where ¢ = ¢. Clearly, for every set of values W(¢),
Y (¢) the relationship can be obtained for various Biot
numbers.

The effectiveness factor can be obtained by either
interpolating through successive X vs. ¢ points and dif-
ferentiating or by a simple averaging procedure:

(v + DIW(E, 0) — W&, 001 _ X(6:) = X(60)

£ (02 — 64) 0 — 6,
' (18)

Owing to the smoothness of the curves involved, it was
found that interpolation is necessary only through three
successive points and that Equation (18) provides an
answer accurate at worst to two significant figures.

In this note we have shown how to find conversion
and effectiveness factors efficiently from the SDRM when
model parameters are known. Compiete X vs. ¢ and 7 vs.
9 plots can be formed at all values of ¢ and Bin at very
low costs which are several orders of magnitude lower
than when a finite-difference scheme is employed. In
addition, it has also been shown that solid- and gas-point
concentrations can be determined by the integral trans-
formation method (Dudukovid, 1975). The use of the
method in problems of parameter identification and other
applications will be described in the near future (Dudu-
kovié and Lamba, 1976).

n=

It has come to the author’s attention that a similar

transformation has in the meantime been independently
discovered by Professor Bischoff, Cornell University, and
his co-workers.
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MOTATION

Biy = knL/D, = Biot number for mass transfer, dimen-
sionless

C4 = concentration of reactant A in the pellet, moles
cm™3

Cas, = concentration of reactant A in the bulk of the

gas phase, moles cm=3

Cs = concentration of solid reactant S, moles cm™3

Cs, = initial concentration of reactant S, moles cm™32

D, = effective diffusivity of gaseous reactant A through
the pores of the solid pellet, cm? s—!

k = apparent rate constant, moles~! cm?® s~!

k; = deactivation rate constant, moles~! cm8 s—!

km = mass transfer coefficient, cm s—1

L = characteristic dimension of solid pellets slab half

thickness, radius of the cylinder or sphere, cm
r = kg/k = .atio of deactivation and main reaction rate

constant assumed much less than one, dimen-

sionless

time, s

dependent variable defined by Equation (14a),

dimensionless

conversion of the solid reactant S, dimensionless

cumulative gas reactant concentration as defined

by Equation (8), dimensionless

cumulative gas reactant concentration in the cen-

ter of the pellet, dimensionless

= Ca/Ca, = gas reactant concentration, dimensionless
= average solid reactant concentration as defined

by Equation (5), dimensionless
z = Cg/Cs, = solid reactant concentration, dimensionless

ol LR
I I

o

N

Greek Letters

a, B, v, 8 = stoichiometric coefficients, dimensionless

€ = pellet porosity, dimensionless

7 = catalyst effectiveness factor, dimensionless

8 = k(B/a)Ca,t = time for gas solid noncatalytic reactions

8 = ka(B/a)Cast = dimensionless time for parallel catalyst
deactivation

¢ = ¢,/ L = dimensionless space coordinate

= dimensional space coordinate, cm

dimensionless coordinate defined by Equation (9)

v = parameter

4) ( kCSo
D,
reaction, dimensionless
¢

™y
Ll

1/
) L = modulus for gas solid noncatalytic

kCso(1 1/2
= (—L(D—i—r—)—) L = modulus for parallel cata-

lyst deactivation, dimensionless
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Vortex Inhibition: Velocity Profile Measurements

In 1971, we reported a new dilute polvmer solution
phenomenon termed vortex inhibition (VI) (Balakrishnan

AIChE Journal (Vol. 22, No. 5)
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and Gordon, 1971; Gordon and Balakrishnan, 1972), VI
refers to the disappearance of the air core or vortex which
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ordinarily forms during the drainage of a liquid from a
tank. It occurs following addition of minute quantities of
various drag reducing polymers, with relative drag reduc-
ing ability correlating closely with the minimum polymer
concentration for inhibition (denoted Cy;). Both Cy; and
drag reducing ability are highly sensitive to polymer degra-
dation, and both also vary in the same fashion with
changes in polymer conformation in solution (Gordon
and Balakrishnan, 1972; Balakrishnan and Gordon, 1975a).
Fundamental studies of VI are therefore of interest both
in their own right and also because of the possibility that
they may yield information on the mechanism of drag re-
duction.

