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-~ Stress decay characteristics of concentrated (0.14% - 1.03%) PEQ
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solutions were measured. Apparent viscosity loses of up to 50% weére
"
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recorded at 30°C. Shear rates rariged up to 1370/sec” Limiting vis-

ki,

cosities were found to be relatively independent of solutior history.
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Moreover, limiting viscosities could be correlated by a power-law mod2l

over a four decade shear rate range. -
. -Disk flow vas used to investigate the phenomenon of turbuient drag

reduction and subsequent mechanical degradation of dilute agueous solu-

‘tions of polyethylenc oxide. The relationship of drag reduction and -

degradation to the:molecular weight, solution concentration and tempera-

ture was investigated. -Reduced viscosity rmeasurements (which are a measure

of molecular weight ov polymer) were carried out directly on the dilute

~a

T

solutions tested,, -
It was found that the extent of initial drag reduction, except for
very 1oz concentrations, is.essentially independent of the polymer molec- -
ular weight for this particular apparatus. In addition, lower molecular
veight polymers degraded more slowly than higher molecular weight polymers

if cowparison was made in terms of degradation of reduced viswozity ratner T
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than in decrease of percent drag reduction. The results also indicated

that the drag reduction depends primarily on the high moiecular weivhi
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coiponents of the distribution. The failure of reduced viscosity it cor- K:
relate with drag reduction degradation was also noted. The rate of deavada-

tion of drag reduction was fownd to be very severe at hichar temperaluves.
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]; "It was determined that the shearing of concentratad solutions did not

cause any measurable change in drag reduction effectiveness and degrada-

tion characteristics of subsequently diluted forms.
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Many of the physical characteristics of solutions of polyethylene oxide

.

. ]
3 rd
z

are sensitive ;6 mechanical degradation effects encountered in mixing and

[N
< *
»

‘handling procésses. In particular, rheological properties have proved to be

surongiy dependent upon the mode of solution preparation (28, 29).1! That is

sheariin sction due to agitation during preparation can influence the meas-

TS N “M ) : <
b bl ec R dan V0, i Bon A, N

-
b _ ured rheoio;igal vroperties of a solution. This sensitivity to mechanical
2 :N effects is due largely wu the ratnér complex molecular structure of these .
= o solutions. Thus, even in relatively dilute solutions, a high degree of mole- fjfg
?T ki cular entanglement existé between: and within 1on§ chain polymer molecules. %Tg
: i: . ) Coupled with the existence of relatively weak and easily ruptured,intér~chain~ %f?
i" i ‘hydrcgen :bonds and thie possibility of actual. polymer chafn scission undéf~the ) ; é:g
; . action of shearing forces this leads to the so-calied "viscdﬁity IG$$” 50° :2§
1 often observed in ;oncgnt“rated solutions.. _g
;>-} T Thé priacipal objactive of this research- has-beeén: the determination of i3
;f 1: C: ~ . - the critical rheological .properties of aqueous so1ution§*of polyethylene oxide
; - ]j and the development of a.molecular inferpfétation of these properties, parti-
gﬁ‘ f; ]* cd]a?]y»as they may relate fo the friction- reducing characteristics p?~veny )
éﬁ s W dilute salutions. _ '
%ﬁ} ;: \}: - In the next éection,.g brief summavy of the results of the research cui-
gﬁ‘ﬁ . ]§ -ductad d;ring this program is presented. Section 3.0 provides a detailed ‘
%;? ;5 , ; . describtion of:instrumentai techniques and experimental ‘procedures. The re- :"_
i- 22 ]E . sults of the study of the rheological characteristics ef concentrated_ ?;u

R
e
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! Numbers ﬁp'parbntﬁeses refer to references listed at the end of this repori.

A P i
v . P ' “' N .

Mo ATy
, ,
,
,
]
¥
.

€% I‘
s ad o




v e a . [ L TN

T .- solutions are described in Section 4.0. An extensive investication of the .
o friction reducing characteristics of very dilute solutions is centained in ;
sit ‘ Section 5.0. Emphasis here is placed upon the inﬂj:enc_e ‘of mechanical «

- T degradation of friction r&duction. A review of the principle conclusions i
~ el - T - i :
- steming from these results, as well as reccmmendations for future efforts .

il is provided in Section 6.0. A niiber of anzlytical developments and data ;
summaries are relegated ktpq‘the appendices at the end ef this report. 5
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2.0  Summary of Results. - .

The pri-w.inal efforts_of this research-were directed along two

distinc® channels. First, was the study of the viscometric characteris-

tics of concentrated solutions, with particular emphasis on time-dependent
rheoiogy. The ‘second area-of emphasis was centered about the investigatﬁon
of tarbulent flow friction reducing characteristics of veﬁy.di]uté so]utjoﬁs.
In tHis case, the influénce -6f mechanical-degradation on polymer molecular
adigh. ard ?»f*;ioq redr:tionVCQpabi]it} received primary @tteptfon.

‘ ;11411 topics afe treated in detail in the following sections. The

purpose of this section. is to.provide a brief summary of the essential

resu.ts of thése studies.

21 Cohcenfrate¢‘36]htibn-Rheolégy. Y
| A?key»factor {n:déscfibing‘tﬁé-fheoIincn‘ characteristic of concen- -

tvated polyethylene oxide sclutions jS‘the recognition of théAimportance of

timefﬁepeﬁﬁgnce‘of”thpse characterisfics. In thié viork, (eiétive1y u;shearéd

"frash" solutions were prepared using the vortex mixer described in section i

~ 3.0, Solutions in the concentration range of 0.14% - 1.03% (by weight) of

po1ymgr~wéreuprepar¢d. Each soluticn was sheared at a series of constant
Shear rates rangfqg‘from 25 sec™! tq'137é sgc'l, and the time-dependent shear
stress respbnSerhgs recorded until a steady-state shear streéss response
obtained.. At that point, a series.of §te§dy-statexshgar stress :readings gt
SUCCessiver Tovier- shear rates viere obtained. A11‘expenjmegtsuwere con-

ducted at 30”C~;90.1°c;

The stress -decay experiments revealed that limiting apparent: viscosities

obtained after long psricds of snoar weve from 25 - 50% lower than that

3
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where 7 is the shear stress in dynes/cm , .D. thé Newtonian shear rate in

7 tion temperature.

- N " - - -

observed at the start of shearing. Stress decay rates, being due to com-

. p]éx;molecu]ariiate proceéses; however, did-noikcorieiqte'ﬁith simple

obtained after each §trés§ decay experiment revealed thaﬁ‘limiting viscosity
js essentially independent of the shear rate at which tﬁe %lu‘d—is "worked"
dqrﬁhg.stréss decay, buf‘dépgnds only upon the shear rate at which it is
meaguréd. This conclusion, of-c;urse;/is‘?estri@ted~toAthe.shear raﬁé

rath~covered” The limiting'viscosiiies indicated that concentrated poly-

-ethylene oxide solutinns -can be considetedéxosﬁe pover-law fluids in vihich

-~

shear stfess’is;given‘by the relation )

T eswt

1

sec™, and K and are-constants. Values of n vere found to be generally

iﬁ*thg vange 0.5-= C 6 fgr‘a ﬁiﬁé véniety of concentr.tions and polymer

___samples, even ‘those with vastly-different viscous propertieés.

. 2.2 . Erittidn‘kéducti&n inDiliite Solutions.’

Friction réchtfénistudies in this program emphasized the determina-

-<-tion-of the effects of fiechanical -degradation or the loss of friction redurs
ing capabilify. Degradétipﬁ~of friction reduction was observed in a thermo-
»étatgﬁ‘rotatiqg.diSk assembly for samp]es—o¢:ﬁ3R-205,=u$R=301,_and:coaguIant

'grades,of polyethy]eneiéiide as a function .of polymer concentration. and solu-

_ Except for very low concentrstions, initiél (tjme zero) friction

'_readct§on.w§s’foknd te be virtually inc~pendent of polymer grade and solution

.
:
K
"

-

mechariical models” for viscoelasticity. A comparison-of limiting viscosities
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‘éoncehtfation; ‘énttbeidthe? hand, the friction reducing capability 6? the
'16Mér’m61g¢§1ar weight grade, WSR—ZQS;.was found tbﬁdegrade much. more |
1f§pidly‘than>the higher molecular wéight'homo1ogs.

Initial drag reduction increased as a function of temperature in
ihearahge 309C~£ox60°c,“howeyer the'rate~of degradation of drag reduction
was found to be:very égvére at the higher temperatures. '

- ‘Aadit§0n§1 expériments wers conductad to determine the effect of

_‘sﬁgahing ﬁoncentratedso]utionsmbbn‘the drag reduction effect%veness and

dégfgdatibh'charagiéristics of spbsgﬁueﬁt]y diluted forms. In all cases,
“dilute solution drag }eduétjon'ch?facteristics vere found to be‘inhependént

gfethé:$§1uti9n~hf§tbﬁy\imho§cd upon the;cbncgntréted.soiution;
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z;§; . - 3.0 Experimental Techniques and Procedures
§,%. 3.1  Polymers Studied
a:‘ l% -
3 iy . . - <4 . L2 .
3 Three-grades of Unigon Carbide's Polyox were obtained -for these
;e experiments: -Coagulant, WSR-301 and WSR-205. A1l were samples of

- ) Adndustrial biends donated by the Union Carbidé Company and vere used

gﬁv B
,

as_regeived,‘wixhoﬁt purification and fractionation. A1l polymer -

tests dé§dribgd in this study have been conducted with the foilowing.

