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,MECHANICAL DEGRADATION OF POLYACRYLAMIDES INDUCED BY FLOW I Thus, if molecular weight distribution (particularly the high

THROUGH POROUS MEDIA I end of the distribution) could be measured accurately, the
by I behavior of a polyacrylamide solution might be better under- !

R. S. Seright and J. M. Maerker I stood. I.

Exxon Production Research Company, Houston, TX 77001 I i
and FACTORs INFLUENCING MECHANICAL DEGRADATION

IG. Holzwarth I
E C te Research Laborator y Linden, NJ 07036 I Mechanical degradation has been shown to depend strongly on Ixxon orpora, .

d .1 ' . 1solution flux, poros~ty an permeab~ ~ty. It ~s a so I
INTRODUCTION I slightly dependent on core length (5,6,7). Maerker (5,6) .

I correlated levels of mechanical degradation (screen factors) !

Mechanical degradation can severel.y reduce effectiveness of I using the group ELb/3/~ where
Ipolyacrylamides used in enhanced o~l recovery ?rocesses. To I . - ,

properly design such processes, petroleum eng~neers must.be £ - (flux)/~Dp I

able to assess and predict the degree of ~o~ymer deg:adat~on I Dp = ~ ./150 kb/" = average grain diameter l
that will occur under a given set of cond~t~ons. Th~s paper I" i
describes methods .used to ass~ss degradat.ion ~nd fac:ors LD = (core length)/Dp .,

influencing mechan~cal degrada.t~on. .A te.chn~.que ~s descr~bed I " = porosity
Iwhereby polymer molecular we~ght d~str~but~ons are deter- I kb = permeability to brine

mined from sedimentation velocity measurements. Molecular m = empirical constant dependent on screen!
weight distributions of native and degraded polymers are D factor
presented and compared with other methods used to assess 3
degradation. ~ Seright (7) correlated degradation with the group FLUX/D~

I where FLUX is the solution flux at the sandface. In theASSESSING MECHANICAL DEGRADATION I development of these correlations the "dimensionless stretch I

.. . rate", £;, was assumed to have an important effect on poly- ,Mechan~cal degradat~on may be assessed by .compar~ng polymer I mer rheology and degradation. For low values of £ the
!solution properties before and after expos~~g the .polymer to I characteristic relaxation time of a polymer solution is short

high stresses. There are several prope:t~es wh~c.h ma~ be I relative to the characteristic time for deformation. This

r

used to make this comparison. The.se ~nclu~e v~scos~ty, I allows adequate time for entangled polymer molecules to relax
screen factor, r~sista~ce f.acto.r, res~dual res~stance factor I during the converging-diverging flow through porous media.

Iand molecular we~ght d~str~but~ons. In this case the solution's viscous nature dominates.

Resistance factor is the. most meaningfu; prop~rty to the I For higher values of £; the characteristic time for defor-1

reservoir engineer. Res~stance facto.r ~s def~ned. a,s the I mation in flow through small constrictions may be the same I
ratio of brine mobility in a poro~s med~um to the mob~l~ty of I order of magnitude as the polymer relaxation time, In this
the polymer solution. It may b; ~nterpre~ed as the apparent I situation the elastic character creates a dramatically in- I
viscosity of a pol~er solut~on. Res~stance .facto.rs. of I creased resistance to flow. Thus, viscoelasticity causes

Ipolyacrylamide solut~ons are often great;r than v~~c~s~t~es. polyacrylamide resistance factors to increase with increas-
This suggests that p,;>lyac:ylam~des reduce water ~ob~l~ty b,;>th I

I ling £;.by increasing solut~on v~scos~ty.and by reduc~~g ef~ect~ve I
permeability (1,2). Residual res~stance fac~o: ~s ~ef~ned as I I For very high values of C, stresses become large enough to
the ratio of brine mobility befor~ polymer ~nJ~ct~on to the I fragment polymer molecules. This mechanical degradation.
brine mobility after polymer solut~on.has been.d~splaced.from I I appears to occur immediately after the polyacrylamide enters!
the porous medium. For polyacrylam~de solut~~ns, res~dual a porous medium. Also, an "entrance pressure drop" is
resistance factors are usually greater than un~ty. I observed at the sand face only when degradation takes place

