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Mass Transfer into Dilute Polymeric Solutions

D. T. WASAN, M. A. LYNCH, K. J. CHAD, and N. SRINIVASAN

Department of Chemical Engineering
Ilfinois Institute of Technology, Chicago, lllinois 60616

Mass transfer into dilute polymeric solutions was studied by using a short wetted-wall column.

Oxygen was absorbed into thin films of water and aqueous polymeric solutions. The polymer
systems studied included dilute solutions of carboxymethylcellulose, polyethylene oxide, Carbo-
pol, and Cyanamer. All of the above systems were moderately non-Newtonian with power law
indexes less than unity. Methocel (a Newtonian fluid with a power law index of one) was also
studied. The flow of liquid films was well within the laminar flow regime.

The rheological properties of these solutions as well as equilibrium solubility of oxygen in
these solutions were determined. In all of the polymer systems studied except Polyox the
equilibrium solubility of oxygen decreased with an increase in polymer concentration. In Polyox
solutions, however, the equilibrium solubility of oxygen increased with an increase in polymer
concentration,

For all of the systems investigated (including Polyox) the mass transfer coefficient for absorp-
tion of oxygen at a given flow rate decreased with an increase in polymer concentration. The
mass transfer coefficient was highest for water at all flow rates.

The diffusivity of oxygen in all of the systems considered except Polyox was lower than that
in water. This was attributed to the increased viscosity of the polymeric solutions. The diffusiv-
ity of oxygen in Polyox solutions was higher than it was in water. This was found to be due
to the complex chemical reactions which occur in this system. In all of the pseudoplastic systems

studied the diffusivity of oxygen incr d with incr

The diffusive transport rates of low molecular weight
solutes such as gases in polymeric or macromolecular solu-
tions and colloidal suspensions are of great interest not
only in the chemical industry but also in processes involv-
ing biological media. A number of investigators have re-
ported data on the diffusion of low molecular weight
solutes in both aqueous and nonaqueous media (2 to 5, 8,
9, 13 to 21, 283, 27, 28, 30, 32, 36, 39). However, there
have been only a few determinations of the diffusivity of
gases in dilute polymeric non-Newtonian solutions. Fur-
thermore, data on the equilibrium solubility of gases in
such systems are scanty. Most recently, Caskey and Barlage
(6) presented a review of the existing literature and their
new data on the diffusion of carbon dioxide in aqueous
solutions of carboxymethylcellulose. The diffusion coeffi-
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ing wall shear rate (decreasing viscosity).

cient data measured with the liquid laminar jet method
were opposite those obtained with a quiescent liquid con-
tactor. These investigators gave no definite reason for this
difference in results obtained from the two different experi-
mental techniques. Since different techniques for diffusiv-
ity measurements such as laminar jet (2, 10, 27, 39),
quiescent liquid contactor (6, 23, 26), rotating disk (13),
etc. involve different kinds of fluid mechanical behavior
which are not completely understood for non-Newtonian
polymeric systems it is apparent that further work is
needed before diffusive transport rates in these systems can
be accurately discerned from such measurement methods.

In the work presented here, a short wetted-wall column
was selected because it is one of the best and simplest
pieces of equipment for gas-liquid contacting. The hydro-
dynamics of such columns have been thoroughly studied
and are well understood (29). A second advantage is that
the area for mass transfer is constant and known, a feature
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not common to most other devices. Furthermore, the flow
rates of both the gas and liquid streams can be adjusted
to result in well defined streamline flows. These advan-
tages make the mass transfer in these situations amenable
to theoretical analysis (7, 11, 19, 27).

THEORETICAL ANALYSIS

Consider the absorption of a slightly soluble gas by the
falling liquid film over a short contactor.

