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Synopsis 

The hydrodynamic degradation of high molecular weight poly(acry1amide-co-Na acrylate) in 
1M NaCl in porous media flow was studied as a function of polymer concentration in the dilute 
and semidilute concentration ranges. Porous media rheometry was used to monitor molecular 
weight changes due to chain scission. At equivalent superficial velocities of flow through a glass 
bead pack, polymers at dilute concentrations showed greater lass of molecular weight than 
polymers at semidilute concentrations. 

INTRODUCTION 

The coil-stretch transition of solvated flexible macromolecules in elonga- 
tional flow fields underlies both the excess pressure drops associated with 
viscoelastic polymer fluid flow through porous media and the hydrodynamic 
degradation of the macromolecules via main chain scission. The dynamics of 
flexible macromolecules undergo significant changes as the polymer concentra- 
tion passes through different regimes.' This is governed by the relative 
importance of intra- and intermolecular polymer interactions. This concentra- 
tion dependence is well doc~mented.~-~ Recently, quantitative predictions of 
the concentration dependence of polymer relaxation times in the dilute and 
semidilute regimes using the perturbation approach have been carried out by 
Muthukumar6 and Muthukumar and Freed.' These predictions were in good 
agreement with polymer solution dynamics measured by Martel et a1.8 and 
Lodge et al.' 

The factors decting hydrodynamic degradation of polymer solutions have 
been widely investigated. Experiments have been reported for a variety of 
flow situations with varying degrees of flow complexity. The more difficult 
flows to analyze have included those in high speed blenders"-13 and other 
configurations where turbulence was significant. Careful experiments in con- 
centric  cylinder^,'^-'^ capillaries,18-20 converging tubes and constricted pas- 
s a g e ~ , ~ ~ - ~ ~ c r d  and porous media25-29 have shown that, by far, the 
major damage done to flexible polymers occurs in regions where elongational 
flow dominates. The various factors influencing hydrodynamic degradation 
include parameters that influence the flow field (e.g., flux, porosity and 
particle size in a porous medium) and parameters that characterize the 
macromolecules (e.g., carbon-carbon bond strength, intramolecular interac- 
tions, and hydrodynamic size). 

Our interest was in how polymer concentration affected degradation in 
porous media, especially in going from the dilute into the semidilute con- 
centration regime. It is this range of concentrations which is important, for 
example, in applications of high molecular weight water-soluble polymers to 
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enhanced oil recovery. Since the polymer dynamics were significantly effected 
by the intermolecular interactions that arise in the semidilute concentration 
regime, a significant effect on polymer degradation was expected as well. 

Macromolecular scission in dilute solutions in extensional flow has been 
shown to proceed by a chain-halving m e c h a n i ~ m . ~ ~ * ~ ~ * ~  The tensile forces 
necessary for chain rupture are in good agreement with the force necesmy for 
carbon-carbon bond rupture. As for the effect of polymer concentration, 
Merrill and Hornzz reported a monotonic increase in the degree of degradation 
of dilute solutions of 0.9 megadalton polystyrene in cyclohexane as the 
concentration decreased from 500 to 5 ppm. In a study of porous media 
degradation of a high molecular weight (5-7 megadaltons) partially hydro- 
lyzed polyacrylamide in aqueous salt solutions, Maerker 25* z6 reported that 
mechanical degradation was not affected by polymer concentration over a 
narrow range (300-600 ppm). Morris and Jackson31 showed that increasing the 
polymer concentration up to 2000 ppm of polyacrylamide decreased the 
amount of degradation in porous media flow. 