:ﬂmu,;“tp-&r“rﬁﬂ Y. :,giwu:

o b G

Ak ’"‘Q”"'}'y,‘.?j““ e ?F”"
=
3

gradéS'aﬁgabiendsfbf Polyox: » .

T ) ‘ : ’ ] Approx1mate
Grade- Blend: - Molecular-Height
_ WSR-205 1214-A-09° - 900,000
) > WSR-301 : " 1227-A401 5 1006-A 01  3,200,900.
= agulan ‘ §258-R. ; 3,500,000

3
T

.3
.

X Coagulant

: T

. The molecular Wejghts,given-ébQVe are ‘based on the iﬁtrfnsig viscosity
;_ff . - measurements made in this study: vhich are described later.

i ’ . ] >

"3.2 - Solution Preparation Techniques

'f‘ié ;iwoAhethods for preparing thé concgntrated‘"Masterf solutions.
% gz weitesﬁusedt These: were the Vortex mixer method- and the boiling water

. methédﬁ’

'3,2.1 Vortex :Mixer Method

This mefﬁodﬂﬁrovgd to -be suitabﬁe for the ﬁ}eparatiqn of con-

v tnona aled 1t
. .-(u:

ggﬁiratéd FEO“solutions in. bulk amounts (30-40 1bs). The system is -

‘,J

. R

powipmvre £ Aty or-
¢ T

shown schematically in Figurefl, A phigtograph of thg system is~givén;

:in:Figuré\Zf %ﬁe~éntire system is mouhted on casters for*pprtability.
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Plastic pipiny is fucorporated in the system to elimate any metallic

dggfadation.efféct on thé polymer. An-orifice meter is inc1bdgd to

‘provide a measure of control of the water fiow rate. In addition, the «

holding tank is calibrated in gallons. The -principal element of the

system is ‘the vortex mixér unit depicted in ngure 3. Tnis unit was ;%
donated- by the Naval Undersea Research and Development Center, Pasadend, %g

California and modified slightly to adapt to the system. The methud of

-preparation invelved the simﬁltaneous controlled flow of water and the
addition of a calculated amount of PEQ powder through the- vortex mixer.
‘ Bath operations were performed. for one minute. Care was taken that pow-
*, : | -der vas added at a-uniform rate during the mixing process to provide 2
hoﬁoggnedus soiution. . ~
The system is capable-of preparing master soiutions in the con-
centration range of 0.1% to 1%. Siace PEO solutions prepaved with

ordinary tap water are not suitable for making: repreducible physical

propertj determinat 3 because of possible chemical degradation effects

(is),-distflled vater vas used in all cases. Irmediately after the mix-
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RO

ing, isopropy) alcohol (0.5%) was added to the solutions as-a qegﬁgda-

1
&

tion retardant (17). Solutions were then stirred gently by a 12" di2-

meter propelier at 10-15 rpm. for one hour. The concentrated sciutions

b

were alloved to stand for at leasi a 24 to 48 hour pericd-in order io

.-
il

insure complete solution homogeneity of the solutions, Several samples

vere withdrawm from various levels of the holding tank and viscomet-

g
&

rically comparad. The results indicated soluticn uniforaity. .
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minute. At this point, the speed:ofxagitafibn vas reduced to 150 rpm.
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3.2.2 Boiling Water Method o

In this technique, soluticns were prepared according to maﬁhfacf
turer's specifications [17) with some modifications. A slurry of a
-~ighed amount of PEO (C grams) in 50 ml. of anhydrous isopropyl alcohol
was f{rét grepared. The s1urry vias ;firred in a 100 ml. stainless steel

beaker usinéia three-bladed impa1ler positioned as shown in Figure 4. A

prescrived quantity of bciling distilled water (594 grams) was then added

?mmediate1ytand~at one time. The mixture was stiired at 600 rpm. for one

and maintained for ten.minutes or-until the mixture developed a.sufficieﬁt

viscosity to exhibit the so-called Ueissenberg {or rcd-climbing) effect. .

‘Finally, the speed was brought down to 75 rpm. and a dissolving time of

about -on¢ hour was found necessary to insure complete solution. Approxi=

_mately 600-ml. Bf a 1% master solutions are prepared in this fashion.

These ‘solutions vere also_allowed éﬁ to 48 hiour .pericd to insure hemoge-

-nization.

3.3 Stress Decay and Viscosity Measurements in Concentrated Selutions
A1 viscometric measurements obtained in this program-vere: made.
with .a: Haake Retating Viscometer (Rotovisce). The Rotovisco is 2

:Coqette flow tjpe viscorieter (cup and bob system) with a circular gap

» . between co-axial concentric cylinders. The inner cylinder rotates

wﬁi]e‘the outer one is stationary. The arrangement of bob &nd cup is

‘shoun in Figure 5. A recorder is incorporated inte the system ia order

to study the time-depeadant behavior of the viscomeiric charzcieristics
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-of PEO'sﬁluticns,li,e.; the?decay,ef‘she5k~§tre§s (or Qis;osigy) as.a

-

fuiction of tire at & chétant’éheaf rate. ..
- ‘ﬁPielinﬁnary ékpep%mgnts were performed to establish the- range
of shear rates obtainable using the RotoVﬁsco; the particular problem
‘being related: to the: tendency of these concentrated solutions to be
uravn -out -of Ehe gap. because of theirjyisc031a§§ic-éharacfer. It vas
dgcidé@ to~ex£end~tﬂi$ range by employing the-bob and cup combination

withxthéxcﬁp~cp@plétely-fi]ied:With f]giﬁlang.capped:(see Figuré 5) in

“order tp:qﬁiéin:shéar“rateéihiéh.gnqhgﬁ,to:édequately~i11ustfate stress=-

dgéﬁy. Naturally, this change in geometry 1géd§_to.pos§ible:errors in

the form of egdféf?ééts; flow field perturbations, etc.

-

A check with a 'viscous,. Newtonian-f uid; glycerin, “indicated

‘that the effect using fhe'MVI‘system<was négligible up to_a shear rate

of about 1370 sec,™’ The results of this .experiment are listed in

-

‘Appendix 1 vhere the viscosity uf'glycérin datermined with the apparatus -

‘fiiled normally is cbmpgrgd‘go'fhat with the _cup- compietely filled Bnd
capped. In addition, Caitalations (SEe-Apﬁehdix 1) show possible end
éffecis:to‘be no greater than on the order of 3% in the case of :

Newtonian fluids.

Thesg;determinationS:céhnot, on the other hand, be automatically

assumédfto ap§1y to the non-Rewtonian, viscoelastic f]uid; pf primary

‘integesf'heyép It has been skovn, for example, thatASuppression'of the
Weissenberg effect by enclosing the sample 1zads to the Gevelopment of

“certain secondary fiogs (49). Such perturbations to the simple A
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?é x- Couette-flow essential to the interpretation of the experimental data
5 B = in terms ofafundamentafrﬁnits could lead to unacceptable errors. In
: : - A order to sﬁed‘further Tight upon the extent of the prablem associated
with completely enclosing the sneared sample, 2 plexiglass model of )

the RV cup was constructed to aliow direct visualization of the flew
field. :

The. floiv characteristics of the system where studiedTby,suSpend;

e G 2Pk '“.'ﬁ.m“.? \
POV AT L T S5 2t WA T b
3
\

Sy Qe

q,

irg dtppigtsAéf'thg-dyethddaminé B-at variops locations throughout

5.

AR S W RS
KT IE oy a 0d

E the~§ysiem:and ﬁhotqﬁraphftaﬂXy.observing the dispersion of the dye
i; iﬁ asybseqyeht tp~§he:start;bf*shEaring.. Some typical photogréphs illus-
3; ;' 1rating the dye dispersion énd the flow field are'showp in Figure 6.
gg - The primany‘featuré notéd is'thit within the annular gap between the
i? jﬁ - outer stationary cylinder and the inner‘rotatjng gy{inder the flow is

gssentiallz Cgustte-floﬁ. This is effectively illustrated by the dye

patterns visible in the Figure. There are, however, sécondary flows

Brimemd

observed which donot show up in the photographs. Dye originally

00 T v ORI
g Aatis 83 Wit A s
)
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‘

-; j; placed above cr belgw the bob is immediately drawn in;o the gap when
Bs the bob is rotated. That this is not simply a starting transient is

A
ored

confirmed by the occasional movement of small stray bubbles into and

e :
5} out of the gap during the entire course of the experiment. The signifi-
4 - cance of these secondary flous."especially with regard to their influ-
. - . . . .
. ‘ence upon the stress decay measurements will be discussed in Section 4.0.
r :
,i Each experiment was performad in the foliowing mannper:
T - _ &. A solutionwas prapared i the voriex wmixer as previously
3 - . , 7
dssciribad.
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'b. Each sample wé; then sheared at a selected rate.l After
so@é period of time, the applied Sﬁear rate was reduced in »
steps to the .minimum rate»yjelding é measureable shear
stress. Each sequence proceeded according to Table 1.

c. Each sequence was performed on a fxggh_(unshearéd) sample
prepared in the vortex mixer. A .

d. The initial rate runs were designed to provide a quartita-
tive measure of the stﬁéﬁszdecay eharacte§i§%icsoner:a )

- fairly wide range of ghéar rates. ‘
e. The step sequence runs, most of -which vere free or stress

decay vere included to illustrate the influence ¢f shear - . = |

history on apparent solution viscosity.