Since unsteady state conditions prevail in the liquid, the
total amount of gas absorbed per unit area in each time
of exposure 6 is

ky(ci—ei) 8 (1)

The penetration theory (15) yields the following equa-
tion for the average liquid-side coefficient:

k=2 (ﬂ—Dd;)% (2)

where D is the diffusion coeflicient.
Knowing the length of the column Z and assuming the
interfacial velocity u; to be constant

8 =2Z/uy (3)
Combining Equations (2) and (3) and rearranging
results in the following equation:
wZkp?
4u,

If a rate equation is combined with an overall material
balance, the following equation can be derived (4):
N
ky, = = g In
(AC)lm A
The velocity profile for non-Newtonian pseudoplastic
falling film is developed by considering a momentum bal-
ance on the film. The velocity profile is given by the fol-
lowing equation:

(4)

CGi— O

(5)

Ci— C2

1 n+1
— n+1

n pg )n —_— ( x )T
-2 $) » )
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where x is the distance from the free surface of the falling
film.

For non-Newtonian films the surface velocity u; and the
average velocity u are given by the following equations:

U, =

1

Uy = — (__”g ): (s)”:1 (7)
n+1 m

o = —mr (—-"g )1: <«3)n:1 (8)
2n 4+ 1 m

Combining Equations (7) and (8) results in the follow-
ing equation:
_2n+1

u.-n+1uo (9)

The volumetric flow rate per unit of wetted perimeter
Tis
1

— 2n+1
s g \" -
I‘_.Suo_2n+1 (—1;) (8) (10)
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which yields

o2n+1 »
n 8 2n+1
s —T an

EXPERIMENTAL APPARATUS AND PROCEDURE

Equilibrium Solubility Study

The apparaus was designed to allow accurate measurements
of the solubility of oxygen in water and polymer solutions. This
was done by using an electric circuit to accurately measure
the end point in a Winkler titration.

The apparatus consisted essentially of a 250 ml. Erlenmeyer
flask, a burrette, and the electric circuit. The circuit used was
not the standard amperometric circuit, but the modified am-
perometric circuit used by Potter and White (25).

Water or polymer solution was mixed while oxygen was bub-
bled into it from an oxygen cylinder. After bubbling oxygen
into the liquid for two hours, a portion was removed and ti-
trated. After bubbling oxygen into the liquid for an additional
hour, a second portion was removed and titrated. If the two
titrations yielded identical results, the liquid was assumed to
be saturated.

The liquid sample withdrawn had to be treated before titra-
tion. One ml. of a solution containing 100 g. of MnSO, - H,O
in 200 ml. of solution was added to the titration sample. One
ml, of a solution containing 140 g. of KOH and 30 g. of KI in
200 ml. of solution was also added. After mixing for one minute,
1 ml. of concentrated sulphuric acid was added and the sam-
ple was mixed until the precipitate dissolved. At this point
three 50-ml. portions were pipetted into Erlenmeyer flasks and
each was titrated. These 50 ml. samples were titrated with
NayS,05 + 5H,0. The end point was reached when the vacuum
tube voltmeter registered a voltage drop across the 100 M.
OHM resistor. Each ml. of NayS;03 solution used was equiv-
alent to 200 p.p.m. of dissolved oxygen.

Physical Properties

For the systems studied some physical properties were deter-
mined in addition to the solubility of oxygen. The rheological
properties are listed in Table 1. In addition, the surface ten-
sion was determined with a ring tensiometer. The density was

TasLE 1. CALcULATED RESULTS FROM BROOKFIELD
ViscOMETER Data AT 22.0 == 0.5°C

Apparent

Power viscosity

Law  Consistency c.p.g/cm
Polymer Conc. Indexn Index m (sec)
Polyox 0.001% 0.969 0.0394 5.4
Polyox 0.01% 0.973 0.0650 5.9
Polyox 0.1% 0.967 0.1054 9.7
Polyox 1.0% 0.970 0.4827 45.0
Methocel 0.1% 1.0 0.050 3.0
Methocel 3.93% 1.0 2.00 200.0
CcMC 0.06% 0.996 0.050 6.1
CMC 0.10% 0.987 0.061 7.0
CMC 0.5% 0.963 0.101 9.6
CMC 2.0% 0.584 2.41 203.0
Cyanamer® 0.05% 0.952 0.0397 —_—
Cyanamer 0.5% — — —
Carbopol 0.051% 0.960 0.073 6.8
Carbopol 0.097% 0.951 0.102 9.7

De-ionized

water 1.0 0.01 1.0

® Values of m and n are those reported by Wasan and Fischman (37).
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also measured. This was done with a Westphal balance. The
physical properties of all the systems studied are given in
Table 2.