In this work we have taken a systematic look at  the degradation of 
hydrolyzed polyacrylamide (HPAM) in porous media flow as a function of 
polymer concentration going from the dilute into the semidilute regime. 
Porous media flow, even for regularly packed geometries, is a combination of 
shear and elongational flows. This pertains even in the absence of turbulence. 
Secondary and unsteady flows also contribute and can dominate the flow 
patterns for viscoelastic liquids above certain Reynolds numbers. Visualiza- 
tions of these patterns have been captured by many investigators in both 
porous media flow3' and other similar geometries where elongational flow was 
evidenced.33- 36 

Theoretical treatments of porous media flow attempt to separate viscoelas- 
tic from viscometric effe~ts.36.~~ Non-Newtonian laminar fluid flow in packed 
beds can be modeled, excluding viscoelastic effects, with a capillary flow model 
combined with a particular rheological model to give a modified Ergun 
equation.% We have chosen to use the Ellis fluid modelm for our data since 
this gave the best fit to our viscometric data (concentric cylinder) on these 
fluids. Dudam have pointed out the inadequacies of the conventional capillary 
models, but these adjustments can be considered small when compared to the 
viscoelastic effects at  Reynolds numbers where the coil-stretch transition is 

Viscoelastic effects appear at  a critical value of the Deborah number, De, 
(ratio of the time scales of the material and the flow process). Because of a 
hysteresis in the coil-stretch transition41 in converging/diverging flow geome- 
tries, the macromolecules stretch faster than they relax. This allows a cumula- 
tive stretching effect to take place in periodic porous media,42*43 and hence the 
importance of the Deborah number for predicting the stretching transition 
onset. In porous media flow these viscoelastic effects are manifested as an 
excess pressure drop above that calculated from a modified Ergun equation. 
Above the onset Reynolds number, Reo, these viscoelastic effects can surpass 
the viscometric flow effects by several orders of magnitude. The viscoelastic 
effects in porous media flow have been associated with macromolecular 
stretching and not necessarily secondary  flow^.^^.^,^ 

The extensional viscosity calculated from a kinetic theory of dilute solu- 
tions of finitely extensible, nonlinear elastic (FENE) dumbbells46-48 has been 

important. 
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shown to be in good agreement with experiments on flexible polymer solutions 
in porous media This has established the use of porous media 
rheology as a method of indirectly determining the molecular weight of 
extremely high molecular weight flexible polymers.51 We have used this kind 
of methodology to monitor molecular weight changes as a result of hydrody- 
namic degradation in porous media flow. Thus our porous medium is used 
both as a locus for degradation and as a rheometer. 

EXPERIMENTAL 

Porous Media Rheometer 

A schematic of the flow experiment is shown in Figure 1 and a diagram of 
the porous media rheometer in Figure 2. The porous medium consisted of well 
characterized glass beads housed in a cylindrical stainless steel chamber. The 
pressure drop across an internal length of the bead pack was measured with a 
Validyne differential pressure transducer (Validyne Engineering, Northridge, 
CA) calibrated with a manometer. Under flow conditions where pressure 
fluctuations were encountered the average pressure from a A P versus t record 
was determined. The sized glass beads (# P0230) were made of soda-lime silica 
glass from Potter Industries (Hasbrouck Heights, NJ). The beads had an 
average diameter, Dp, of 590 pm as determined from applying the Blake- 
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Fig. 1. Porous media rheometer. 

He 

Fig. 2. Porous media rheometer; detail of flow cell. 
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Kozeny-Carman equation: 52 

Dp43 
180(1 - +)2 

k =  

to pressure drop-flow rate data for 1M NaC1. The void fraction, 4, was 
typically 0.34. The permeability, k, of the bead pack to 1M NaCl was 
typically - 200 darcies and was regularly monitored for changes. Throughout 
any one set of experiments, k remained constant to within 5%. Bead packs 
were preconditioned by passing through them - lo00 pore volumes of poly- 
mer solution before using, F'reflushing between polymer solutions in the same 
series was typically with 10-20 pore volumes. All measurements were done at 
room temperature, T = 22 f 2OC. Pulseless flow was accomplished using a 
stainless steel reservoir (Amicon, Danvers, MA) pressurized with helium. A 
certain number of pore throat units needed to be traversed before a steady 
state of polymer elongation was reached. Haas and Durst4' showed that 
maximum stretching of an HPAM occurred after about 4 contractions in a 
regularly packed bed of spheres, though further changes in the f versus Re 
profile did not stabilize (around Re,) until > 8 contractions. Cha~ve teau ,~~  
using periodic contraction elements of concentric capillaries, showed that Re, 
was not strongly dependent on the number of elements, but that the details of 
the f versus Re curve were dependent on the number of elements. We 
designed our packed bed so that the polymer solution flowed through at least 
30 bead diameters before the pressure drop was measured. 

