
Measurement of Rheological Properties of Viscoelastic Fluids in 
Laminar Shearing Flow 

A number of hydrodynamic flows 
exist which may be represented by 

V(xi,xz,x3) = Vi(x2)ei (1) 

where the el are orthonormal vectors. 
Such flows are called laminar shearing 
or viscosimetric and include Poiseuille 
flow in tubes and between parallel 
plates and Couette flow between paral- 
lel plates and coaxial cylinders. If one 
assumes that the rheological behavior 
of a fluid is determined by an isotropic 
hereditary functional of the deforma- 
tion, it may be shown that the stress 
tensor in the velocity field specified by 
Equation (1) is (4 ,  7) 
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It follows that the properties of such 
isotropic viscoelastic fluids in laminar 
shearing flow may be completely speci- 
fied by evaluating the relationships be- 
tween 712 and two independent com- 
binations of Pii, P22, and P33 with 
shear rate. There is an extensive litera- 
ture discussing experimental methods 
of determining the 712-shear rate rela- 
tionship (for example, 10, 16)  and a 
growing literature of techniques to 
evaluate normal stresses (for example, 
6, 9, 21 ) . 

Flow in a tube may be specified by 
denoting the axial direction 1, the ra- 
dial 2, and the angular 3. The equa- 
tions of motion are 

ap 1 a 
az r ar 

o=--+-  - ( r ~ 1 2 )  ( 3 a )  

ap aP22 P22-P33 
r o = - - + -  + 

dr ar 

Equations (2)  and (3) may be com- 
bined to give for the stress compo- 
nents 

in Tubes 
JAMES L. WHITE 

University of Delaware, Newark, Deiaware 

r 
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m ( r , z )  = - p ( o , z )  + 
in all except one case (see reference 
20, Figure 2) to justify fully devel- 
oped flow. Only one capillary tube 
with L/D of 48 was used and data 
exists (12, 2 )  suggesting that the L/D 
necessary for fully developed flow for 

(4b) viscoelastic systems is well over 100 
even at moderate Reynolds numbers. 
No acceptable treatment of the en- 

(4c) trance-length Droblem for viscoelastic 

712(r,z) =- 7 W  (4a) 

pll - pea - JI ( p Z 2  - p33) d In r 

722(r, 2) = - p(0, z )  - 1 (‘” - p33) d In ‘ 

7w = - D A p  ( 5 a , b )  
4L 

where 

(5c )  
d In TW 

n‘ = d In 8V/D 
Two experiments allowing one to 

evaluate (Pi1 - P33) and (P22 - P33) 
are discussed by Sakiadis. One experi- 
ment takes note that the reading on a 
pressure gauge at the exit of the tube 
is from Equation ( 4 ~ )  
PL = - T Z Z ( R ,  L) = p ( 0 ,  L )  + 

I” (P22-P33) d l n r  (6) 

Using Equation (4a) and differentiat- 
ing Equation (6)  with respect to In 
T”,; vields 

fluid systzms has  been published to 
this date. Thus it is questionable 
whether the data obtained in this ex- 
periment may be properly analyzed 
using Equation (7). Further it may be 
noted that Sakiadis’s calculation of 

of 7w which is in disagreement with 

8, 3, 17, 9) who have concluded that 

similar polymer-solvent systems. TWO 

other points in this experiment may 

A recent paper by Sakiadis (20)  has 
( ~ 2 2  - ~ 3 3 ) ~  gives values far in excess considered the measurement of normal 

strument. The shear stress-shear rate re- 

an experiment by the method of Weis- 
senberg and his co-workers. Tech- 

and shear stresses using a caPillT in- 

lationship may be evaluated from such 

the work of most experimenters 

( Pz2 - p33) 

(19, 

is far smaller than 7w for 

niques for be mentioned. These are that an un- 
from a instrument were first known but possibly significant experi- 
investigated PhiliPPoff and mental error (not discussed in refer- 
(5, 6, 18) ,  and more ence 20) exists in a technique based 

published (lo, 12, I). The followed by differentiation and that 

Obtaining normal stresses 

modifi- 
cations of their experiments have been 

senberg technique, described by Saki- 
adis, consists of use of the relationships 

upon extrapolating a two point slope 

the last term in Equation (7)  is not 
investigated. 

The second experiment suggested in 
(20) determines (Pi1 - h ) R  from a 
capillary jet experiment. This type of 
experiment was first used by Gaskins 
and Philippoff ( 5 )  and has since been 
further developed (10 to 15) .  So that 
the axial normal stress can be deter- 
mined accurately the expansion of a 
jet, it is necessary for the apparatus to 
be horizontal so that gravitational ef- 
fects on the jet may be neglected. 
Making an overall momentum balance 
one obtains 

s,”“ 2 ~ ~ 7 1 1  dr = r’2 2zrpu2 dr - 

3n’+ 1 8V 

(7) 
A number of questions arise in Saki- 
adis’s use of Equation (7) to interpret 
his experimental data and the results he 
obtains. First it is noted that straight 
lines are drawn through only two 
points in the pressure gradient profile 

zdj2 
- pVr2 4 

Equation (8) may be combined 
with the continuity equation and dif- 
ferentiated with respect to TW to ob- 
tain (see reference 12)  

3n’+ 1 r ( x - 1  2F 
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(P22--33) d l n r  (9b)  

and from Equation (6) 

( ~ i 1 ) R  = - PL + 
(-11 - p33) R - (-22 - P33) R 

(9c) 

Equations (9) to (10) are equiva- 
lent to, but somewhat more suscepti- 
ble to experimental evaluation than, 
the expressions derived in reference 
20. 

