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Abstract—The mass transport of oxygen to a rotating disc has been measured in a non-Newtonian saline

solution using electrochemical polarization techniques. The diffusivity has been obtained from a com-

parison of the experimental results with the theoretical expression for the mass flux of Hansford and Litt.

Results are presented for Polyox WSR301 concentrations varying from 0 to 10 000 parts per million by
weight.

INTRODUCTION

THERE have been many studies that have dealt
with the determination of the diffusivity in
non-Newtonian systems. In one of the earliest
studies. Clough et al. [1] pumped non-New-
tonian liquids in laminar flow through tubes
that were made of the diffusing solute. Measure-
ments were taken of the total solution rate of
B-naphthol in aqueous carboxymethyl-cellulose
solutions and benzoic acid in slurries. The
diffusivity was then determined from the Graetz—
Leveque solution modified for non-Newtonian
laminar flow [2. 3].

Astarita [4] measured the absorption of two
gases. carbon dioxide (CO,) and ethane (C,H,).
in a number of non-Newtonian liquids. The
diffusivity was calculated from an equation for
absorption in ideal laminar cylindrical jets. In
another experiment Astarita [5] measured the
dissolution of slabs of benzoic acid into a falling
film of aqueous carboxymethylcellulose. The
results. when compared with theoretical results
for non-Newtonian systems [5,6]. yielded a
value for the diffusivity.

Hansford and Litt [7] considered the mass
transfer from a rotating disc made of the solute
diffusing to non-Newtonian solutions. They
measured the rates of dissolution of benzoic
acid and B-naphthol into an aqueous
solution of carboxymethylcellulose. and of ben-

zoic acid into aqueous polyethylene oxide. The
value of the diffusivity was determined from the
theoretical expression for the mass flux to a
non-Newtonian liquid.

The present investigation is concerned with
the determination of the molecular diffusivity
of oxygen in aqueous sodium chloride solutions
which are rendered non-Newtonian by addition
of various concentrations of Polyox WSR 301
(Union Carbide), a completely water soluble
polymer of ethylene oxide.

EXPERIMENTAL SYSTEM

A detailed description of the experimental
system is available elsewhere (Ellison [8]).
Briefly, the basic apparatus consisted of a
disc that was mounted in the vertical plane and
rotated about its horizontal axis in a pressure
vessel that held the prescribed fluid (see Fig. 1).
The fluid consisted of 4 per cent aqueous NaCl
plus the additive Polyox WSR 301. The disc,
248 cm dia. and made of monel 400, was made
cathodic while the anode was a titanium disc
with platinum strips that was bolted to the back
end of the vessel (Fig. 1). The reference electrode
was 99999 silver—silver chloride and was
located 2'5cm from the disc on the disc axis.
The concentration of the oxygen in solution was
determined by Winkler analysis.
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F16. 1. Schematic diagram of the system (disc insulated at edge and back).
KEY

1. Disk 13. Insulating coupling

2. Ag-AgClreference electrode 14. 2—-Bearings

3. Back head (ASA 2501b standard blind flange) 15. Packing gland

4. Front head (ASA 2501b standard blind flange) 16. 15hp motor varidrive

5. Shell (24in. dia. 1/21in. wall SA-53) 17. Bearing support table

6. 2-—ASA 2501b standard slip-on welding flanges 18. Insulating block

7. Platinum titanium anode 19. 60-tooth gear and induction pickup

8. Anode lead wire (insulated from head) 20. Regulated power supply

9. Probe lead wire 21. High impedance voltmeter (Hewlett Packard 412A)
10. Current supply 22. Ammeter (Western 430)
11. Potential measuring contact 23. Pulse amplifier
12. Shaft 24. Counter

12 DISCUSSION AND RESULTS

Concentration: {000 wppm

The transfer of oxygen. which is dissolved in
the fluid, to the disc is accompanied by the
liberation of electrons from the metal, this being
responsible for the corrosion current. Thus. in
systems where cathodic polarization controls
the corrosion rate, the mass flux of the oxygen

R ppmO, | to the surface of the metals is directly related to

g 580 the corrosion current. In cathodic protection,

Y o1ss0 4% electrical current (from a battery, rectifier. or

or X o# 2% D.C. generator) supplies the electrons which

reduce the oxygen at the surface, and the metal

0-2 —L T L1 L.l jg polarized to a protected potential. When
10 2 4 6 8 100 2 4 6 1000

Cothodic current, mA enough current is supplied so that the oxygen
concentration at the surface approaches zero,
the current—potential curve shows an inflection

FiG. 2. Polarization curves. and the resulting current is called the mass
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F1G. 3. Mass-transfer results for several concentrations of polyethylene
oxide in 4%, NaCl solution.

transfer limiting current. This corresponds to the
maximum rate of mass transfer of oxygen and is
ideally characterized by an infinite value of the
concentration potential, i.e. an infinite slope of
the polarization curve. Typical polarization
curves are presented in Fig. 2 where the abscissa
is the current between the anode and the cathode
and the ordinate is the potential with respect to
the reference electrode. The limiting current is
chosen to be that current corresponding to the
maximum, but finite, value of the slope [9-15].

The basic data is presented in Fig. 3 where
the average mass-transfer coefficient. J/AC,,. is
plotted vs. the angular velocity of the disc for
several concentrations of Polyox WSR 301. In
the absence of Polyox, the results for transport
in laminar flow to a rotating disc are well known
[16.17]. Indeed, the present apparatus was
previously used for such studies and good
agreement between the experimental and theo-
retical results was obtained (Ellison [8], Ellison
and Cornet [18])).