Flow Experiments 

The bead pack was used in two modes: as a rheometer and as a locus for 
degradation. In the rheometer mode, when the fluids were not reused, the flow 
rate was regulated by maintaining a constant reservoir pressure and adjusting 
a needle valve at  the outlet. In the degradation mode, the flow rate was 
regulated by the helium pressure in the reservoir. 

In the rheometer mode the polymer solutions were flowed through the bead 
pack at low to intermediate rates, normally below the Reynolds number where 
degradation became evident. Steady-state pressure drops, AP, over an L = 
0.58 cm section approximately 2 cm from the entrance face were measured 
along with a gravimetric determination of the flow rate. Using the polymer 
solution density this was converted into a volumetric flow rate, Q. The 
friction factor, 

A PDP@ 
= LpuZ(1 - 4J) 

and Reynolds number, 

were computed for a polymer solution of density p and effective viscosity sett. 
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The effective viscoisity was computed for an Ellis fluid model% from viscomet- 
ric data taken on a Haake RV100/CV100 low sheax rheometer (Haake 
Buchler Inc., Saddle Brook, NJ) at 25.0°C. 

F2V0 
9eff = a + l  

1++) a 4- 3 71/2 

(4) 

The Ellis fluid model for the viscometric data (viscosity 9 vs shear stress r )  is: 

90 
9 =  

1 + (r, + r1/2)a-1 

The factor P is a wall correction factor% due to the finite diameter, D,, of the 
cylindrical chamber containing the beads. 

In the evaluation of qeff, the wall shear stress, T,, was: 

12Dp+ A P  
7w = 150F(1 - +) (7) 

The superficial velocity, u, was obtained from the volumetric flow rate: 

u = 4Q/s2Dc (8) 

Logarithmic plots of the Ergun coordinates f * Re vs Re were made. The 
Reynolds number for the onset of deviations were determined by two meth- 
ods. In the first, a graphical extrapolation was made and Re, determined from 
the intersection of the rising part of the polymer flow curve and the low Re 
section of the flow curve. We also determined numerically the inflection point 
of these f - Re versus Re plots using a spline-fitting routine. The qualitative 
trends were not changed by either choice. Characteristic values of the 
Reynolds number for onset determined using the first method were designated 
by Re,. The idection points were designated as Re*. 

For the case of dilute solutions ( c [  93 < 1) we used the relations developed 
by Durst and c o - w o r k e r ~ ~ ~ ~ ~  to make interpretations in terms of changes in 
molecular weights. The onset of the stretching transition was taken to occur 
at a value of the Deborah number De = 0.5. The Deborah number was defined 
as: 

D e = r - c  (9) 

The appropriate r for the polymer was the hst Rouse relaxation time:" 

[919sM 
r =  

Ak,T 
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The intrinsic viscosity of the polymer, [q], was determined from extrapo- 
lation of 4-bulb capillary viscometry data to zero shear rate and zero polymer 
concentration. The molecular weight of the HPAMs were calculated from [q] 
using the Mark-Houwink coefficients ([q] = KME) given by Klein and 
Conrad.% It should be noted that the solvent used by Klein and Conrad was 
0.5M NaC1, whereas it was 1M NaCl in this study. The solvent viscosity, qs, 
was measured in capillary flow. The other parameters in Eq. 10 are A, 
Avagadro's constant, k,, the Boltzmann constant, and T the absolute temper- 
ature. Marshall and M e t ~ n e r ~ ~  have shown the average elongation rate to be 
u/DP for porous media. This made the nominal elongation rate: 

The parameter k, can be determined e~perimentally~~ and has been seen to 
vary from O(1) to O(10) for various packed beds of spheres. We determined 
the best value of k, for our packed beds from: 

where 7 was from Eq. 10 and u, was the superficial velocity at  the onset of 
viscoelastic effects. Our best fit was for k, = 4. 