S L PRI LV AT A AR ke

e
Pty

f. A1l runs were conducted at 30.0°C + €.1°C.

b

The results of these experiments are discussed in detail in
Section 4.0.
~ The effect of shearing concentrated solutions on/thg frictionral
drag reducing qhafécteristics of their sﬁbsequently diluted forms is
discussed in some detail in Section 5.0. o
The concentrated solutions studied in this fashion were sheared
in the Rotovisce 25 §escribed above. 1In this case, however, the temper-

ature range for ali tests vas 22.5°C to 24°C,»depending upon room

temperature.

"1 Shear rates are estimated assuming Newtonian behavior.




~Tab:le 1.

Initial Rate
Rate (sec™")
- 1370
685
457
228
152
76
51:
25
17
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685,457,228,152,76,51,25,17,8
'457,228,152,76,51,25,17,8
228,152,76,51,25,17,8
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3.4 Turbutent Flow Rheometer - - .
T The turbulent floi rhaometer (TFR), shown schematically in o

i
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a Eigure 7;-uas constructed for the study-cf’pOIymer soﬂu}xon.drag reduc-" -

dae

fng‘ana degradation gharaéteriéticéi“A photograph of the system is -

oy

! 1
a8 e e

-~

giien_in—?fgure’B. The main dimensions of the TFR are shown in

_ngung Q. The apparatus consxsts of- a smooth and- po11shed d1sk madé

-
s n 3 2 vs,

of brass, rotating in a«closedihou51ng.of_10” 1.D. and 6.4" in.depth,
with a volume capacity of‘8;241iter§:pf~solﬁ§ipns.V_?be'disk rotates

in-a~p1ane Symmetﬁica11y~in~the:m%&dfe€éigihéuﬂous{ng. Two disks

5

! +
RN
. . o
v AR AN ot ar i ot

- ‘vere used; ‘a-5" -diamster d}s?*at 1300 rpm.  and’ a 6" d1ameter disk at .

?a‘k“;'[' ‘,"'v s
gu‘ '
[l
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AT e
AR

1790‘rpm;. ‘The first disk vas used for most of the tests, mhx]e the - ;“

i

T seond-disk was used in the~{atterpart of the program o study'ﬁhe ) R

at

PORTR L0 ST Y0 LA L

Vtemperatare effects on the drag reduction and degradation character-

0
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L
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isticsi Corresponding Reynolds numbers were 9.6 x 105 and 1.29 x 106 o

'p’*‘)fﬁ".li
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(based- on physicak properties of vater at 3096). .
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The}principa] element -of this system is a ﬁaStei'Sefvodyne g :’

L1 CROwo

.

labpratony mixer~(supp1ied,py»thé Cole-Parmer Irstrument Company).

e
et

The unit consists .of a motorand 2 contro] unit. The maximum torgue .

IRt ti A

output of the unit is 48 .nch~ounce. The contro] unit s provided -

¥

R

B T R L 17 W LT

with a visua] torque indicator calibrated in millivolt-output. The

unit has the built-in capacity to <eliver a variabie torque equé] to :

the demand rate. of the Toad vhile ma1nta1n7ng a preset speed-at a con-

stant 1eve1. The s,stem 1nc,udes a potentwometr1c recordbr.
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N ' The mixer- is mounted or ‘a heavy -duty stand to- reduce \nbre-
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R mercury thermometer incorporated in the system L

" tional. interference.
Solution

{s used to detemine,solutwn temperature during each test.

temperature is eontrol'led\by"circu]a’cing water in a jacket surround-
The: temperature-of circulating vater is ' )

"'iﬁg the clused test chamber.
regulated by a constar.t temperawre bath provided mth a“therfroreg Nator.

L

- _]’he inner housing containing the -test solution is r.*adf:‘of ‘brotize to

e

* encure- good heat transfer’ characteristics. -

- veading 'f'}'.‘ @ vater

" Wy
e
.

7 A The expermenta‘l procedure cons1sted of sett'mg the -disk into . 72
1 :  ; motmn at the veauired speed (1700 rpm. for the 6" diameter dlsk and sf%
7 . ,71800, TP, forf'the g¢ ghameter -disk). Initially the housing conta;ned' \ . §
‘:porei distilled water at a particular teriperature (30°, 45°, or §0°C). ;—:
”"‘ As in the preparahon of ‘master solutions,: distilled :ater was used - é
?«’ ) o for drag reducticn tests, to eliminate th.. possibility of chemical _ : : ' - g
;’* degrédaﬁon occurring sfmul,taneous!y with machanica? degradation. As - ‘{;
2‘ ‘ : the Ssteady state wes rcached (which. took 10 to 15 minutes}, the torqun L j
« . distilled water zas recorded. The desired polymer concen- v ;;i

§ f 'tratt'irn“was then -obtained by injéctiné the required -auantii:y of concen- ¥
;j E B trated so'lutwn into the test chamber through- a ﬁttmg at the top of %;
'” gf i ;housmg; The mstantareaus decrease in drag and the degradation of *
g%’ T this effect 3-:es recorded for a period of time. é
x" ; The .terbperathre for all tests was controlled to an accuracy of ; ?{
gei' . + 1°c. After '_eac,h test the test chamber was emptied easily thron.:gir a ' ’ g

oy
i

f g, " drain-cock in the bottom 6F tie test chawber. The housing was then
; ‘ !
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flushed twice with water to. ensure complete removal of the polymer
, solution before another test was made.

The effectiveness of injecting master solutions into the test

L \1 ) ~chamber was evaluated -by conducting two identical tests with 100 wppm.

;: 0 of Polyox HSR-301. One cf the solutions was made by injecting the
- ~master soiution-as described above. AThe other solution was prepargd
. ) - cutsideiin a,poiyethyIéne‘vessélz _The_dfag:réduction ah& degrédatipn
;; * - éharﬁéteyjstics of these %wo solut%éqs viere found to be identical.
- . Samples. for the measurement of irtrinsic viscosity (which is
* - described inASEction 3.5) were withdrawn through the injection fitting. -
:: . “The 'samples were withdraun from the TFR using a clean plastic syringe.
- Tﬁe=samb]e§ withdrawun represeiited a radially averaged sample by virtue
- ‘ of the turyuleht mixing occurring in the rheometer. Tn éhe average,
:: , four to fiQe samples were taken, each‘samptg having 2 volume of about -
b e tenml.. Thus the total volume of sampie; taken out vas less than:

i: - 0.5% of the total véﬁume of the test sclution (8.2 Titers) in the test
o chamber. Each time a.sample was taken out, it was replaced thrﬁugh

= - another syringe with an gqua1 amount of-distilled watef sc that the

é: ) - chamber. was completely filled at all times. This had a negligible

. ] :effecivon.the solution concentraticn. ' )

3 Ei : o 3.5  Charvacterization of Dilute Polymer Solutions
3 3.5.1 ‘Viscometer '
: A Cannon-Fenske routine type capillary viscomcter was used to

measura th2 viscosilies of dilute FIO silutions. The viscesities of
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the dllute po]ymer squtwons var1ed between 0.8 and 1.1 centipoise.
The: ASTM Standard Method of Test (2) recommends a size 50 viscometer
for v:scosat1es ranglng from. 0.8 to 4 and, accordingly, a size 50
was hseh.fbr~this stﬁdy. ‘

The. caps]uary viscometer was_immersed in a constant tempera-
turé “Temp-Trol" Viscosity Bath. Ihe bath was filled w1th Nujol
heaVy‘mineral,oiI: The temperaturevw&s contrd]le& with a thermo~ -

regulator, uhxch gave an accuraey of c25°c. The vertical alignment

of the v15com°ter vias Gone by eye.

A Hew]ett-?ackardiﬂuto’Vlscdmeter along with a phétoeell-lamp
de;é;ﬁq? aseembiy vas usedytb,automaticaIIy measure effluk times of
Tiquid-samples ih'ihe‘eqpil1a&y viscometer., The times vere recorded
with an eccéreqy of .Glngecond. The*tﬁe.phdtocell detectors were
installed on the two-etched’marks on fhe.capiliary.vfscometer. The
use ‘of ‘photocells e.iminated.manual errors in measuring the flow

times in the viscometen. The Autoviscometer also operated a pneumatic

-pump” vhich suppl?ed a very small pressure for automatic influxing of

-

the sample. -After each measurement, the viscometer was imrersed in a-

solu*lcn of technical acetone and uried ww‘h dehumidiffed air before

the next use. : - : : L 3 .