For non-Newtonian fluids with high values
of the Schmidt number, Hansford and Litt [7]
present the following theoretical expression for
the average mass-transfer coefficient :
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FG. 4. Viscometric properties of polyethylene oxide in 4°,
NaCl solution.
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where ¢(n) is obtained from the solution of the
conservation equations and is tabulated in [7].
For the pure saline solution. the effect of the
lower Schmidt number was accounted for by
using the procedure reported by Newman [19].
The parameters K and n arise from the use of
the power-law model

Ty=—K <C:Tl;j‘>

They were obtained experimentally from
measurements that were made in a Fann U-G,
Model 35, rotating cylinder viscometer. The
resulting shear stress-shear rate curves are
shown in Fig. 4 for various mixtures of Polyox
WSR 301 and 49, NaCl-H,O solutions. The
values for K and n are tabulated in Table 1.

2

Table 1. Viscometric properties of polyethylene oxide
in 4% NaCl solution

Concentration of Polyox

(wppm) K "
0 0094 100
500 0062 081
1000 0104 080
3000 050 069
5000 103 064
10000 450 055
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The use of the theoretical refation for the
average mass-transfer coefficient. equation (1)
in conjunction with the experimental measure-
ments allows one to determine a value for the
diffusivity, D. The results for the diffusivities are
presented in Table 2 for different concentrations
of Polyox WSR 301, and the corresponding
curves for the average mass-transfer coefficient
are shown in Fig. 3. The agreement between
the experimental and theoretical results is seen
to be very good. It should be emphasized that
the slope of the curves in Fig. 3 is a function of
n[cf. equation (2)] which is determined a priori
from the viscometer measurements. In detail,
J/AC,, varies with rpm according to
(rpm)l/(n+ 1)'

We note that runs at the different concentra-
tions were also carried out at different tempera-
tures. To account for this variation, the results
for the diffusion coefficient, D, were divided by
the diffusion coefficient of oxygen in saline
solution, D, atine somtion @t the temperature of
the experiment and this ratio is also presented
in Table 2. Note that the specific value of
Do, satine somution ©f 2:28 x 10~ >cm?/s which we
obtained at a temperature of 75°F 1s in excellent
agreement with the value interpolated from the
data for saline solutions reported in the Inter-
national Critical Tables [20]. The result of
decreasing values for the diffusion coefficient,
D, with respect to increasing concentration is
consistent with the results obtained by Hansford
and Litt [7] for benzoic acid in aqueous solu-
tions of carboxymethylcellulose.

Table 2. Tabulation of diffusivities as obtained from mass-transfer results

Concentration of Polyox Temp (°F)
(wppm)
0 75 228
500 90 2:68
1000 77 1-83
3000 79 179
5000 80 178
10000 83 149

Dicm?/s) x 10°

2 105 D/ )
DOz. saline solution (Cm /8 X 10 D/DOZ. saline solution

1-00

228

2:80 096
2:34 079
240 075
243 073
255 0-58
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DIFFUSIVITE DE L’OXYGENE DANS UNE SOLUTION SALINE NON NEWTONIENNE

Résumé—Le transfert massique de 1'oxygéne a un disque tournant a été mesuré dans une solution saline

non newtonienne en utilisant les techniques életrochimiques. La diffusivité a été obtenue a partir dune

comparaison des résultats expérimentaux et de'expression théorique du flux massique donnée par Hansford

et Litt. On présente les résultats obtenus pour des concentrations en Polyox WSR 301 variant de 0 a
10.000 p.p.m. en poids.

DIFFUSION VON SAUERSTOFF IN EINER NICHT-NEWTONISCHEN SALZLOSUNG

Zusammenfassung—Es wurde der Massentransport von Sauerstoff an eine rotierende Scheibe in einer
nicht-Newtonischen Salzlésung mit Hilfe elektrochemischer Polarisationstechniken gemessen. Der
Diffusionskoeffizient wurde durch Vergleich der experimentellen Ergebnisse mit dem theoretischen
Ausdruck fir den Massenstrom (nach Handford und Litt) ermittelt. Ergebnisse werden mitgeteilt fiir
Konzentrationen an Polyox WSR 301 im Bereich von 0 bis 10 000 ppm (Masse).

ROSQOUINEHT JUOOY3UN KUCIOPOJA B HEHBIOTOHOBCKOM
COJIAHOM PACTBOPE

AHHOTAIMA—)ICIOAL3Y A DIEKTPOXUMUYECKY IO METOAMKY NOJAPUBALNN, UBMEDATICA HEPEHOC

MAacCH KHMCJIOPOJA K BPALIAOIEMYCH JUCKY B HEHbIOTOHOBCKOM COJAHOM pacTBope. KHo-

apdunment muddysun malimen Ha OCHOBe CpaBHEHMs BKCIEPMMEHTAJbHBLIX Pe3YJbTATOB C

TeopeTHYeCKHM Bhipamenuem Xoucdopma m Jlurra gms maccoBoro notoka. Pesynbrartsi

NpeIcTaBlieHbl A KOHUEHTpaunii nojmokrca, uamenswomuxca or 0 go 10000 BecoBHX
4acTeil Ha MUJIJIUOH.