. 1 I (7). Levels of mechanical degradation do not correlate well
Core floods are required to determine resistanc; and res~~ua t with E alone. Empirical terms must be included to obtain
resistance factors. Since core floods can be t~me consum~ng, the CLDl/3/~ and FLUX/D2 groups which correlate success-
another method is desired to assess. the ~egre~ ?f p~lyme: I fully over a wide range ofPpermeability, porosity, solution
degradation. Comparison of solut~,;>n v~scos~t~e.s ~s a I flux and flow geometry (5,7).
alternative method. However, mechan~cal degradat~on often
reduces resistance factor much more than it reduces vis- I MOLECULAR WEIGHT DISTRIBUTIONS AND POLYMER DEGRADATION
cosity. Jennings et al. (3) suggested that screen factor I -- --- - ~..

measurements more clOsely correlate with resistance factor~. I Molecular weight distributions for many polymers are easily
Screen factor is measured with a sc~een viscome.ter and ~s obtained by gel permeation liquid chromatography. However,
defined as the ratio of the time requ~red for a.f~xed volume this method fails for the very high molecular weight polymers
of polymer solution to flow through a stack of f~ve, 100-m~sh j used in enhanced oil recovery (8).
screens to the flow time required for the same volume of br~ne 0
to pass through the screens. Like resistance factors, sc:een ~ Molecular weight distributions of native and degraded poly-
factors are often larger and more sensitive to mechan~cal I acrylamides were obtained by band sedimentation of fluor-
degradation than vis~sities. Although screen factors ma?, be escently-tagged polymer samples. Three commercially avail-
measured conveniently and reproducibly, it must be emp~as~zed I able polyacrylamides from three different suppliers were
that correlations between screen factors and res~stance I investigated. These were designated Polymers A, Band C.
factors are empirical. Also, any screen. factor.-res~stance Polymer A is a gel material consisting of 25 percent polymer
factor correlation is only valid for. solut~ons wh~ch have the I and 75 percent water; Polymer B is a dry powder; and Polymer
same salinity, polymer concentrat~on, polymer source and C is a water-in-oil emulsion consisting of roughly equal
temperature (3). I parts of oil, water and polymer. Each of the polymers

. '- contains about 30 percent acrylate groups and 70 percent
Molecular weight distributions could prov~de more quant~ I acrylamide groups.
tative, understandable characterizations of polymer.s t~an ,

other methods. Furthermore, they pro~i~e a character~zat~o~ I ~rimental Procedure. Solutions were prepared containing
which is independent of solution sal~n~ty, polymer concent

I 600 ppm polymer in 3.3 percent brine (3.0% NaCl, 0.3% CaCI2,
tration and temperature. One would expect the lar~es pH 7). Part of each solution was subjected to mechanical

polymer molecules to have a great influence on the rheo ~gy I degradation by forcing about 700 cm3 (50 pore volumes) of
of a solution in porous media. Also, the largest m~lec(4)s I each polymer solution through a six-inch-long Berea core
should be the most susceptable to mechanical degradat~on . I ~1
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i(approximately 250 md pe.rmeability) .at a flux of a?out 70: I i. c Si = sedimentatio~ coefficient of an individual
!ft3/ft2/d. The rheologlca: propert~es of. the natlve and i it.: pol~~r specles. .
Imechanically-degraded solutlons are llsted ln Table 1. !! Ks = emplrlcal coefflclent
! ! i i as = empirical exponent
IThe polymers were labeled with a fluo~escent dy~ to allow I i I

Idetection of the various molecular welght fractlons after! , IA value of 0.52 ml/g was measured for v.. Solvent density was
!sedimentation. The labeled polymers were prepared by iso-I! :1.03 g/ml. Based on the work of Klein and Conrad (11), a
Icyanide coupling of fluoresceinamine to the ca~boxyl groups of I I jValue of 0.39 was used for as. Values for[n]were measured
I the polymer., essentially as desc~ibed earller for x~nthan! I !using a Contraves Low Shear 30 viscometer and are listed in
polysaccharldes (9,10). The labellng process ~egan uslng 50; ~able 1.