3 5.2 Cap Tary rlew Pe]atxnns - .
The, Haaen-P01seu711e law for ]amlnar flow of Ncuton1an fluids -

in aecaglllary is g]ven by: .- S

IR

-

"y

B iy S SO AR A B

.
%
#
d
1
t
(]
i
g \
%
L

s ap e v e

BT R ATTP T) (PN 1Y s & W TORTPY, SN OREE et L T

¥
okt bt

P

s DY

e L

AR, b

]

VoA o,
WS

eé«e&i‘kmmmﬁ

oy

s

et
32 W

]
EN

é‘..Q;.‘W,‘;w'ému@a@.ﬂw;}:ﬁmﬂiv




Do

v e e o B -

~

- B 7/

3 - AP w ROt
(1) n = 8 QL

where ‘ L = capillary length » )
Q = vqumetifc»%]ow through the capillary
during time-t
R = radius of~cqpij]any

The pressure .drop AP is due to the difference in the hydrostatic heads,

which varies continususly as the test'SQmpie'fiows down. Therefore,  ~

- the:mean logarithmic difference must be. used when the drop is comp:ted -

frpméthe<hyérgsta£iq heads. ‘Tﬁus: I . -

I by -h
. : D = . 1.
. - hi

Since the flow rate gf:wa%er is greater than that of the poly-
mer so]uéﬁdh‘fqt fhe;samé:applied gravity~drijing héqd, a greater
proportionxaffthis:drivithhead is u;éd up in accelerating the wate;
frem rest'than;ih the éase of polymer solutions. This neccssftaieé

the application of "Kinetic energy corréction“.}:Fpr the liguid
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sample tested the Kinetic energy correction was negligibie as shown - §
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(3) : 5- ) n“. ,:-GE.@; " . . :

. where o hy - By

il ' ey,
SNCLASCTREN W R WS

)

Wk "R

¥y
T ¢
A
1
T
>
1t
e
[
s
]
‘
*

L
14
l
t
o v
£2
(g
¢
o

apeoy JAGH]
o
'
{
[
i
[
R T
PRV PSR TIN T SPN ST ¥ RO T

-2
4

(\." )
k.




SRS S me farn ;
T TR R A g s

. & ,.o -3 "0 A ﬁw»~wgaéw4« S ;z'\ @;%}"‘%{ AP A I P« -‘3), Q;’;‘"V"\v e

A ~ . T A 5

H - ~

i
I‘
*
)
1 2ok AR

p .
N e i b A,

_ Since measufements were made on dilute solutions the difference in
densities between water and polymer solutions was small enough to

ignore, The relative viscosity, nys-is from (3); ' .

’
1

- n t
) n P __p
r ng s

‘y'a.h_ere subscripts p and s are for polymer sp'lution:and\\water, -

o St * .t
b b s s o

respect*vely. . o ‘ -

3 5.3. Intrusm V1scosuty and Holecu'lar !ie1ght Relations L S
Thevi scos; ty wmethod -of mol ecu'l ar ‘weight determination was ;

5gh§sen ‘because: it. is the swmplest of all the methods available. The

parameter used to measure fie viscosity effect of a polymer is the

Intrinsic Viscosity, defined as:

mp {0 - ng
9 Cns : :
0 -

« P ,
N Wladr g P v ’ “
PEYLET0E LAV o' 110 ORI T s wad k. e

AN

‘B

{ o 1
) o - D~
‘ _ Co

‘x
s

where np(D) = polymer solution viscosity at shear-rate D : =~ = |
= -solVent viscosity at the same tempcrature -

- C = . gppcemtratibn of solute {am./d) .)'_ : -

[

wn
Ll
D S A Y
m».nwuui:‘...flemea,l.\‘».nf'en L

- _ D = shear raté for viscesity measurement in

N L (Sec.™?)

1
'
{

a2 b

T ,
‘Since the: concentration.is usually exprecsed in cm /d]., fn] has the

.

/
tdot) ik %‘i’dﬁ

NS
Wi AL,

units ‘of di./gm: .
S ThE intrinsic viscosity is taﬁk'e‘n as -a measure of 1he. h)}dro-ﬂ i ' .

i
LAV N

dynemic influence of the dissolvad polymer wolecules on the flow of
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E3 ~solvent. It rep%eseni:s thé force necéséa[ry t6- drag.the molecule j
[ = - through the soivent; and- hence the larger <he moleculé, the higher §
‘. | 4 f " ‘the intrinsic viscosity. - .o R i
- j;, o . Patefson (16) states "the 1imit of zero shear raté should be Q
T - “takén to eliminate the effect of shear rate on the deformation and é
i f c ~ orientation of the random coil since this deformation and orienta- ﬂ
! :n ) — “tion -changes the solution. v%stosi‘ty::”' He fbﬁné'-'a. §t‘r’~ong shedr rate 3
:3 N ‘ dependence of " v1scos1t_y of dilute PEO solutions at very Tov shear : \g
1 i T J;ates @]ess than- IQO" Sec.” ’),. Vamous investigators have expresser . "}f
% o : di'fferén,t 6pim‘ons‘:or§:1the subject: of‘shear dependence of viscosity of %
z = _©_ -dilute PEQ solutions. Available reports conflict with one another. . : A 3§
AN T P -3
; - Fabula (7} observed shear dependence for 1SR-301 only above gg;iﬁeﬁf’f; §
m « tions of 100-wppm. using & particular viscometer with an approximate é
- : : wall shear rate range of 130 to 1250 Sec.”}. However using a different ‘ %
i - . type of visco'rpéter,_ which gave much lower shear rates, he found ethaft ) _ [
- = i - the intrinsic viscosity: increased. Virk (27) observed the shear ' ; f
;_ j :: . . independence of viscosity for 500 wppm. of HSR-301 in the shear vate - 3
f‘" S - range of 1-1060 Sec.'l._ The availabli. instrumant capabfhtm were “f
2= gy
L %) o . - Vimited and the phenomenon of shear dependence at very Tou shear %
”' ; f; E ‘ ra‘tes‘cqu'ld not be estabﬁshed The aoproxmatc shear rate vas : :j
f i - o 1216 Sec.” %, ~a* shO'-m in Append1x 111, j 3’
g’ : ) : - o Paterson \16) also states ..hat an extrapclation to zery concen- ;
?, i‘; T tration is.not rerguiréd ‘to find [n)if meastivements of thé reduce‘d - s 5;;

- - - - - ~ . -
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~ Reduced viscosity values in this study have béen corrected -as described-

-Hgyevér;’bgcaﬁse»éf the possible shear rate dependence of viscosity of

-molecular-weight relation of the form: A .

- n. -0 : - -
viscosity,. —425=E;§f-—3 are made\atAsuffféigqtlyflow-COncentrations;
A’smgi] gorrect{bh ié applied for the fact that the measurements are
made at small -but finite'copgeniratiOns. The corrected and uncorrected

valies. of intrinsic yiséoéfty are related by the relation (16):

©@ 100 ([3}y - {n} 2714 = d0cln], ;
where- Eﬁju = uncorrected intrinsic v%séosity
- ' ’,[ﬁjc = corrected intrinsic viscosity

»

abcve, the -extrapolation to zero concentration not having been made.

diiuté(PEﬁ solutions at ven& Tow_shear rates, the values obtaipéd for
reduced viszosity may not be reliable.

Flory (8) shows that linear polymers obey an intrinsic Qiscbsiﬁyé

LAY

(7) td]‘ = R , .
Where M is the m01e¢u1an weight of the solute .and K aiid a are constants ‘
for a. given polymer-solvent system at 2 givén temperature. 1 the pon:
mer is heterogeneous, i.e., awide spectrum of molecut&r veight distri-

‘bution exists, then an average molecular weight should be substituted-

for M-n the above equation. By>definition;'thi5'is the viscosity -

average mé]ecufar.weight denoted by fiv. The method of ]igﬁ%iscatterihg )
(24) gives. the wéiéht average,mb]ecu13r weight ﬁﬁ} which car be related )
to(fﬁg intrinsic Qgscosity’ y the re1atio§: ) ) 4 -
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- a
(3) = ] = K
- - - In the-above efuaiicn K and a would be different from the values in

equation {7). The results of Shin (23) and Bailey (4) for Polyox in

distilled water are:

S (9) {n) = 1.03 x 107 7078 (shin, at 25°)
R ¢ 1) [r] = 1.25 x 107 m0-78 (Bailey, at 30°C)
E_E‘ , The constant found by Shin is thus slightly lower than the value

~%’§?7 _obtained by Bailey. As difteirent commercial unfractionated sampies
‘;;.~ o of Polyox were used by the two investigators, the dif<erence in
S — )

& * Constant, K, may be due to the different molecular weight distribu-

tions. Shin's relation was used in -his study.

5 - Paté&sbn—(lﬁ) shiows experimentally that Shin's relation is :
B e also valid for degraded solutions. The samples in this study were gé
Fo )
i»} taken directly from the TFR for molecular weight measurements. In ”%
'Z’gf : ' this respect this study is similar to Paterson's work except that his ‘7§
ﬁ;*‘ system involved pipe flow instead of disk flow. This procedure of /%
E i taking the sample dircctly out of the rheomeier permitted the study 5§
[ of the process of polymer degradation in the turbulent flow and its ?;
B e ’ effect on drag reduction. 3
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4.0 Rheology of Concentrate Solutions.

