380
0.1429

0.1609
0.1519
0.1453
0.1374
0.1316
0.1231

0.1658
0.1470

0.5655
0.5547
0.5596
0.5568
0.5428
0.5650
0.5430

29.48
,,

,,

,,

,,

,,

..

,,

u

ft

,,

,,,

,,

ft

.,

,,

tt

It

,,

ft

ft

,,

tt

,e

,,

.,

ft

ft

,,

,,

ft

,,

,,

0.4578
0.4578
0.4639
0.4648
0.4541
0.4571
0.4575
0.4577
0.4642
0.4584
0.4577
0.4577

0.4376
0.4377
0.4442

0.4370
0.4448
0.4448
0.4485
0.4448

0.4219
0.4214
0.4208
0.4203
0.4219
0.4219
0.4262
0.4262

0.0000
It

,,

,,

It

,,

,,

0.0057
0.0113
0.0175
0.0214
0.0310
0.0360
0.0259
0.0141
0.0310
0.0360
0.0259
0.0057

0.0310
0.0099
0.0158

0.0242
0.0226
0.0382
0.0097
0.0046

0.0080
0.0136
0.0214
0.0298
0.0354
0.0438
0.0024
0.0214

0.0242
0.0349
0.0298
0.0326
0.0466
0.0248
0.0466

10.75

10.70
11.00
10.55
9.85

10.88
10.85
10.90
10.80
10.70
10.65
10.80

10.20
10.15
10.05

10.45
10.05
10.05
10.30
10.40

9.58
9.60

10.00

9.83
9.80
9.68

9.90
9.83

10.15
10.20
11.00

11.00
10.70
10.65

10.60

11.65

12.90
14.40
15.35

17.55
19.71
16.80
13.70
18.33
19.80
16.80
11.85

17.00
12.02
13.17

15.50
15.00
18.90

12.15
11.20

10.78
11.63
13.67

15.20
16.55
18.43

10.15
13.55

11.55
12.20
12.25

12.50
13.20
11.60

13.05

11.93

13.57
15.37
16.58

18.97
20.85
17.84
14.63
19.65
21.19
18.15
12.10

18.40
12.40
14.48

16.62
15.97
19.76

12.73
11.42

11.59
12.81
14.55

16.42
17.55
19.39
10.33
14.48

11.67
12.34
12.43

12.64
13.58
12.12

13.58
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Table 13. Recycle Data; L/G = 50

Run
#

Moxy
(mol/s)

oxygen,in

(%)

L/G R %Abs

138 0.0057 24.5 50.1 3.50 8.4

139 0.0113 27.8 50.1 3.50 20.6
140 0.0175 31.5 49.5 3.53 30.9

141 0.0214 33.9 49.5 3.55 45.5

143 0.0310 39.6 50.4 3.48 78.2

144 0.0360 42.7 50.2 3.50 81.3

145 0.0259 36.5 50.1 3.48 54.8

146 0.0141 29.6 50.1 3.52 25.7

147 0.0310 39.6 49.5 3.55 69.7
148 0.0360 42.9 50.0 3.51 85.1

149 0.0259 36.6 50.1 3.50 57.8
150 0.0057 24.5 50.1 3.50 9.7

115 0.0310 37.5 50.4 2.97 66.7

116 0.0099 26.3 50.4 2.97 18.4

117 0.0158 29.5 49.9 3.04 31.0

118 0.0242 34.2 50.7 3.02 48.3

132 0.0226 33.0 49.7 3.01 49.3

133 0.0382 41.1 49.6 2.98 88.1

136 0.0097 26.2 49.5 3.04 18.0

137 0.0046 23.5 49.8 3.02 7.7

121 0.0080 24.7 49.9 2.50 12.5

122 0.0136 27.5 50.2 2.55 21.1

123 0.0214 31.1 50.2 2.52 36.3

134 0.0298 35.1 50.2 2.51 54.7

125 0.0354 37.7 50.1 2.53 68.9

126 0.0438 41.7 50.1 2.53 90.4

129 0.0024 22.1 49.6 2.54 2.5

130 0.0214 31.0 49.6 2.53 37.9

151 0.0242 24.3 50.0 0.00 13.8

152 0.0349 25.7 50.0 If 19.6

153 0.0298 25.0 50.0 ft 11.4

154 0.0326 25.4 50.0 .. 13.6

155 0.0466 27.3 50.0 .. 23.4

156 0.0248 24.3 50.0 1* 8.9

157 0.0466 27.3 50.0 ff 23.1