Iml of 600 ppm polymer solution which had been dlalyzed to 2 roM
(NaCl, pH 7. To this solution were added 50 ml of 33% dimethyl i !Results are shown in Figs. 1, 2 and 3 and Table 1. Two
isulfoxide in H2O, 50 ~l of acetaldehyde, 50 ~l of cyclo- ! ~ifferent values of average molecular weight are computed--
:hexyl isocyanide and 3 ml of dye solution (3 mg 5-amino : ~sT1 (using Eq. (1» and Mw (the weight-average molecular
:fluorescein in 3 ml dimethyl sulfoxide). This mixture was i \weight computed from the distributions shown in Figs. 1,
:allowed to react for 4 hours at room temperature. The labeled i :2 and 3). Values calculated with both methods are in
;polymer was recovered by several cycles of precipitation 'reasonable agreement. Average native-polymer molecular
,(ethanol) followed by dialysis against 4% NaCl to remove the! : ~eight is largest for Polymer A and smallest for Polymer C.
,last traces of reactants. The extent of dye labeling was found r :This ranking is retained after the polymers have been

ito be about 1% by weight. : ~echanically degraded. Viscosities, screen factors and
;, resistance factors reflect differences among the molecular

,Band sedimentation was carried out at 200C on 4 to 8% Na~l i (j :weight distributions. Note that native Polymers A and B
igradients containing 0.04 M phosphate buffer at pH 7. Sedl- i ~ lexhibit high screen factors and sizeable high molecular
tmentation experiments were conducted for 5 ppm and 2.5 ppm i 'weight tails in their distributions. For these polymers,
!starting-zone polymer concentrations. Sedimentation tim: was mechanical degradation results in a substantial reduction of
2 to 4 hours at 40,000 rpm in a Beckman L2-65B ultracentrlfuge screen factors and the high molecular weight tails. Although
with a SW-40 rotor. The position and shape of the polymer band Polymer C does not have a high screen factor, it is evident
after centrifugation was determined by displacing the tube that mechanical degradation is still most severe for the
contents upward through a flow-cell in a fluorescence spec- largest polymer molecules. For all three cases mechanical
trophotometer. From the tube and rotor geometry, rotor degradation results in a narrowing of the distribution, and
angular velocity, time of sedimentation, and solution (buffer) the concentration of the "peak" species increases. The
viscosity, the distribution in sedimentation coeffic~ent for molecular weight of the peak species is not significantly
each sample was determined. No effect of start lng-zone affected by mechanical degradation.
polymer concentration was detected. In each run tubes of
undegraded polymer were spun at the same time as the cor-

responding degraded sample. The data presented here confirm hypotheses that screen factor
(SF) is most sensitive to the largest polymer molecules and

Results and Discussion. Before degradation both Polymer A and the largest polymer molecules are most vulnerable to me-
Polymer B show roughly similar values of sedimentation. co- chanical degradation. A regression may be performed to
efficient (S), with peaks at 16 to 18 Svedbergs. Welght- quantify the relation between screen factor and molecular
averages for S are 20.5 and 19.3 for Polymers A and B, -weight distribution. The parameters listed in Table 2 are

,respectively. Both samples show rather broad distributions ~n results from a non-linear least squares fit of data from
's, but Polymer A shows markedly less material of low sedl- Table 1 and Figs. 1, 2 and 3 using the equations
mentation coefficient (S<lO). Polymer A and Polymer B both
contain about 12 percent-polymer witl1 S~30. SF-l = K1;NiMix (3)

1
Ipolymer C is distinctly different. The value of S at the peak i ~nd
1is only 12 Svedbergs. The weight average of S is 14.7, and ~ - ~o
ionly 0.8 percent has S>30. n = H1;NiMiY (4)- "0 1

lOne can convert the distribution in sedimentation coefficient ~here Ni is the concentration of polymer species i, Mi is the
,to a distribution in molecular weight using the Mandel-! i Folecular weight of species i and K, H, x and y are ~djustable
!kern-Flory-Scheraga equation i ' ~arameters. Table 2 suggests that screen factor lS a rough