4.3 General. . o

" Rheological data have been .obtained over very wide ranges of shear
"stress and shear»réte for ‘high polymers. Typical flow cUrve§>¥6r

various ideal rheological bodies exhibifing no yield stress are présented

in Figure 10. Line A'repiésents the Newtonian fluid for which the

'?igcosity‘is constant,. independent -of shear rate. For many polyméric

_.materials,. the relationship betvieen shear stress and shear rate can be

?égrésented'by a “"power lau® of thé,form . R

-~

‘over a wide range of shear strésses. and shear rates, where T " the

shear stress in dynes/cmz, D is the shear rate in sec'], K is a constant,

and n is a constant less than unity. Such a relationship is depicted

by curve B, and a fluid exhibiting this ‘behavior is called pseudoplastic

~ These fluids are termed dilatant or shear-thickening. For a Newtonian

fluid, of course, n is unity and K is the ordinary Newtonian viScosity.
The apparent vi;cosity, vhich is the ratio of the total sheanjng streés
to tpta] shear fate at a given rate of shear fs exemplifiud by the dotted
Tine shown on Figure 10. -Hence, for a case in which Eauation ( 1)

aoplies, the apparéent viscosity; n , may be written

(2) no= § e o

.

or shear-thinning. For a few fluids, n is greatér than unity (curve C). ‘
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The curves -A, ‘B, -and.C of Figure 10 refer to steadv—state effects

and are considered. 1ndependent of time._

irreversib1e.
exh1b1t thxxotropy ‘The apparent. v1scos1ty of a th1xotrop1c fluid

“:decreases with t1we from an 1n1t1a1 velue, N » to-a finai limiting value,

ﬂ.l-'
“from the dependence of e1ther fip Or 0, 3 2 funct10n -0f shear rate.

constant rate of - shear obtalned on a pseudopiast1c emulsion in a rotataonal

,viscgmeter, Figure 11 (b} reveals that the sheer stress-twme relation-

’ sh‘ipris a: logarithnic one.
represents,a'fﬁrsﬁ drder oecay rate and>is:qefte cormioniy observed in
- 7 thixotropic fl@fds (26) Figure 1% (26, 35) shous the variation»with
shear rate of the apparent viscosities corresponding to zero time and to
in?%nite time of shearing for the same system depicted iin Figore 11.

~ In general, the apparent viscosity of a. thixotropic substance is

reduced from ng to The characteristic

reversibility:of thixotropic substances is manifested by the complete

recovery cf the apparenk viscosity f*romn°° back to Ty after :omevother,
*sﬁnspecified,vpefibd of time. ‘Subsequeot shearing reproduces the identical
result with no hysteresis. ‘
Figures 11 ahﬁ 12, theraeparent viscosity is reduced from n_ to

several seconds, while about 8 hours were nceded. for complete recovery.

Bl S T vt o

However, many po]ymerlc flulds

;\exh1b1t t1me-dependent flow effects that :can be either- reversible or -

Materials whose flow effects are revers1b1e are said to

Flow curves such as those depi cted in Figure 10-can be constructed

F1gure 11 (a) (26 35): shows a recorder trace of stress .decay at. &

This logarithmic Stress decay behavior

in some variable amount of time.

In the example cited above and depicted in
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_%é On-a microscopic d?»mo]géuiar level, orientation of molecular chains,

- “as well 38 disengagement and reformation of molecular entanglements

o ,pljygfan5important‘roie in pseudoplastic flow. }hiXOtropy undoubtedly

;i - jn#plves‘sjﬁilar phenoménaigs'yel1-as the’rubture o vieak secondary Sonds

- (suchtag-hydrogen bonds) between:moiecﬁTes. Furthermore, thg‘combihztién

2

~of these events is such as to require a“finite time. This effect nust of
-~ﬁe;essiiy be a highly complex pﬁe,\since,the number, distribition, and

:relaiive~stren§th:of these boan.must*Vary throughout the fiuid, The

‘F

existence of‘a'iimfting viscosity, m, ., can be taken to imply that at a.

J

X

given. rate of shear, there exists an appreciable number 6f such bonds

. ‘(aﬁdAoiher~qoh?%gurafionalAbarrier§ tc‘furthgr sttgss—ﬁecéy) ithose ]

1

_§freﬁ§§h is equgiitﬁ or gréater than the -applied steady-state stress.

¢

r “ M
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4 Thixotropy. is.frequently discussed in the literature, aad technigues

wl

‘have ‘been developed. to provide a semi-quantitative description of thixo-
© tropic changes (36). Irfeversible time-dependent effects, however, are T

infreduént]y treated. The irreversible decrease in.@iscosity noted in

N

y A ® '
o . : ; s g
RSt a2 3 et e ek AN

some -polymer f]giés subjeqtedvto high §heaf environments is’usually
associatéd with chain scission (4, 37 ). :On the other hand,. visccsity

- alse drops as a result of disentanglement and the reversibility of the )

>entang1emenf¥4i§egtanglemgnt process is by no means established (37, 38). §
it has been pojngea Gut {39} that there is no obvicus cause for reéntangie-r Lé

: ‘ - - . 2
-ment at rest lo be-as.marked as in the polymerization process, or as T E

y

severe as disertanglement under shear, ; ‘ C B

Elastic behavior of some nolymier flwids is also the cause of a
nurber of time-debenﬂent‘éffacis. A viscoelastic fluid is dﬁe éhich

possesses a certain elastic character in addition to its usual viscous

u
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§§~N _ prﬁpertjes. The wellenowﬁ-tendenCy for viscoelastic 1iuids to flow in a ”?é
- _ direction. normal o the direction.of shear stress--the Nei;senb?rg Effect-- ~:§
i is an example of such- behavior due to the creation of normal stresses _‘§
i:_ witﬁ%n»éhe fluid: Another example occurs when a viscoelastic material o - ’}E
. " enters a capi11ary. Eiastic stresses develop as the fluid converdes at \é
- the inlet which relax as the fluid flous fhrough the capillary.. The ) : %
T o magnitude -of the stressés and the relaxation time -depends upon the fluid '?ég

T and the geomeiéy.of'the Capi11ary.r Stress relaxation phenomena in general *_ §
J; . occur:-when & viscoelastic éhbstance‘is~sudden}y-brought to a given ) *5%

r dgfgfmation.d The stress required tc'maintain>this deformation deéreaSes - ‘1§

T with-time. 3Tﬁé'micr05cogjc factors Tisted abové can also be used ic T ;

£ explain, qualftagively,‘thé viscoelastic béhayiof of -polymer fluids. } ;g

ié - Thus,'V€sé§metric data represent the joint contribution of several ' °: :é

T -effects, "among vhich mﬂstibe included thoserwhich are manifested by the - : :iﬁg

0 tim;:dependehcy of tﬁese ﬁafa. The above discussion has been 1imited te . f%

zé several specffic rheological phenomena. In the next section, the concen- ;%

]f tfatgd solution rheclogy of polyethylene oxide WSR-301 is discussed in ‘;

‘j theAl%ght of these phenomena. 55

¢} .3

’r' 4.2 Rheology of Concentrated PEQ Solutions ‘;i

EE " Interest in the viscous éharacteristiq; of aquecus sclutions of the 7(%

j‘. = homo]qgous series :0f polyethylene oxide polymers has beEnjhigh for many - %

asi,_;“_ years, Bailéy and his éc-workers (28) reported rheogragsq for PEC WSR-30% o é

.
&

-

v v cim
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f
f
e
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A

1. A diagram illustrating the shear stress response in a sample as a
function of shear rate is sometimes called a rheogram.
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water solutions up to about 3% (by weight) polymer over a range of shear

© randet N v

rates from 0.001 to about 10,000 sec™). Rodriguez and Goettler (32, 33)

1

Ao uts gty caralnos -

obtained data up to about 15,200 sec’l for PEC WSR-35, -205, -3C1, and
"Coagulant" water solutions as high as 10% (by weight) polymer. They

vt

used their data to test a r.imber of models for pseudoplastic flow and
to develop a two-parcmeter mudel yizlding a good fit to the data over
five decades of shear rate. Hoyt and Fabuia (14)reported rheograms for

PEQ (MW 4x106) in water over a low shear rate range (0.1 -10 sec'], .

0 -0.1% polymer), and a high shear rate range (10,000 -1,000,000 sec'],
0 -0.01% polymer).

In addition, various workers (4, 5, 10, 16, 28, 29, 30, 34) have ncted

a0V e S Sepdr et v moyy e S rabail,

- the infiuence of mechanical agitation or. the viscous characteristics of

watenias g

tv

3% contrated PEO sciutions. Primarily it is noted that measured viscosity

Lt a0 S0

- levels are strevgl, <<pendent upon the mode of solution preparation and

sy
L 3
3
j5

3

£

x

>

.
=

33

kY,

R

¥ that the viscosity of a solution can be altered by stirring, pumping,

D
B A PERMAT e pth e

and other forms of agitation. It is also well known that fresh, unstirred
“- samples cf concentrated PEO solutions exhibit the classical characteristics

= of highly viscoelastic fiuids such as rod climbing, elastic recovery, die

boaa vt
TV % 0 S0 SNt

NV

swell, etc. Furthermore, these are observed to decrease as a result of

™ continued agitation of th2 soiution. These observations introduce anothar

PR
wiv st k)

more complex element into the rheological characterization of concentrated

sotutions. Thus, although the non-Newtonian (shear thinning or pseudo-

LIRS TRERY J9% T A0

- plastic) behavior seems to be fairly thoroughly documented as noted above

the tiwe-dependent and viscoelastic flow characteristics implied by the

; apparent influence of mechanical agitation on sclution viscosity and visco-

‘

UL TRIPA, VI RN YL S

{

elastic properti=s has only been qualitatively noted.
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; It is clear, therefore, that a compiete rheological characterization . E
% ‘r of concentrateu PEQ solutions must include a thorough delineation of 'é
'% N  these time-dependent effects. It is also imporiant to note that the é
é% i quantitative pseudoplastic flow properties alluded to above probably é
;% ji represent the steady-state limiting viscometric data--a fact which is %
§§ .- not explicitly established in the references cited. In addition, it %
i% ) must be recognized that even such 1imiting viscometric data could be g
: jv influenced by the shear history experienced by the solution during the é
. preparation and handling procedures prior to the viscometric measurements. %
EE - This is particularly true if the shear environment during preparation and E
gf - handling is more severe than that in which the viscometric measurements ‘g
gf& - are conducted. This last factor will be discussed in some detail later. é
;;j ;i In the following sactions, the results of the research conducted i . %
%i; - during this program directed towards the resulution of these questions ’%
i%gs < and the delineation of the concentrated solution rheological character- é
?f ;T istics of PEO are presented. E
;:% ” ‘4.2.1 S;?ess Decay Lharacteristics of Concentrated PEQ Solutions %
;QE - A detailed description of the4instrumanta1 techniques and experimental ) %
}‘é' b ) procedures utilized in this study of the stress decay characteristics of é
A% :: concentrated PEQ solutions has been provided in Section 3. In sumuary, the *E
i - purnose of these experiments was to develop a description of the concentrated %
= aqueous solution rheology of PEG WSR-301 with particular attention to time- %
:t dependent effects. :
-~ ~ The first point which must be firmly established in any such analysis
" is the significance of time "zero". Ciearly, if the rheological properties