Many investigators have suggested that the elongational
viscosity of dilute polymer solutions plays a major role
in the drag reduction phenomenon (Seyer and Metzner,
1969; Paterson and Abernathy, 1970; Little et al., 1975).
Polymer solutions are known to exhibit exceptionally large
elongational viscosities (Metzner and Metzner, 1970; Bala-
krishnan and Gordon, 1975b; Everage and Gordon, 1971),
and since the flow field in the vicinity of the tube wall in
turbulent pipe flow consists in part of a transient elonga-
tional flow (Seyer and Metzner, 1969), suppression of tur-
bulence production and dissipation may occur. In our
earlier VI studies, we noted that the fluid motion just be-
low the surface dimple or depression also appeared to
possess a stretching or extensional character, thus suggest-
ing one possible explanation for the correlation between
VI and drag reduction. However, for a thorough mathe-
matical investigation of VI, it is clear that a detailed anal-
ysis of the velocity field is required.

EXPERIMENTAL

Velocity profile measurements were made in a cylindrical
Plexiglas tank, 44.5 cm in diameter and 66.0 cm high. The
liquid level was maintained at 54.5 cm relative to the tank
bottom by manually controlling the rate of fluid entering. Fluid
entered the tank through two vertical distributor tubes, placed
180 deg. relative to one another along the tank wall. The orifice
holes in the distributor tubes were directed tangentially to the
wall, so that a swirling motion was imparted to the fluid in the
tank.

In order to better compare the velocity profile rearrangements
resulting from polymer addition, a smaller exit orifice (0.516
cm 1.D.) in the tank was used than with our previous VI ex-
periments (1.27 cm L.D.). This eliminated air core formation
with water, and thus superficially the appearance of the surface
of the polymer solution was similar to that of water, consisting
of a slight depression or dimple. The flow rate was 50 cm3/s
in all instances.

Measurements of the velocity profile were made by using a
technique similar to that of Turner (1966). Small neutrally
buoyant particles of Pliolite (Goodyear Company) were added
to the liquid. These particles reflect light and show up as streaks
on the photographic film. The tank was illuminated by using a
Kodak slide projector, and a slit shaped slide allowed us to
focus the beam on a narrow section of fluid. The light beam
was interrupted by a chopper wheel, such that the duration of
each burst was 0.0247 s. By using this technique, the axial and
tangential components of the velocity vector could readily be
obtained, Tangential profiles were highly reproducible (= 2-
3% ); the axial velocity measurements tended to be less pre-
cise, owing to oscillations, but were usually reproducible to
within 0.25 cm/s. The polymer solution consisted of 3 p.p.m.
(by weight) Separan AP 273, a partially hydrolyzed poly-
acrylamide made by Dow, in deionized water.

RESULTS AND DISCUSSION
Tangential Velocity

Tangential velocity profile measurements for water and
polymer solution at a depth of 20 cm below the liquid
surface are presented in Figure. 1. The presence of the

Page 948 September, 1976

40 -
%
36q°
T o
324
4 ©
28+
Q
Jo o Water
(o]
® Separan AP-273,3 ppm
24 p pp
O
o ]
S~
E 201
L 8
>° ]
1 6 1
o
-4 o
2 °
o]
E 8
8y ®
o]
i ?
o
4 o0
T ° °%e o ,
L] [o]
1 ®w,, e o o o : ?’lb.) sop ¢
o’
T I T I T l 1 l T l T I L] 1
2 4 © 8 10 2 14

r(cm)

Fig. 1. Measured tangential velocity profiles for water and polymer
solution, in an axial plane 20 cm below the level of the liquid surface
at the tank center line.

polymer leads to a dramatic decrease in tangential veloc-
ity, particularly in the core region of the flow field. The
resulting centrifugal force field tends to suppress vortex or
air core formation, as may be seen from the following anal-
ysis.

We choose the origin of our coordinate system at the
center of small depression (dimple) on the liquid surface.
In cylindrical coordinates, with the z axis pointing down-
ward, the equations of motion (Bird, Stewart, and Light-
foot, 1960) reduce to

_ pL&? — ey 4 Moo= mrr (1)
r or r
0vg V¥ 1 [i]
- =—— — (72 2
v or + , pf'z ar ( ‘”'ro) ( )
aﬂ'zz
= 3
0z Pe 3)

where 7 is the total stress. To obtain Equations (1) to
(3), we have used the experimentally determined velocity
profile measurements along with the continuity equation
(Bird, Stewart, and Lightfoot, 1960) to show that

av 042
Oy —— << — (4)
or r
and
av,
v << 5
o <<g (5)

ve was found to be independent of z in the bulk of the
tank, and v, increased linearly with increasing z except in
the region very close to the tank bottom, where v, began
to increase very rapidly (Figure 3). Near the vortex core,
where dv,/dr is small, the following approximations are
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distance below level of the liquid surface at tank wall. r, = 0.75 cm
in both cases.