Absorption Study

The apparatus was designed to provide countercurrent con-
tacting of a laminar gas stream with a liquid solvent so that
the effect of polymer concentration upon the liquid-side re-
sistance to absorption could be determined. Because the use
of a differential absorber was desired, the principle used to
determine the mass transfer rate was the measurement of the
concentration of gas in the inlet and the outlet liquid streams.

The absorption section was a short, wetted-wall column of
the upward slot design reported by Vivian and Peaceman (35).
The diameter of the wetted-wall section d was 2.54 cm., and
the height of the falling film Z was 3.28 cm. The flow of liquid
films was well within the laminar flow regime (maximum Rep
= 228).

The oxygen concentrations were measured polarographically
by a Beckman oxygen analyzer. The oxygen analyzer indicated
the partial pressure of oxgen to be in equilibrium with the gas
dissolved in the liquid; hence, from the solubility data, it was
possible to obtain the concentration of oxygen in the liquid
at a given temperature. The temperature of the liquid was
maintained at 22.0 = 0.5°C. throughout the entire experimen-
tal program. The details of the apparatus and procedure are
available elsewhere (7, 19).

CMC, Carbopol, Cyanamer, Polyox, and Methocel are gen-
eral trade names. Their specific names and the names of their
manufacturers are given in Table 3.

RESULTS

Solubility Study

The object of this study was to determine if the addition
of small amounts of polymer to de-ionized water would
affect the solubility of oxygen in these solutions. The per-
formance of the system was checked by gathering data on
the solubility of oxygen in de-ionized water. The experi-
mentally determined value of the solubility of oxygen in
de-ionized water was calculated by averaging three differ-
ent experimental runs. The value was found to be 1.38 X
10~% g.-moles/cu.cm. This value was determined at 22°C.
and one atmosphere pressure. The experimentally deter-
mined value compares quite well with the value of 1.37 X
10~ g.-moles/cu.cm. reported by Perry (22). The results
of the runs to determine the solubility of oxygen in water
and polymeric solutions are shown in Table 4.

Table 4 shows that the solubility of oxygen in any of
the polymer solutions is a function of polymer concentra-
tion. Addition of any of the polymers except Polyox lowers

TABLE 2. PHYSICAL PROPERTIES OF WATER AND POLYMER

SoLuTioNs
Viscosity Interfacial
Density g/cm tension

Polymer Conc. g/cucm (sec) dyne/sqem
Water 1.00 1.0 72.5
Methocel 0.1% 0.997 5.0 56.3
Methocel 3.93% 0.991 200.0 50.8
Polyox 0.001% 0.993 5.4 63.3
Polyox 0.01% 0.993 5.9 63.6
Polyox 0.10% 0.994 9.7 64.0
Polyox 1.0% 0.995 45.0 64.2
CMC 0.06% 0.994 6.1 72.2
CMC 0.10% 0.994 7.0 72.1
CMC 0.13% 0.994 7.9 719
CMC 0.50% 0.997 9.6 7
CMC 2.0% 1.003 203.0 71.1
Carbopol 0.051% 0.996 6.8 57.2
Carbopol 0.097% 0.995 9.7 55.0
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TasLE 3. LisT oF CuemicaLs Usep

CMC Sodium carboxymethyl cellulose,
medium viscosity, type 4 MH.
Hercules Powder Company, Hope-
well, Virginia

Carboxy polymethylene.