= e a T o ety ,H&Wg,r,';..rmﬂif“;;;;‘(,q‘;,gv‘:\‘.‘»di.-A.,w‘).-.; N A e A .
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R change with time under shear, then any such shearing during preparation or
s F .
g & ; handling may alteér thg rheological state of the fluid. Under these circum-

E .- “stances, a sample undergoing a stress-decay experiment nossesses-a "solu-
¢ E ) )
2 tion history", and the state of the fluid at the initiation of the experi-

ment is some {unknown) function of that history. Because of this uncertainty,

.- all solutions used in stress decay experiments were prepared by the vortex

mixer method also described in Section 3. This method provides for the

rapid dispersion and dissolution of polymer powder with a minimim of

AELLR A
1Eiry "oty
, r .

o 1_?‘5" w'.,?t“-ﬂ X S

*> mechanical agitation. Of 211 the prepe ation techniques described in the
£ literature, the vortex mixer method probably comes the closest to yielding
g? - a final produ~t solution which can L'e considered "unsheared®. Therefore,

- the stress decay pruperties reported in this section are considered to he

characteristic of previously unsheared solutions.

In the first sequence, stress decay measurements were made on PEQ solutions

at concentrations of 0.24%, 0.36%, 0.41%, 0.62%, 0.591%, and 0.94% (by weight)
of pelymer over a shear rate range of 1370 sec”’ down to as low as 25 sec"l.1
A1l solutions in this sequence were prepared with Union Carbide PEQ powder
Tot WSR-1006-A-01. The results of these measuraments sre depicted in

Figures 13 through 18 as the decay of shear stress as a function of time

under shear. As indicated in these figures, selecied runs were allowed to
pruceed until an apparent steady-state shear stress resporuse had beern
achieved. Becavse of the considerabie time required, most runs were termi-

nated at some intermediate time. The sscond sequence of stress decay

1.

Ul\]f.‘SS Gtha}‘\-’-ise Sg"’;‘c f
the basis ¢f the o

The bulk of the stress decay experiments were conducted in two sequences.
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.experiments were conducted with solutions of 0.14%, 0.41%, 0.70%, and 1.03%

(by weight) of polymer over the shear rate range of 1370 sec'1 dewn to 352

sec”! using Union Carbide PEQ powder WSR-1227-A-01. These Stress decay

" measurements are shown in Figures 19 through 22. In the second sequence,

all runs were permitted to continue until a steady-state shear stress
response wus obtained. In each case, temperature was controlled to 30°C;1
0.1°C. Al1 of these stress decay curves show only the "smoothed" data.
Examples of actual stress decay curves for some typical runs will be dis-
cussed presently. Data tables for these figures are provided in Appendix IV.

Qualitatively, the stress decay curves are observed to display some
comnon characteristics. Each curve is characterized by the attainment of
a certain stress level followed by a more or less steadily decreasing
stress response. A distinct maximum is observed in some of the curves.
These are particularly noted at Hfgher concentrations and Jower shear rates.
Compare, for exan , Figure 13 (0.24%) and Figure 17 (0.91%). The maximum
is not observed at lower concentrations and higher shear rates. The
typical behavior of a viscoelastic fluid subjected to the instantaneous
imposition &F a rotational shearing flow is depicted gualitatively in
Figure 23, Probably, in those cases in which the maximum disappears, it
is simply shifted so close to time t = 0 that it is obscured by the instru-
mental time constant.

Figure 24 represents a composite of actual recorder output obtained
during stress decay expariments on samples of PEQ QSR-301 (44SR-1006-1-01)
solutions consisting of 0.63% (by weight) of pulymer. These curves illus-
trate a varying degree of fluctuaticn superimposed on the stress-time

relationship. Tiie mavnitude of the Tiucluavions increases with shear rate.
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&
D
?’; The obvious necessity to explain the significance of these fluctuations
é i' lead to the flow visualization experiments outlined in Section 3.0. The ,é
! important charzcteristics of the fluctuations are that: ;g
- a. They always appear in the initial <tress decay measurements on %
? :j fresh solutions. <§
; - b. They do not disappear if the solution is aged by "standing". %
;1" c. They are not observed in the steady-state stress response §
; evidenced after the stress decay hzs ceased. g
g.‘; d. They are not observed when solutions vhich have been sheared at %
§ ’ some high for some time are then sheared at a lower rate. t%
? ?: The flow visualization studies have shown that: %
: . 2. The flow in the viscometer is essentially Couette-flow. %
- b. A secondary flow is observed in which 2 slow movement of fluid ’ %
j: .t0 and out of the gap occurs. ‘é
. c. These secondary fiows do not diminish with time. g
P It would appear that the fluctuations are caused by the secondary é
: flows which continuously feed solutien into the viscometer gap. Any such g
P solution placed into the gap weuld not be expected to generate the same :é
:‘ shear stress respoase as the eiement of fluid being replaced, since their %
¢ e shear histories would probably te different. The fluctuation would, theve- %
% > fore, be expected to continue until a steady-state shear stress level had :

been reached by all the fluid in the viscometer.

2 - This exvlanation is a plausable one. Except for an uncertainty in

< ¢ the readings {especially near time zero), the fluctuations cause no parti-
>

S

i cular difficulty in fellowing the course of the over-all stress decay

.- curve.
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The stress decay curves shown in Figures 13 through 22 effectively
depict the marked change from the initial shear stress response to that
exhibited in the steady-state after loqg periods of shear at some steady
rate. This can also be illustrated in terms of apparent viscosity.
Table 1 1ists the avparent viscosities g and n_ based in the Newtonian
shear rate D and Equation (2)! for the stress decay seqtence on lot num-
ber WSR-1227-A-01. The shear stresses at t = 0 are obtained from the
data by extrapolation (see the data tables in Appendix IV). The limit-
ing apparent viscosity is obtained from the steady-state shear stress
achieved after long periods of shear at the corresponding constant shear
rate. Table 2 lists only Ny for the corresponding sequence for lot number
HSR-1006-A-01 since most of these runs were terminated prior to attain-
ment of the steady-state shear stress response. It is striking to note
that percent reductions in apparent viscosity (% nR) of up to 50% vere
observed.

At this juncture it is useful to digress briefly to discuss scme
general guidelines for the evaluation of these resuits. A complete
quantitative interpretation would be composed of several elements:

a, Initial apparent viscosity or shear stress response.

An indicated above, o and T, are, by definition, repre-
sentative of the initial (t = 0) response of the previously
unsheared solution. As such, therefore, they are independent

of “solution history" (there being none at t = 0), and depend

! van Vazer (26) points out that this should be more preperly terimed the
"apnavent", apparent viscosity since the shear rate used in Equation (2)
is itsel obtainad by assuming Howlonian flow.
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* only upon solution concentration and shear rate.
- b. Limiting apparent viscosity or shear stress response.
The 1imiting values must be treated somewhat more cautiously.
v If the limiling values at a specific shear rate are defined as

those values toward which n and t tend while the fluid is being

- sheared at that same rate (the case described by the stress

1
)
’
) ' P
" o e . . " . -
(SR . ., : 0 . ' G
SRR Y AR Y E T T 0 3 TR e st st a0 4 NS s a7 ik

" decay curves), then no ambiguities arise, and n_ and t_ depend
g ® m

only on concentration and shear rate. On the other hand, a

R

fluid can be expected to encounter a variety of shear rates
’i duiring its handling and processing. It is of significance to
anUire into the influence of these encounters on the limitino
values at a paﬁticu]ar shear rate.

¢. Stress decay .

Stress decay leads to a decrease of apparent viscesity from

its initial value n, to its limiting value n_. Guantitatively,

I !
oy A P v : N o4 B
et st 1 o8 X n i e 7o o skdd et o okt srrdd wiarmdh 2y e

therefore, stress decay can be described as a rate process and

is complietely spec’ ied only when the instantaneous shear stress

an B AT W AIULAAILE

is knoun as a function of time, as well as concentration and

AR Le

shear rate. Again, however, such an analysis is sirictly appli-

iﬁ L cable only in those cases for which the shear-rate is maintained vé
fi = - at some constant value. Shearing a solution for some period of %g
gA :“ time at a given rate and then changing to a different rate pre- é
A sents an entircly different problem. The stress decdy at the ﬁ

iy
i1

A S second rate is subject to the influence of tha “solution history®

= jmposed by the prier shoarine at the iritial rate.
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d. Quality control.
One important parameter has been thus far omitted from
,consideration; Thjs can best be described as quality contirol.

. Moré specifically, factors such as reproducability of measure-
ments, aging effects, and polymer lot variations must be evalu-
ated. This last factor is .particularly rompelling in view of

- the dispersion in molecular weight distribution reported by
the manufacturer in the PEQ WSR series, and significant varia-
tions in properties for differgpt lots of the same WSR grade

) : (see for example reference 15).