Sakiadis claims that (~i1)R is negli- 
gible and obtains (Pi i -P33)~ from 
Equation (10) by considering both 
( ~ 1 1 ) ~  and p ( o ,  L) to be zero. The 
main reason for concluding ( ~ 1 1 ) R  to 
be negligible appears to be that he 
notes that the experimental value of 
FL is 

and as 

therefore 

The question of the significance of the 
measurement of PL has already been 
noted and the implausible results that 
this measurement gives for (P22- 
Y 3 3 ) ~  have been pointed out. Thus 
the reported values of (Pi1 - P33)~  
are open to serious question. 

In regard to the experimental tech- 
nique discussed in reference 20 to ob- 
tain dj/D, it is noted that the maxi- 
mum diameter of a vertical jet is sug- 
gested for use in calculation for the 
diameter where the axial normal stress 
has completely relaxed. To assume 
that the normal stresses have relaxed 
at this point is completely unfounded. 
Also as has been pointed out in refer- 
ence 12 and verified by Bagley ( 2 ) ,  
dj/D varies strongly with L/D until 
L / D  is greater than 100 even at mod- 
erate Reynolds numbers, while Saki- 
adis has used one tube with L / D  of 
48. Further, the work in reference 20 
takes no cognizance of the Middleman- 
Gavis effect (14, 15, 13)  which is 
often quite significant in experiments 
of this nature. 

In conclusion it is noted that in 
reference 20 there is a discussion of 
two interesting experimental methods 
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for the calculation of normal stresses 
in laminar shearing flows of viscoelastic 
fluids. Unfortunately, it appears that 
the methods have not been used as 
carefully as necessary thus causing 
aberrations in the results. 

NOTATION 

1) = tube diameter 
dJ = jet diameter 
L = length of tube 
n‘ = d(ln rw)/d(ln8v/D) 
Pij 

p = isotropic stress pressure 
R = tube radius 
r = radius 
u = point velocity 
V = average velocity 
Vj = jet velocity 
X i  = orthogonal direction 
z = axial direction 
~ j i  

T~ = wall shear stress 

= components of deviatoric stress 
tensor 

= component of stress tensor 
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The Influence of Operating and Static Liquid Holdups on Gas 
Absorption Rates in Chemically Reacting Systems 

R. M. SECOR and R. W. SOUTHWORTH 
Yale University, New Haven, Connecticut 

An apparent anomaly which has 
been encountered repeatedly in packed 
tower studies of gas absorption with a 
rapid, irreversible chemical reaction is 
the observation of overall mass transfer 
coefficients wnich are far greater than 
the corresponding gas-phase mass 
transfer coefficients calculated from 
physical absorption data. Typically, 
the overall coefficient increases with in- 
creasing liquid-phase reactant concen- 
tration, eventually exceeding the phy- 
sical absorption value of the gas-phase 
coefficien.t, frequently by a very con- 
siderable extent. Several investigators 
have shown that the overall coefficient 
becomes constant when the liquid- 
phase reactant concentration is in- 
creased sufficiently. 

An explanation of these results was 
proposed by Shulman, Ullrich, and 
Wells (7) who visualized the in,ter- 
facial area of the liquid in a packed 
tower to consist of the surfaces of both 
rapidly moving streams and quiescent 
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accumulations. In the case of physical 
absorption, the effective interfacial 
area is that of the rapidly flowing 
liquid. In the case of absorption with a 
rapid, irreversible chemical reaction, 
the presence of the liquid-phase reac- 
tant raises the absorptive capacity of 
the quiescent liquid. This liquid, even 
with its low rate of replacement, even- 
tually becomes as effective as the 
rapidly moving streams at high con- 
centrations of the liquid-phase reac- 
tant. Then the total interfacial area is 
effective for mass transfer. The princi- 
pal experimental verification of this 
hypothesis is the following relation 
which has been demonstrated for 
packed tower operation ( 6 )  : 

The sum of the static holdup, h,, com- 
posed of the quiescent accumulations 
of liquid, and the operating holdup, 
ho, composed of the rapidly flowing 
liquid, is equal to the total holdup of 
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liquid in the packing, ht. All the hold- 
ups are expressed in units of liquid 
volume per unit packed volume. It has 
also been pointed out that for vapori- 
zation of liquids in packed towers, the 
entire liquid surface area should be 
effective for mass transfer (7) .  If the 
model is to be consistent, it must pre- 
dict an eventual decrease in the gas- 
phase mass transfer coefficient when 
there is an increase in the rate at 
which the quiescent liquid approaches 
saturation, regardless of how this in- 
crease is accomplished. On this basis, 
Shulman, Ullrich and Wells (7) pre- 
dicted for cases of absorption with a 
rapid, irreversible chemical reaction a 
decrease in the gas-phase mass trans- 
fer coefficient as the gas-phase solute 
concentration is increased. In descrip- 
tive terms, as ,the gas-phase solute 
concentration is decreased, the quies- 
cent accumulations of liquid in the 
packing become increasingly effective 
for absorption since they require a 
longer time to become saturated. Also, 
an increase in the effective interfacial 
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