B. F. Goodrich Company

Carbopol-934

Cyanamer P-250 Polyacrylamide.
American Cyanamide Company
Polyox Polyethylene Oxide, WSR-301,
blend A-3254.
Union Carbide Chemicals Com-
pany
Methocel “Methocel” MC Premium, lot

#MMO61681.
Dow Chemical Company

TABLE 4. SoLUBILITY OF OXYGEN IN DE-10N1ZED WATER
AND PoLYMER SoLuTiON AT 22°C

Solubility
Polymer Conc. 10—¢ g moles/cu cm
Water 1.38
CMC 0.06% 1.36
CMC 0.10% 1.36
CMC 0.50% 1.34
CMC 2.0% 1.30
Polyox 0.001% 1.39
Polyox 0.01% 1.45*
Polyox 0.10% 1.51
Polyox 1.0% 1.57
Carbopol 0.051% 1.36
Carbopol 0.097% 1.35
Cyanamer 0.05% 1.36¢
Cyanamer 0.50%
Methocel 0.10% 1.36
Methocel 3.93% 1.33

@ Calculated by interpolation.
+ Value reported by Chad (6).

the solubility of oxygen in that solution. The addition of
CMC lowers the solubility of oxygen 1.4 to 5.8%. The ad-
dition of Methocel lowers the solubility of oxygen 1.4 to
3.6%. Carbopol lowers the solubility of oxygen 1.4 to
2.29,.

Unlike the other polymers, the addition of Polyox (com-
monly used as a drag reducing agent) raises the solubility
of oxygen. Adding 0.001% by weight of Polyox raises the
solubility of oxygen by 0.7%. The addition of 0.10% and
1.0% by weight of Polyox raises the solubility of oxygen
by 9.4 and 13.8% respectively. The validity of these num-
bers for the solubility of physically absorbed oxygen is
questionable. These values are probably values for a com-
bination of physical and chemical absorption.

Polyox is different from all of the other polymers studied
in that oxygen will react with an aqueous solution of
Polyox (12). Each molecule of oxygen absorbed by the
Polyox solution could convert two, one, or zero ether link-
ages to peroxide linkages. Each peroxide linkage so formed
could break down and result in two atoms of oxygen being
measured or it may remain intact in which case no oxygen
would be measured. Therefore, each molecule (two atoms)
of oxygen may result in four, three, two, one, or zero atoms
of oxygen being measured. In addition to these spontane-
ous decompositions, additional peroxide linkages are
broken when an electric potential is applied. Both the
Beckman oxygen analyzer and the Winkler titration setup
employ an electric potential difference in measuring the
oxygen concentration.
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For the above reasons the measured solubility of physi-
cally absorbed oxygen may be as much as twice the actual
solubility of physically absorbed oxygen (all physically
absorbed oxygen reacting and all peroxide linkages being
broken). The actual solubility of physically absorbed oxy-
gen can not be higher than the experimentally determined
value. But the combined solubility of physically and chem-
ically absorbed oxygen can be higher than the experimen-
tally determined value (not all of the peroxide linkages
having been broken by the applied electric potential).
Both the amount of peroxide formed and the amount be-
ing broken down and registering may be determined by
more sophisticated methods. However, they were not used
in the present study.

Absorption Study

In this study oxygen was absorbed by falling liquid
films in a short wetted-wall column. The effects of poly-
mer concentration, liquid flow rate, and gas flow rate on
the liquid-side mass transfer coefficient were determined.

The accuracy of the apparatus was checked by obtain-
ing data on oxygen transport into falling water film. The
results of these runs are detailed elsewhere (19). The cal-
culated value of the diffusion coefficient was obtained by
averaging the six water runs. The diffusion coefficient of
oxygen in deionized water Dy, was found to be 1.87 X
10-3 sq.cm./sec. at 22°C. This value of Do, is lower
than that reported by Vivian and King (34) (2.41
X 10-5 sq.cm./sec.) but compares favorably with the
value reported by Arnold (I) (1.8 X 10~% sq.cm./sec.).
Recently Duda and Vrentas (10) established the best
value of Dg, as 2.1 X 1079 sq.cm./sec. at 25°C. It was
found by employing the Newtonian laminar jet technique.
On the basis of the Nernst-Einstein equation, Duda and
Vrentas’ (10) value is 1.94 X 10-5 sq.cm./sec. at 22°C.
This close agreement demonstrates the validity of using
the present apparatus and procedure for analysis of gas
absorption data in short wetted-wall columns.
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Fig. 1. Liquid-side mass transfer coefficient vs. liquid flow rate for
various systems.
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Fig. 3. Film thickness & os o function of flow rate, ¢ for various
systems.