) I ~easure of the third moment of a polyacrylamide molecular

- [ 11/3 3/2 ~eight distribution.
- S T1 J T\,NAM - -- (1): . . . .sn ( al-vp) :It lS somewhat surprlsl~g that Polyme.r C exp~rlenced such a

I tJ :large degree of mechanlcal degradatlon. Slnce all three

and the empirical relation ~ ~~lyacrylamides were subjected to the same shearing condi-
t ... !tlons, one might expect the molecular weight distributi<>n of'~ Mi = (Si/Ks)l/as (2), ~ Olymer C to be less affected by mechanical degradation. To

! xplain why this did not occur, one may rationalize that

~ i olymers A and B were not sheared long enough to attain equi-
here Ms~ = sedimentation-viscosity average molecular I ~ibrium or limiting molecular weight distributions. However,

weight .' fata ~resented els.ewhere (5,7.) .suggest tha.t almost all
I s = average sedimentation coefficient ln seconds : ~e~hanlcal degradatlon occurs wlthln a sho~t dlstance of the

En] = intrinsic.visc~sit~ in ~l/g I rolnt where a polymer enters a porous medlum.

~ = solvent V1SCOSlty ln polse ! 1N = Avogadro's number ' n alternative explanation may be that the degree of me-
BA = 2.5 x 106 I ! ~hanical degradation is sensitive to ~he c~emical environment
v = partial specific volume of polyacrylamide 1(5). . Although the solvents were ldentlcal, each polymer

in the solvent , Fontalns different amounts of catalysts, neutralizing agents
p = solvent density .nd o~ls as a result of the manufacturing method used. These

M. = molecular weight of an individual polymer ! lmpU~lties may affect a polymer's ability to resist me-
1 .

t hanlcal de gradation
speCles .'

I
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third possible explanation is that differences in the I 6. Maerker, J. M., '~echanical Degradation of Partially
istributions may have resulted from differences in positions I Hydrolyzed Polyacrylamide Solutions in Unconsolidated

of ionized groups within the molecules. Because of different Porous Media," ~ ~ ~ .:!..:. (August, 1976)
anufacturing processes, it is conceivable that one product I 172-174.
ay be essentially a block acrylate-acrylamide copolymer while I

the acrylate groups may be randomly distributed in another 7. Seright, R. S., "The Effects of Mechanical Degradation
polymer product. These differences could also affect a I and Viscoelastic Behavior on Injectivity of Poly-
polymer's ability to resist mechanical degradation. I acrylamide Solutions," SPE 9297 presented at the 55th

Annual Fall Technical Conference, Dallas, Texas, Sep-
he solid curves in Figs. 1, 2 and 3 represent calculated I tember 21-24, 1980.

olecular weight distributions for the degraded polymers. I

hey are based on a simple model which assumes that the proba- I 8. Shawki, S. M. and Hamielec, A. E., .:!..:. Applied ~
ility of a polymer molecule (of molecular weight M) breaking I ~~, 3323-3339 (1979). See esp. p. 3334.

.n half is proportional to l-e-(M/"c), where "c is a charac-
eristic molecular weight for the degradation process. After I 9. Holzwarth, G., Carbohyd. ~~, 173-186 (1978).
he application of a given level of stress, the new concen- I

ration (~l) of a given species is related to the original 10. DeBelder, A. N. and Wik, K. 0., Carbohyd. ~ ~,
oncentration (~O) by t 251-257 (1975).