One outcome of the above analysis is that:50 

for dilute solutions. The factor in curly brackets was only weakly dependent 
on polymer concentration, c, and this allowed us to use the proportionality: 

in investigating changes in molecular weights due to hydrodynamic degrada- 
tion. It should be stressed again that this was valid only for dilute polymer 
solutions. 

Hydrodynamic Degradation 

To investigate the effect of high flow rates, similar to those encountered at  
the injection well in polymer flooding, polymer solutions were degraded in the 
glass bead pack at  much higher flow rates than in the characterization 
experiments. Effluent was collected when a constant average pressure drop 
across the porous medium was achieved. In all cases the pressure drop at  these 
higher flow rates fluctuated about a mean, even with a steady reservoir 
pressure. The fluids both before and after degradation were characterized 
viscometrically over a shear rate range of 0.1-300 sec-' in a Haake 
RV100/CV100 rheometer as well as in the porous media rheometer. In some 
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TABLE I 
Polymer Characteristics 
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HPAM 1 HPAM 2 

[COO-] (molW) 30 13 
[ q ] ;  25.0°C/1M NaCl (dL/g) 28.0 26.3 
M,; viscometric (megadaltons) '6.1 8.5 
M,; Eq. (13) (megadaltons) 17.8 12.9 

Mark-Houwink ~oefficients~: 

a 0.83 0.81 

C* = l/[sl@pm) 357 380 

K( lO-"dL/g) 0.65 0.64 

experiments the fluids were diluted to 50 ppm polymer concentration prior to 
characterization in the porous medium. Typically the polymer solutions 
passed through about 3.6 cm of bead pack (- 60 0,) in a single pass. To 
determine whether the amount of hydrodynamic degradation had reached a 
steady state after 1 pass we ran multiple passes on several samples. For flow 
rates up to several times those used in the rest of the degradation experiments 
there was no appreciable difference between 1 and 3 passes through the porous 
medium. 

Polymer Solutions 

Two samples of poly(acry1amide-co-sodium acrylate) were prepared by 
radical polymerization and subsequent hydrolysis. The carboxylate content 
was determined with infrared spectroscopy. Polymer samples were dissolved 
by rolling 0.2-0.3 wt% samples in distilled deionized filtered (0.2 pm Milli- 
pore) water in glass jars with polyethylene-lined caps for 1-2 days. The 
solutions were then diluted, the pH adjusted to 7.5 with HCl/NaOH and 
enough water and NaCl added to result in a final stock solution of 0.1 wt% 
polymer in 1M NaC1. This was then slowly filtered through an 8 pm 
Nuclepore filter (several hours for 1 liter). Both porous media and viscometric 
rheological characterizations before and after filtration showed no evidence of 
polymer degradation in this process. All dilutions were made with filtered (0.8 
pm Nuclepore) 1M NaC1. The parameters characterizing the polymers are 
shown in Table I. 