It is convenient at this point to consider those factors described

¢

‘ 2o ' . T . ’. AT G M . “ e 'n;- . N
Rt S b8 s Hr A e Y (i S T L it e bt sy B E L 05

in paragraph d., above. It is obvious that any quantitative interpreta-

: tion of stress decay data cannot ke made independently of a satisfactory

demonstration of their reprocucability. Ficures 25 through 29 portray . o3
several-exémp]es of multiple runs which were conducted to test the %
reproducabiiity‘of these results (see also the data tables in Appendix IV). zg

. ‘these runs were made at various shear rates. Repeated runs vere made on ig
- a "same day" basis and 24 hours subseyuert to the initial runs. No signiti- i%

cant differences due to aging effects are noted, and the runs seem to be

.
A st

:“ reproducabie to better than about 4+5%. Figure 25 also illustrates one . 1%
.- example of a number of tests winich were conducted te demonsirate the in- » :g
i herent irreversidility of the stress decay process. “In this example, the : Qé
. run described was suspended affer 75 minutes. The sample was then ailowed 15%
to rest undisturbed for 17.5 hodrs. No racovery was noted when the shear- ) ’\é

e

ing was resumed, Additional tests shcwed that concenirated solutinns

i
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stabilized with isopropyl alcohol could be safely stored for various

periods while awaiting tests! without any‘significant viscosity loss.

The results of these tests confirm the adequacy of the precautions

3
]
]
§
i
g

§
K
4
~

glz; taken in the preparation, handling, and storage of concentrated solutions
;25. to eliminate possible external causes of degradation.
7% : - -The final factor in paragraph d. which remains to be evaluated is
§ij the influence of batch variations on the experimental parameters. In ﬁg
.%~i, this case, experience and the conclusions of other workers (16, for i%
Jg . exanple) did not give cause for optimism. Significant lot-to-lot varia- :g
i'i j?‘ tions in the PEO ¥SR series have been repeatedly demonstirated. Whether %
g% . this is a direct result of some inhevent factor in the manufacturing :é
i% ' process or is dve to a lack of quality control, it is not known. It is . ?g
3; i‘ sufficient to note thét broad differences are fourd. These differences ?
é% N are illustrated in the case of this program by Figure 30, where stress §
5%* - decay curves for lots (HSR-1006-A-01) :and (iiSR-1227-A-01) are compared 5§
%: ) at auccmnon concentration (0.41%) and two different shear vates (1370 sec”’ _%
2 and 228 sec'}). These differcnces are charactdristic of those encountered ‘é
3

Sk - et all levels of comparison of the two lots.2?

4 ‘; _ One other possible contribution éo the existence of apparent batch
variations stems from the occurrence of degradation of the polymer pouder

Séveral opportunities were available to check on this possibility

. " itself.
Figure 31 describes a portion of the )

during the coursz of the program.

ummufnm.vm.mx,e?:mrmé};u{f«whm 4
» L P 64 e

3 — .
.3 1 Syme tests occured up to one week after preparation. See alse Section ;
-;,§ 5.6 dascribing static storage tests on dilute solutions. 3
3 - 3
g | : il 5
iii . > 2 The exception is in the study of turbnl fiow friction redustien ,§
E ! charactaristics ¢f ¢ilute solutioss e.e To subttintizl differences $
| wera acted. These studies wace conduc 2d in dish flow with & Reyuolids H
- number of abeut 105. 3
S 3
i - 3
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o stress decay curves for three separate cases: (WSR-1006-A-01, 0.84%,. powder

stored 8 months), (WSR-2006-A-01, 0.63%, fresh powder), and (WSR-1006-A-01,

1%’
R A T )

2
5

3 0.91%, fresh powder). Powder used prior to the manufacturer's recommended

sequently diluted forms. These tests are described in more detail in the

s %
Z‘ ’ expiration date is classified as fresh powder. The decreased effectiveness §
?; of the powder after eight months storage is noted. Although the mechanism 55
é{ by which this degradation has proceeded is uncertain, if is of interest to

3% h nofe that several tests were conducted of the influence of long term storage

'g: - of concen:;ated solutions on the-friction reducing capability of their sub-

following section. Briefly, however, they revealed that the concentrated

solutions stabilized with 0.5% isopropyl alcohol exhibited no discernible

-
»

decrease in Triction reducinu capbility after 8 months storage. :

It seems reasonable to expect degradation of the po’iymer to proceed

e oo . N Lo
SR AW o e, e L 8 bt ol S A S b D S R

more rapidly in solution than in the dry powder state. According to the :

&

At Sl

observed results, nowever, the slow degradation protess was effectively

siopped by the additicen of an oxidation retardant. Presumably, therefore,

_some deleterious residue of the manufacturing process remains in the powder

leading to lerg term degradation.

PAUYS Wie UTTHRTN.

The ramifications of these facts are clear. The determination and
comparison of physical groperties of PED sofutions on the basis of manu-
facturer's grade specificatioqs is not, in general, vaiid. These grade
specifications purport to describe ihe average molecular weight of the pro-
duct. No estimate of the batch-to-batch distribution of zctual molecular
veights aboué this average is oiven by the menufacturer. Yet, these are

2

just the facters unon which cornarisons belwzen sarples must be ride. It
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9 ﬁ‘ is important to kncw, as accurately as possible, the molecular weight

L distribution of any sample baing investigated.

f% - Intrinsic viscosity represents one measure of the average molecular

éf h weight of a polymer in solution. Efforts made in this program to obtain

an approximate value of the intrinsic viscosity of the PEQ solutions

studied are discussed in Section 3.0 and 5.0. These results indicated
that intrinsic viscosity (or average melecular weight) is simply not a
sensitive enough indicator of the moTecular weight distribution to correl-~

ate friction reduction.data. No effort was made to apply it to the present )

T mmm.u‘mmw,m.,..“m;{,umw«d%ai-_.m;,ff.w;h;.,m'uw.mm:u;-.wmm.{-z..‘.»m Lo 207 Wy, p‘"é\l:ﬂ?.ﬁ

4 problem of comparing concentrated solution properties. Sowe comments and

e . suggestions for additianal efforts along these Tines are included in

A Section 6.0.

- The results of the present program, therefore, are applicable (on a é
EE - quantitative basis) only to the specific Yot nuwbers tested. Extrapola- 3
- V 3
g tions to include YSR-301 samples in general must be made cautiously and 3
S vith a full understanding of the inherent dangers. 3
gs - The complex molecular factors which play a vole in siress decay E
i S . — 3
. have already bezn described. A number of quantitative examples of actual 3
E . stress decay processes in concenirated solutions have been presented. It g
i 3
% N . N . . . 3
g - is now appropriate, in the light of the comments which have just been made, 3
3 to formulate an interpretation of these results in terms of the fundamental 3
.‘ ) . :)g
=5 - processes involved. i
. 3
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It has already been po%hted out that stress decay in thixotropic

substances is often observed to exhibit a logarithmic stress-time rela-

tionship of the form

(3) In(r-2)=-At+B

where 1 is the instantaneous sheav stress at £ime t, 7, 1s the limiting
shear stress, and A and B are constants. This type of re1ation§hip is
often encountered in the literature dealing with rate processes, parti-
cularly in the field of chemical kinetics. In the commonly used termi-

nology, the timé rate of change of a property C can be writter as

(4) a _ _, M
. G- ke

where k is a rate constant whose units depend upon the constant N.

Comparing (3) and (4), it.can be seen that {3) can be written in differ-

ential form as

(5) Qifa_%_:ilz,p‘(?-.t)

from which it can be seen that N = 1, and B is the constant of integra-
tion when proceeding frcm (5) to (3). Since the form of equation (4)
vhich corvesponds to the stress decay process reguires that N = 1, the
process is termed first order.

There exists considerable evidence to suggest that stress decay
in viscoelastic fluids such as concentrated PEG solutions might well be
described by a relationship of the form (3). In treating viscoelastic
behavior, it is common practice to use mechanical modeis. The simplest
me*ﬁanicai model of a system exhibitina both viscous and elastic charac-

teristics is the Maxwall madel in vhick the elastic cosnononts arve
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> represented by a Hookean spring in series with a Newtonian dashpot
representing the viscous components. For such a simple mechanical

system, the strains are additive and the stress on the spring is egual .

" to that on the das...ot. Hence, for the Maxwell model for shear,
(6) .d..g_ - -l + -—]-'- gl
T dt "M GM dt
‘- where o is the strain, n, is the coefficient of viscosity and T is the

elastic medulus.
Af In the present study, the strain rate, g% is kept constant at D

- for time greater than zero, hence

: G
(7) dr _ _H
- - dt - n T + kan
14
o . ™ . .
. ]ett1ng g - X, and integratiag,

dr 1
-7 T“GMDX b\ s dt

(8) In(c-gm) =--% 4

where ¢ is a constant 0 fintegration. The boundary conditions which must
be met by {8) are
(9) w(t

s

n
(=]
—
n

I}

1"
8
—
[}

-

<t
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Inserting (10) and (11) into (8),

(12) mlr-1)=- —%- + In (10 -t

which has the same form as (3). Rearranging,
T“Tm t

(13) In (To - {;9 = -

According to (13), » has the form of a time constant and can be
obtained by plotting the dimensionless term ln(;;;-;iiﬁ as a function of
t. If the model is appropriate to the case under consideration, 2
straight line will result vhose slope is . The coefficients G, and n,
foliow immediately from the definition of A and (10).