I~l = ~O(e-M/"c) (5) 11. Klein, J. and Conrad, K. D., Makromol. ~ .!22,
A 1635-38 (1978).

oncentrations for the highest molecular weight species are J
alculated first in the model, and the resultant polymer 6!

ragments are then added to concentrations of lower molecular
I 1. h . Th f . TABLEe1~ t spec1es. us, ragm.ents have an opportun1ty to b~eak PROPERTIES OF NATIVE (N) AND MECHANICALLY

~a1n.as ~he pro.gram works 1ts.way down the molecul~r w~lght I DEGRADED (D) POLYMER SOLUTIONS
1str1but1on. F1gS. 1, 2 and 3 111ustrate how well th1S s~mple I

odel predicts distributions for degraded polymers. "c will I De d .. . gra at~on
robably be dependent on flux, temperature, permeab1l1ty, I C d. . P 1 A P 1 B P 1 C. b . .. d 1 . on 1t1ons t'Olvmer Ii t'olymer n t'olymer ~oros1ty, r1ne compos1t1on an po ymer concentrat1on. ---,--- --

I

. . f . d h . h 1 d I Core en a reserVO1r eng1neer 1rst pon ers w 1C po ymer pro uct b ' l . td . 1 fl d h 11 1. d permea 1 1 y,0 us~ ur1ng a po. ymer 00, e usua y re l~S on. . ata I md 265 240 274
uppl1ed by the var1OUS polymer manufacturers. V1Scos~t1es,

creen factors and resistance factors have been used as the I C
a~es f~r c~pa~ison. H~wever, availabil~ty of molec~lar I ~;~sit 0.19 0.20 0.20
e1ght d1str1but1ons could 1mprove the select1on process Slnce p y
hey provide a means of comparison that is independent of I Fl

olymer concentration, salinity, ~tc.. Although ~urrent .sta~e I ft3/ft2/d 73.3 62.5 72.5
f the art allows useful qual1tat1ve compar1sons, 1t 1S I

nticipated that more experience relating molecular weight I Rh 1 . 1. . b . . h d.. 1 . 11 1 . 1 eo og~ca 1str1 ut1ons W1t tra 1t1ona measurements W1 u t1mate y
I P . N D N D N D. d ' .. . h 1 1 . h rropert1es

erm1t 1rect quant1tat1ve compar1son. T us, mo ecu ar we1g t istributions may provide a more desirable basis for compari- I

on and could guide polymer chemists in synthesizing polymers V"1 . 1 . 1 d d .
I ~SCOS1ty,hat are ess suscept1b e to mechan1ca egra at1on. cp (@ 11

. .., 11 1 I sec-l) 5.24 2.98 2.45 2.03 1.61 1.45
n summary, molecular we1ght d1str1but1ons a ow a c earer
nderstanding of mechanical degradation and screen factor I I t . .1 . . h . h n r1nS1C
easurements, and they a Iowa greater ~ns~g t 1nto t e I . . th 1 ' 1 b h . f 1 1 .d 1 . 1 1 V1SCOS1 y,

~o ogl~a .e a~lor 0 po yacry am1 e so ut1ons., Mo ecu ar dl/ 40 22 28 20 12.5 6.8
e~ght d1str~but~ons could be valuable for compar1ng polymers I g
or enhanced oil recovery applications.

I Screen
f I factor 36.7 6.8 20,8 5.6 7.7 3.1
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TABLE 2 I
PARAMETERS FOR EQUATIONS (3). (4) AND (5) I

Parameter Polymer A Polymer B Polymer C I
I

x 3.35 3.59 2.16 I

K 1.79x10-5 5.11x10-6 2.08x10-6 I

y 1.38 0.87 0.66 :

H 1.25x10-3 2.01x10-3 2.66x10-3 I

Mc 15x106 20x106 7x106 I

I

1 I

Fig. 1 Molecular Weight Distributions lor Polymer A I

~ (.) Native polymer (experimental). I
i= ( . ) Degraded polymer (experimental).
~ (solid curve) Degraded polymer (j
a:8 .J... [calculated using Eq. (5)]. 0
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z Fig. 2 Molecular Weight Distributions for Polymer B I

~1 I

~ Ia:
... I

I-

§ I
w
S:~ 4 I

~ I

~ 2 I

I

00 40 45 50 iMOLECULAR WEIGHT (X106) , :

I
I

~
Fig. 3 Molecular Weight Distributions J~ 1 lor Polymer C ~
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