Additional Considerations 

A number of phenomena other than non-Newtonian viscometric and 
viscoelastic effects can contribute to the flow behavior of polymer solutions in 
porous media. We designed our experiments to eliminate or mitigate most of 
these in order to focus on the viscous and elongational components to flow 
resistance and thus simplify the analysis of polymer concentration effects on 
hydrodynamic degradation. C h a ~ v e t e a u ~ ~  has discussed most of these ad- 
ditional factors. They include polymer adsorption, hydrodynamic retention, 
depletion layer effects, pore size effects on permeability and mobility, and 
unsteady flows. We chose a packed bed of large glass beads to reduce the first 
five effects. Chauveteaum showed for xanthan polysaccharide (a stiff macro- 
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molecule) solution flow through glass bead packs that the effeds of the 
depletion layer became constant and negligible for bead diametem > 200 
microns. This was based on the bead size dependence of a constant relating 
shear rate to average fluid velocity. For our experiments the ratio of bead 
diameter to polymer radius of gyration was > 10oO and we expected negligi- 
ble depletion layer effects. Also these effeds would be most noticeable in the 
Newtonian regime. All of our Reo for Viscoelastic effects, upon which our 
polymer degradation and characterization depended, were beyond the Newto- 
nian regime. The mean hydraulic radius was > 100 times the average polymer 
radius of gyration and we expected adsorption effects to be minimized. 
Hydrodynamic retention could not be completely ruled out. Unsteady flows 
were expected to produce fluctuations in A P and these were seen, but usually 
a t  Re values higher than the Re, for Viscoelastic effects. "hid unsteadiness 
became more pronounced at  higher polymer concentrations. 

RESULTS AND DISCUSSION 

Polymer solutions were characterized both Viscometrically and in porous 
media flow at various concentrations before hydrodynamic degradation. Fig- 
ure 3 shows a typical modified Ergun plot for HPAM 2 at different polymer 

Re 

Fig. 3. Resistance factor vs. Reynolds number; O-loOO ppm HPAM 2 in 1M NaC1: (0 - 0 - 0) 
1M NaC1; (A-A) 50 ppm; ( . . . ) 100 ppm; (- - -) 200 pm; (- - -) 400 ppm; (- - -) 750 ppm; (-) loo0 
PPm. 
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HPAM 2 I 1  NaCl 

C[ll  

Fig. 4. Log-log plot of onset (Re,) and inflection point (Re*) Reynolds numbers vs. c [ q ]  for 
HPAM 2 in 1M NaC1. 

concentrations. The curve for 1M NaCl was a horizontal line beginning to 
deviate upward at a Reynolds number of about 10 as expected. The polymer 
solution curves demonstrated the onset of an excess resistance to flow at an 
onset Reynolds number, Reo, which decreased with increasing polymer con- 
centration. For the lower concentrations the curves reached a maximum and 
began to decline at the higher Reynolds numbers, indicating a flow regime 
where measurable hydrodynamic degradation was taking place. The overlap 
concentration, c* = 1/[ q] ,  for the polymer in Figure 3 was 380 ppm. 

According to Eq. (14), Re, - l/M$+*) for dilute solutions. Since our 
samples did not span an appreciable molecular weight range we correlated Re, 
with the Simha ~arameter,~' c[q] ,  shown on a log-log plot in Figure 4. A 
linear correlation persisted even for c [ q ]  > 1. Plotting Re*, which was the 
Reynolds number at the inflection point of the modified Ergun plot, versus 
c[ 73 on the same log-log plot also resulted in a linear correlation with nearly 
the same slope as with Re,. 

Molecular weights calculated from Eq. (13) are listed in Table I. These 
molecular weights were quite a bit higher than those predicted from the 
Mark-Houwink coefficients we used (see Table I). Recall that these coefficients 
were from data measured in 0.5M NaC1. Using the same values at 1M NaCl 
would tend to overestimate the molecular weights, especially for HPAM 1 
which was more anionic. Our samples were also expected to be quite polydis- 
perse. The larger values of the molecular weights derived from the onset of the 
excess pressure drops for a broad distribution would be expected since the 
higher molecular weight components would be stretched at a lower Reynolds 
number than components of the mean molecular weight. 
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Miles and Kellerm have investigated the dynamics of dilute polymer 
solutions in elongational flow in a crossed slot device using the birefringence 
induced in the solution upon macromolecular extension to monitor this 
process. The derivative of the birefringence, An, versus strain rate, c, resulted 
in a curve proportional to the mass distribution of the polymer. In a similar 
sense, locating the inflection points on the modified Ergun plots (a2( f + 

Re)/S2Re = 0) located the critical Reynolds number corresponding to the 
median in the mass distribution. It might be argued that such a choice would 
be more appropriate for characterizing polymers with appreciably broad 
molecular weight distributions. In our experiments, interpretations based on 
Re, and Re* paralleled one another. 