Two water runs were made with spillover of liquid into
the gas exit tube to determine the extent to which end
effects affect the results in a short wetted-wall column. In
the two runs with spillover k;, differed by only 0.8% from
the k. of the runs without spillover. Since the spillover
eliminates the end effects (38), this comparison shows
that the end effects in this short wetted-wall column are
negligible.

The effect of the liquid flow rate g on the liquid-side
mass transfer coefficient ki, is shown in Figures 1 and 2.
Over the entire flow range the highest liquid-side mass
transfer coefficient, at a given volumetric flow rate, was
that of water. For all systems studied the liquid-side mass
transfer coefficient increased with an increase in liquid
flow rate. For any given flow rate ki decreased with an
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Fig. 5. Diffusivity vs. flow rate for polyox solutions.

increase in polymer concentration; this is most evident in
the case of CMC or Polyox.

The hydrodynamic film thickness 8 which was com-
puted from Equation (11) increases with increasing flow
rate as expected because a greater volume of liquid (o =
constant) must pass through the column at higher flow
rates. Figure 3 which is a plot of 8 as a function of flow
rate q illustrates this. Figure 3 also shows that, for a given
g, 8 increases with increasing polymer concentration. This
is due to the higher viscosity of the more concentrated
solutions. The film thickness varied from 0.0157 to 0.1390
cm, with water having the thinnest film and 3.93% Meth-
ocel having the thickest.

Figures 4 and 5 are plots of diffusivity as a function of
the flow rate q. For a given flow rate the diffusivity in all
polymeric solutions (except Polyox) is less than that in
water. Figure 4 also shows that the diffusivity in non-
Newtonian fluids (CMC, Carbopol, and Cyanamer) in-
creases as the flow rate increases. The diffusivities for
Methocel (a Newtonian fluid for viscosities below 500
c.p.) and water are not functions of flow rate.

Figure 6 is a plot of diffusivity as a function of shear
rate at the wall for all of the polymers studied except
Polyox. It shows that the diffusivity of oxygen is less in
all of the systems than it is in water. It also shows that
for non-Newtonian fluids diffusivity is a weak-to-moderate
function of shear rate. This is true for Carbopol, Cyana-
mer, and CMC. But the diffusivities of oxygen in Metho-
cel and water are independent of shear rate. This is be-
cause they are both Newtonian fluids. Clough et al. (8)
showed that the diffusivity was independent of shear rate
for some non-Newtonian systems (among them CMC). In
the present study the diffusivity increased with increasing
shear rate for all of the non-Newtonian systems (see Fig-
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ures 6 and 7) studied (among them CMC). This seems
to contradict the findings of Clough et al. (8). However,
these investigators conjectured that although the diffusiv-
ity in the systems they studied were independent of shear
rate, the diffusivity in many non-Newtonian systems
should be a function of shear rate.

It should be noted that the power-law model for vis-
cosity applies over the entire range of shear stresses oc-
curring on the wall of the wetted-wall column. The cal-
culation of the shear stress at the wall was based on the
relationship for velocity on the wall [Equation (6)] in a
power-law liquid. Details of the calculations are presented
elsewhere (19). _

Table 5 shows the values of the diffusivity of oxygen at
zero shear rate as a function of polymer concentration for
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Fig. 6. Diffusivity as a function of shear rate at the wall for various
systems,
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Fig. 7. Diffusivity vs. shear rate ot the wall for polyox solutions.