reasonable:
Trr =P (6)
and "
00,
Toz = P + pe — (7)
0z

U

where pe = p, (
0z

) only, In the case of the polymer

solution, the extensional viscosity u, may be many times
larger than the shear viscosity (Balakrishnan and Gordon,
1975b). From Equations (1), (3), (8), and (7) and the
noted linear dependence of v, on z, the following expres-
sion for the pressure p may be obtained:

r onz
p=pgz+ .’; ——dr (8)
The locus of the free surface is then
1 T ‘092
Ry —= — E o -;—— dr (9)

Calculated shapes for water and polymer solution indi-
cate that reduction of the tangential velocity with polymer
leads to a smaller surface depression or dimple and pre-
sumably less tendency to form an air core. Experimen-
tally, almost complete absence of any depression was
observed at a polymer concentration of 3 w.p.p.m. Lower-
ing the concentration to 1.5 w.p.p.m. increased vy and led
to a noticeable dimple. In Figure 2, the measured surface
shapes for polymer (at 1.5 w.p.p.m.) and water are com-
pared with the theoretical predictions. Here, 7, is the
radius of the solid core, within which vg is linear in 7
Equation (9) is in rough agreement with the measured
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profile for water and in fairly close agreement in the case
of the polymer solution. This is reasonable in view of the
fact that the assumptions involved in the derivation of
the expression for z;, such as Equations (4) and (5), hold
much more closely for the polymer solution.

Axial Velocity

Figure 3 illustrates the large reduction in axial veloc-
ity which occurs in the presence of the polymer. This
finding may be used to predict the observed decrease in
tangential velocity in the following manner. Starting with
the ¢ component of the equation of motion, we write

609
o = — iy (10)
or
When we introduce the definitions
T'=rvy circulation
7 =12/12 dimensionless radius
Equation {2) reduces to
dir ro, dr
29 s 0 (11)
dn? ps  dn
From the continuity equation, v, is given by
To2 f T Ju,
Oy = — d: 12
r o o oz ¢ ( )

where dv./8z is a function of %. Combining Equations (11)
and (12), integrating, and using the boundary condition
that

[(y—> ®) =TI., inlet circulation
we get
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s P"o2 ¢ dv, ) ]
r f: exp [— R (J; —a—z-dt’ dt | ds

T, = T S pro? ( t 9o, ) ]
j; exp [ 0 T j; pw av ) de | ds
(13)

where s, t, and ¢’ are dummy integration variables. [Note
that dv,/9z = 9v,/9z(¢).] From estimated values for T.,
from the circulation at the tank wall, and from experimen-
tal measurements of 8v./9z vs. 4, Equation (13) was found
to closely approximate the measured tangential velocity
profiles. Inspection of Equation (13) also indicates di-
rectly that reduction of the axial velocity gradient in the
core region implies a corresponding reduction in tangential
velocity, indicative of vortex inhibition. The precise ex-
planation for the very small axial gradient in the polymer
solution is still obscure; it may be related to the large val-
ues of p. for this system. This is currently under study.
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NOTATION
g

gravitational acceleration

P = isotropic pressure

r = radial coordinate

ro = radius of solid core, for which vy is linear in r

vy = i" component of velocity vector

z = axial coordinate (points toward tank bottom)

zs = axial coordinate of free surface (a negative quan-

tity)
Greek Letters

T circulation (rvg)
T, circulation at r = oo (tank wall)

n = dimensionless radial coordinate (r/r,)*

pe = extensional viscosity defined by Equation (7)
ps = shear viscosity defined by Equation (10)

my = 4,jth component of total stress tensor

p = density
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An Empirical Method for Evaluating Critical Molar Volumes

The experimental determination of critical molar vol-
umes has proven to be an unusually difficuit problem, As
a consequence, experimental values of V. are known for
only a relatively few compounds and with an error which
is not always negligible. Furthermore, the critical proper-
ties of some compounds must be estimated because their
instability at the critical point prevents the experimental
determination. On the other hand, even if a great amount
of effort has been devoted to the development of empiri-
cal methods for estimating this parameter, it is generally
admitted that correlation methods for V. are still less
satisfactory than correlations for other critical properties
(Reid and Sherwood, 1566).

Lacking experimental data, and with the unreliability
of the prevision methods, we have, until now, been pre-
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vented from using V. for estimating thermodynamic and
volumetric properties of fluids by the theorem of corre-
sponding states (Pitzer et al., 1955).

The purpose of this work was to examine the best em-
pirical methods for critical volumes and to develop a more
precise correlation based on additive group contributions
to estimate V. from the knowledge of the chemical struc-
ture and molecular weight.

METHOD FOR V. EVALUATION

Empirical correlations for evaluating critical volumes
have been reviewed by Reid and Sherwood (1966) ), Kud-
chadker et al. (1968a), and Spencer and Daubert (1973).
Only recent developments or methods of wide applica-
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