The excess resistance to flow due to macromolecular extension after taking 
into account the non-Newtonian viscometric contribution was useful for 
porous media flow modeling studies. The Darcy viscosity, 

k AP 
P =  JY 

~ ( 0 )  = qeH(7) + Vex(€)  

was composed of a viscometric and an excess term: 

qeE, the viscometric term, was calculated from Eqs. (4) and (5). This allowed 

ELONGATION RATE (lh) 

Fig. 5. Excess viscosity vs elongation rate in porous media flow for 50-1OOO ppm HPAM 1 in 
1M N a C k ( a ) 1 0 0 0 ; ( X ) 7 5 0 ; ( 0 ) ~ ( M ) 2 ~ ( X X ) 1 ~ ( 0 ) 5 0 .  
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10.. 
0.1 

us to extract 9,. Sorbie and Roberts5’ modeled this excess viscosity as: 

, I I I 
1 10 100 

where q, was the zero shear rate viscosity of the polymer solution, D and x 
were constants and u, was the superficial velocity a t  the onset of viscoelastic 
effects. Data for the excess viscosity of HPAM 1 solutions shown in Figure 5 
suggested that an asymptotic analytical form was most appropriate for vex. 

In the hydrodynamic degradation experiments an attempt was made to 
process the polymer solutions at  different polymer concentrations a t  similar 
average elongation rates in the bead pack. The elongation rate was chosen as 
the independent variable, since for a given porous medium the amount of 
degradation has been shown to be proportional to the average elongation 
rate.26*27’60 C h a ~ v e t e a u ~ ~  used a capillary bundle model correlation for the 
average shear rate: 

where the parameter a1 was taken to be 1.7 for large diameter beads. The 
elongation rate calculated with Eq. 11 was also proportional to the average 
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0.1 1 10 100 
Re 

Fig. 7. Resistance factor vs. Reynolds number for HPAM 1 in 1M NaCl degraded at 100 ppm 
at various strain rates, id,, then characterized at 50 ppm in the porous media rheometer: (- - -) 
1M NaCI; ( - - . )0;(-)28;(---)59;(---)94sec-' .  

shear rate in the porous medium since in this simple approximation they were 
both linearly related to the superficial velocity. Thus we have: 

Figures 6 and 7 show the modified Ergun plots La HPAM 1 Lmacterized 
at  50 ppm after hydrodynamic degradation at 750 and 100 ppm (c* = 380 
ppm). Since the elongation rates, ddW, during the degradation phase were 
similar, it was obvious from these plots that a greater amount of change had 
d in the 100 ppm sample. 

Figure 8 is a plot of Reo versus i d W  for HPAM 1. Each solution at a specific 
polymer concentration experienced hydrodynamic degradation in the bead 
pack at  a su@cial velocity of (0, * ide$kl).  Each solution was then diluted 
to 50 ppm and charactmized at  lower velocities in the beadpack. The Re* 
values were taken from the inflection points of spline fits of the modified 
Ergun plots for each of these diluted solutions. These data are plotted as 
Re+-('/'+") versus i d W  in Figure 9. The ordinate in Figure 9 is proportional 
to the polymer molecular weight. This parameter decreased linearly with i d ,  
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0 2 0 4 0 6 0 8 0 1 0 0  ' DM3 (sac-1) 