TABLE 5. DiFrusIviTY AT ZERO SHEAR RATE

Diffusivity X 10° sq cm/sec

Polymer Conc. (at zero shear rate)
Water 1.872
CMC 0.06% 1.180
CMC 0.10% 1.020
CMC 0.50% 0.860
CMC 2.0% 0.020
Polyox 0.001% 1.020
Polyox 0.01% 1.060
Polyox 0.10% 1.105
Polyox 1.0% 1.255
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CMC and Polyox. It shows that the diffusivity at zero
shear rate decreases as the concentration of polymer in-
creases. Due to the fact that viscosity increases (thereby
decreasing mass transfer) as the polymeric concentration
increases, these results seem reasonable. Similar results
are reported by Quinn and Blair (26) and Caskey and
Barlage (6) for the absorption of carbon dioxide in aque-
ous CMC solution in a quiescent liquid contactor. These
results are directly opposite to those reported by Astarita
(1965) and interpreted by Metzner (20). Most recently,
Caskey and Barlage verified the data reported by Astarita
(6). These investigators measured the diffusivity of car-
bon dioxide in CMC solutions by employing a non-New-
tonian laminar jet. They found that the diffusivity in-
creased as the CMC concentration increased. Quinn and
Blair (26) pointed out that the high values of diffusivity
reported by Astarita (2) may be due to inaccuracies in his
experimental technique. However, recent experiments of
Caskey and Barlage which virtually substantiate Astarita’s
data, suggest no such explanation for this system. Previous
work in our laboratory (31) was concerned with the mea-
surement of diffusivity of carbon dioxide in aqueous CMC
solutions. These measurements, however, lacked the pre-
cision of an analytical analysis.

Most recently, Zandi and Turner (39) used the laminar
jet technique to measure the molecular diffusivities of oxy-
gen into dilute polymeric solutions. They found that the
molecular diffusivity of oxygen in seven different aqueous
polymeric solutions including CMC was less than that of
water. The only possible exception was one polymer, ET-
597 at 1000 mg./1. However, for this case the two batches
of polymeric solutions did not yield reproducible results.
The results of the present study tabulated in Table 5 (dif-
fusivity decreasing with increasing viscosity due to an in-
crease in polymer concentration) are in agreement with
the most recent results obtained by Zandi and Turner
(39) for the absorption of oxygen in aqueous polymeric
solutions and with the results of many studies on diffusion
in solid-liquid (14) and liquid-liquid systems.

Figures 4 and 7 are plots of diffusivity as a function of
liquid flow rate and wall shear rate, respectively, for the
Polyox solution. These results again show that the diffusiv-
ity increases as the flow rate (or the wall shear rate) in-
creases. It also shows that the ratio of diffusivity of oxygen
in Polyox to diffusivity of oxygen in water is greater than
one. This is due to the chemical reactions which take place
in this system (12).

Figure 8 is a plot of diffusivity of oxygen at zero shear
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Fig. 8. Diffusivity of oxygen at zero shear rate vs. percent polyox.
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rate as a function of Polyox concentration. It shows that
the diffusivity of oxygen increases as the concentration of
Polyox increases.

In summary, for pseudoplastic fluids such as Cyanamer,
CMC, and Carbopol the bulk viscosity increases with de-
creasing shear rate (liquid flow rate); thus at low shear
rates the viscous effects are dominant. Because of this
fact and the fact that the shear rates for the polymer
solutions were quite low, the ratio of diffusivity of poly-
meric solution to diffusivity of water was less than one
in all of the systems studied except Polyox. The Polyox
solutions were also studied at low shear rates, but the
ratio of diffusivity of Polyox solution to diffusivity of water
was greater than one. Although the higher viscosity of the
Polyox solutions tended to impede the mass transfer, this
was more than compensated for by the previously men-
tioned chemical reaction (12). In addition to this perox-
ide formation a second reaction occurs. In the presence
of aqueous Polyox, oxygen will coordinate with any of
the transition state elements, cyanide, or a large number
of other chemicals which may be present as impurities in
the solution (33).

Additionally, 19 Polyox solutions exhibit viscoelasticity
(5, 14). Calderbank et al. (15) report data on carbon
dioxide dissolution (with no chemical reaction) in 1%
Polyox solutions. The mass transfer coefficient of carbon
dioxide in Polyox solutions is less than that in water. Their
results are consistent with the present observations. Fur-
thermore, as expected, the mass transfer coefficient for
carbon dioxide is of the same order of magnitude as for
0,.