Fig. 8. Onset Reynolds number, Re,, vs. degradation strain rate for 100-loo0 ppm HPAM 1 in 
1M NaCl. Re, values derive from measurements of postdiluted (to 50 ppm) samples after 
degradation: (0) loo0 ppm; (0) 750 ppm; (A) 500 ppm; (X )  250 ppm; (.) 100 ppm. 

in accord with observations of other investigators.26i28 The data in both 
Figures 8 and 9 break up distinctly into two groupings, one for low polymer 
concentrations and one for higher polymer concentrations. In the cases we 
have studied so far, a significant difference in the amount of hydrodynamic 
degradation occurred depending on whether the polymer solutions were sig- 
nificantly above or below c*. This suggested a difference in the dynamics of 
hydrodynamic degradation for different polymer concentration regimes. When 
the hydrodynamic degradation was a result of elongational flow, the loss of 
molecular weight was more severe for dilute solutions at  equivalent superficial 
velocities, all else being equal. 

The assumption from dilute solution theory which broke down first as 
higher polymer concentrations were encountered was the linear dependence of 
i solely on u/Q; [Eq. (ll)]. Direct determinations of the velocity field in 
converging flow4 and in a crossed slot device,61 both of which have strong 
elongational components, have shown that i is a complicated function of u as 
the polymer begins to interact with the flow field. 

Inertial effects in the flow must also be considered when analyzing pressure 
drop/flow rate data. As Deiber and SchowalterU pointed out, the onset of 
viscoelastic effects in tubes with axial sinusoidal variations can occur before 
any secondary flows. We have associated this viscoelastic behavior with the 
excess pressure drops above and near Re,. However, at higher Reynolds 
numbers secondary flows become important. We have associated this iner- 
tially dominated behavior with pressure fluctuations under steady superficial 
velocity. In a detailed study of extensional flow of dilute poly(ethy1ene oxide) 
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Fig. 9. Molecular weight parameter, Re*, vs. degradation shear rate for 100-100 ppm HPAM 
1 in 1M NaCl. Re* values derived from measurements of past-diluted (to 50 ppm) samples after 
degradation: (0) lo00 ppm; (0) 750 ppm; (A) 500 ppm; + 250 ppm; (0) 100 ppm. 

solutions in converging channels James and reported that above a 
critical extension rate there was an abrupt change in the flow pattern “from a 
simple converging motion to one dominated by a large unsteady vortex ring 
surrounding the channel opening on the upstream side”. A cyclic motion of 
this vortex sometimes produced large pressure drop fluctuations. Once this 
secondary motion had started, the channel geometry seemed to no longer 
influence the central flow pattern which would become more confined to a 
conical volume associated with the vortex ring. Increasing polymer concentra- 
tion exacerbated these non-Newtonian effects. These pressure fluctuations 
necessarily limit the reliable flow rate range for characterization and can be 
m i d  with manometric measurements. 

The appearance of these effects and the generally complex relationship 
between i and u made it more difEcult to extract polymer relaxation times 
and molecular weight information from the flow curves via Eqs. (9) and (13), 
respectively. This still can be possible for nondilute solutions, however, if 
either i is determined directly or can be calculated for an appropriately simple 
geometry by a theory which includes viscoelastic effects. 
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CONCLUSIONS 
Porous media rheometry was used to monitor molecular weight changes due 

to hydrodynamic degradation in a glass bead pack. At equivalent superficial 
velocities, high molecular weight poly(acrylamide-co-dum acrylate) poly- 
mers in dilute solutions in 1M NaCl experienced a greater loss of molecular 
weight in porous media flow than these polymers at  semidilute concentrations. 
The results suggested a different concentration dependence of polymer deg- 
radation for concentrations above and below the overlap concentration. Based 
on the relative slopes in Figure 9 for the two groupings of hydrodynamic 
degradation data, the molecular weight loss at  a given set of flow conditions 
was three times as great for the dilute solutions than for the semidilute 
solutions. 
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Chauveteau in the preparation of this manuscript. 
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