Two runs were made with the addition of acid to Polyox
solution. These runs were to determine the effect, if any,
of the acid (which was required for clarification of the
1.0% Polyox solution) had on the mass transfer. As indi-
cated elsewhere (19), one of the acid runs was made with
g = 3.50 cu.cm./sec. The flow rate in the other case was
3.0 cu.cm./sec. In both cases the results were identical to
runs made without acid.

A series of runs was made with 3.939, Methocel (New-
tonian fluid, n = 1.0; viscosity = 200 c.p.) and 2.0%
CMC (non-Newtonian fluid, n = 0.54; apparent viscosity
= 203 c.p.) to determine whether mass transfer in a
wetted-wall column is affected by the degree of non-New-
tonianism of the system. Table 6 compares the data and
calculated results for these runs. This table shows that
high viscosities impede the mass transfer in CMC and in
Methocel to the same extent in each case since the shear
rates for the 29, CMC solution were quite low. This is
also shown in Figures 1, 2, and 4. Therefore, it seems pos-
sible that the mass transfer is affected by the type of poly-
mer and its concentration.

CONCLUSIONS

The conclusions of this study can be summarized as
follows:

TABLE 6. COMPARISON OF CALCULATED RESULTS FOR 2.0%
CMC anp 3.93% METHOCEL SOLUTIONS

2.0% CMC 3.93% Methocel
g cu cm/sec kr cm/sec ki cm/sec Aky,
2.50 0.001170 0.001198 2.34%
3.00 0.001289 0.001310 1.60%
3.50 0.001374 0.001418 3.10%
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1. For a given liquid flow rate the diffusivity of oxygen
in polymeric solutions was lower than that in water in all
of the polymeric solutions studied except Polyox.

2. For a given liquid flow rate the diffusivity of oxygen
in Polyox solutions was higher than that of water.

3. For all of the non-Newtonian systems studied (in-
cluding Polyox) the diffusivity of oxygen increased with
increasing shear rate (decreasing viscosity). However, ad-
ditional data are needed at higher shear rates and for
highly non-Newtonian polymeric solutions.

4. In all of the polymeric systems studied, except
Polyox, the solubility of oxygen decreased with an increase
in polymer concentration. However, in Polyox solutions the
solubility of oxygen increased with an increase in polymer
concentration.

5. The mass transfer rate in Polyox solutions is con-
trolled by the chemical reactions which take place in this
system. They prevail over the detrimental effects of vis-
cosity. A kinetic study of the reactions of oxygen with
aqueous Polyox solutions needs to be initiated.

6. For a given liquid flow rate the liquid-side mass
transfer coefficient k;, decreases with an increase in poly-
mer concentration.
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NOTATION
A

interfacial area, sq.cm.

¢; = interfacial concentration, g.-moles/cu.cm.
cy = inlet liquid concentration, g.-moles/cu.cm.
¢; = outlet liquid concentration, g.-moles/cu.cm.

(Ac¢)um = log-mean concentration, g.-moles/cu.cm.

D = diffusivity, sq.cm./sec.

g = acceleration due to gravity, cm./sec.?

H; = height of a transfer unit, cm.

k. = liquid-side mass transport coefficient, cm./sec.

m = consistency index, g./cm.(sec.2™")

n = power law index (dimensionless)

N, = flux, g. moles of gas absorbed per unit of inter-
facial area per unit time, g.-moles/sq.cm. (sec.)

g = volumetric flow rate of liquid, cu.cm./sec.

r = radius of the wetted-wall column, cm.

Re;, = Reynolds number of liquid phase (dimension-
less) ®

t = time, sec.

tg = average velocity of liquid film, cm./sec.

us = interfacial velocity of the film, cm./sec.

u, = velocity at any point in the liquid film, cm./sec.

x = space coordinate in direction normal to the flow

VA = height of the liquid film, cm.

z = space coordinate parallel to the direction of flow

Greek Letters

8 = average thickness of film layer on the wall, cm.

I' = volumetric flow rate per unit of wetted perimeter,
cu.cm./sec. (cm.)

u = viscosity, g./cm. (sec.)

® This is based on the hydraulic radius.

n n puo?-n on
Rer = 12 X .
2n + 1 m
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= density, g./cu.cm.
0 = time of contact in penetration theory, sec.
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