Unfortunately, few polymeric systems can be represented by a
single relaxation time, because of the complexity of the molecular struc-
ture. For this reason, a generalized Maxwell model involving a spectrum °
of Maxwell elements in parallel is used. The eguation for this model is

suggested by the exponential form of (13). That is,

-t/x -t/x
N T 1 2 .
(14) ) Gle + Gze .- ..

If a constant strain rate results in the appearance of a steady-state
stress response after a long poriod of time (as is the case here), then

one of the relaxation times is equal to infinity and (14) should be writien

T T -t/kl

{15) 5 = Gle + G

=t/
e 2\...

Z
Additional refinaents to the triatment, such as the assumption of a
continuous spectrum of relaxation times, are possible. Furthermore, numerous

other models and anproaches have heen nostulated,
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The analysis of the stress decay characteristics of the concentrated
PED solutions examined in this program in terms of clear-cut models of the
tvpe just described is complicated by several factors. First, because of
the complex nature of the physical processes involved, it is not iikely
that a single time constant will suffice to explain the data. On the other
hand, an analysis of the type implied by equation (14) wherein the data are
simply forced to fit by the inclusion of a sufficient number of terms,
tends to obscure the physical interpretation of the relaxation times. In
addition, such an analysis requires a fairly high degree of prescision in
the data. Unfortunately, it will be recalled, the fluctuations noted in
the stress decay curves result in some uncertainty in the magnitudes of the
stress levels at short times. In additijon, since the fluctuations presum-
ably result from a slow secondary circulation of ftuid, there tends to be
2 distortion of the time scale (at long times) from that which would be
expected if no circulaticn occurred.

As an example, the stress decay characteristics previously depicted
in Figure 21 for a 0.7% solution are shoun again in Ficure 3%Z. In this
case, however, the function (¢ - rm) is plotted logarithmically as a func-
tion of time feor shear rates of 1370, 685, 957, and 228 sec’'. 1f the
Maxweil mode] were applicable, these data would fall in a straicht line,
and a single relaxation time-would suffice to describe the stiress decay
process at each shear rate. That this is not the case is clear from the
Figure. Although thay are not shown, similar plots of strass decay in the

other solutions studied fail to follow the Maxwrell model.
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s
E Any further effort to analyze these data in terms of more complex 4%
ﬁ\ ) models will not be attempted here. The anomalies present in the data, {%
i; especially at long times, are evident in Figure 32. These are charac- %
?‘ o teristic of the data for the other concentration studied and result from -§
_; . the factors alluded to above. %
i; . 4.2.2z Step Seguence Experiments. : §
3{ The operations involved in the concentrated solution viscosity g
é: i measurenents aredescribed in Section 3.0. It will be recalled that each ‘%
53 .. stress decay experiment was followed immediately by a stepping-dowm, in §
;i ” sequence (according to Table 1 in Section 3.0), of the shear rate. Thus, .’§
.éi ft the stress-decay experiment provides a solution with a vell defined solu- %
§§ . tion history whose instantaneous apparent viscosity (or shear stress) is .,é
;{ o v determined as a function of shear rate by the subsequent sequence. Figure ; g
5? ] 33 represents a composite of actual recorder output illustrating the :§
EZ - relationship of the st2p sequence runs to the corresponding stress decay %%
':? experiments. The essential characteristics of these curves has aiready '%
:?- :‘ been discussad. §
%i‘ ; The limiting viscosities obtainad at the end of each stress decay g
:zﬂ ’ experiment are given in Tables 3 through 5. In each case, the shear rate ‘g
g j at the head of cach column represents a stress decay experiment. The éé
- . Timiting valueﬁ n, and t_ appear immediately below. The following sequence §§

3

of nuimbers in each column represents the 1imiing viscosities obtained in

: ;‘2’ (Al

f A

the corresponding step sequence. The shear rates at which the stress decay

runs vere made vary by as much as a factor of 8 (10 for the 1.03% solution).
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Table 3
Step Sequence Limiting Viscosities

3 (WSR-1227-A-01)

4 1.03%

Stress Decay \

5 Shear Rate 1370 685 457 228 152

1 (sec” )

A n(cp) -] 385 81 58  89.5 110

3 n,(avg)

4 w088y | 5265 3683 2602 203.9 167 fap

Step Sequence

e - Shear Rate

£ (sec*)

= 1370 38.5

685 52 51.5

457 57.5 61 59

E 228 83.6 85.8  80.5 85

< 152 101.5 105 97 108 104

2

76 142 146 134 146 146 143

51 180 120 167.5 180 177 177

25 256 268 244 284 246 252

3 16 311 320 281 311 302 306

% 8.5 439 475 402 438 421 435

! 3
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Table 4 :

Step Sequerce Limiting Viscosities i

3 (WSR-1227-A-01) 3
0.7%
’—S“; ) ;i%
. Stress Decay . o
e - Shear Rate = 1370 685 457 228
(sec™®) . £
- ) n,(cp) t'18.7 25.3 30.2 42.5 '
i n_(avg)
. Tw(ggggéo 256.5 173.0 137.5  97.3 Tep) ¥
Q .. Step Sequence’ i

E Shear Rate
‘ (sec™)

2 ) 1370 18.7 i
e 685 22.7 24
457 26.5 29.4 28.7
228 35.2 39.6  40.6 ‘ 39.5
152 82.7 47.2 49.2 51.3 47.6
76 55 62 65 67 62
51 67 76 78 82 76 E
25 92 111 107 99 102 :
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: . 16 106 135 120 135 128 g
e ) 8.5 110 146 136 164 139 :
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Table 5
Step Seguence Limiting Viscosities
?NSR-1227-A-01
0.41%

Stress Decay
Shear Rate 1370 685 457 228
(sec

n_(cp) 10.7 12,1 13.8 18.7

x (d10es, 46 835 63.4 42.5

"~

Step Sequence
Shear R?te

(sec™)

1370

685 11.8

457 13.2  13.2

228 16.9  17.0 15.8

152 7.3 16.3 16.0 20.3
76 22.6 22.4 22,4 254
51 25.7  27.3 28.8  30.7
25 30.9  30.9 30.9 355

10.7
11.9
13.4
17.2
17.5
23.4
28.1
32.1
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“unaffected by these difierences. There appear to be several exceptions

. to this "rule", especially far the 0.7% solution, but, they occur primarily

- at the l<uer shear rates, where it is expected that errors wvould be greatest.
A tentative copclusion, therefore, is that at least within the range

of shear rates and concenirations studied, the limiting viscosities measured

N at each shear rate are independent of the shear rate at which the stress de-

- cay is imposed. Although these results cannot be considered conclusive, it

s tempting to speculate upon their meaning in terms of an explanation of
In particuiar,

the molecular mechanisms involved in the stress decay process.

they would appear Lo rule out any extensive molecular scission as a major

contributor to the stress decay. Suvely, of all the possible malecular pro-

cesses taking place during stress decay (disentanglement, molecular orienta-

#,
sk o o vt an v e el g by [LEERS S 2xe¥ 480w v ke Faeeth [ a1, . e Rk b :
3 ot A ER SR TRUNCN PR b chidd ne sy 22 Lo P

« BTV LN TP YI Sf\nnm ‘
5 i, A 4 A EhFrddini, Heab i

tion, molecular scission, etc.) scission, which involves the definable

“eneﬁgy:of activation" necessary to break bonds, would be expected to be

2o ! . o
HAOCRD L sl VLT ana s Wik

strongly dependent upon the rate of mechanical energy input to the fluid.

g
;i i Studies of the effect of stress decay in concentrated solutions on the 5
gf‘ - . friction reducing ability of corresponding diluted soluticn are described :g
i‘ in the next section. Friction reduction was found to be virtually indepen- §
éf o dent of the concentrated solution history. Friction reduction is a rouch §
;i; . measure of molecular weight, being primarily affected by the longer chain §
éﬁ - molecules in the molecular weight distvibution. Since these longer mole- §
é: - cules should be even more susceptible to mechanical degradation, these :§
;; studies confirm the findings of this section. ié
;; One additional interesting characteristic of the limiting viscosity- ;é
?? shear rite relationship is illustrated in Figure 34 where the limiting %g

: ;5

£
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i viscosities from Tables 3, 4, and 5 are plotted versus shear rate on log-

log coordinates. The resulting straight lines verify the power-law be-

havior of PEQ sclutions over a wide range of shear rates and concentra-

. \ . .
e idas i MW 4 St e i 1 AN v o B v iy W

sabteten b pembbiin . st

;E . tions. The app]icabie powér law relations are, from Figure 34,

. For 1.03% PEO: 12.20%-91 (8.5 - 1370 sec™})

"
1}

: For 0.70% PE0: < = 2.40°5% (16 - 1370 sec™!)

For 0.41% PEC: 0.830%71 (25 - 1370 sec”})

~
i

)

Additional confirmation of the power-law relation is detailed in

th,

POTIRSFTIPNS A4 N P G URINY ¢

Appendix V, vhere some preliminary data obtained during the early part of
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;, Figure 11

Thixotropy in a Pseudop]astjc Emulsion of Soaps
and Higg Polymers in Gasoline at 25°C (26,35)
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Figure 12
Var1at10n of Initial and Final Apparent Viscosities
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Figure 23

Viscoelastic Phenomena in Rotational Shearing Flows
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Figure 30 ,
Comparison of Stress Decay
in Different Poiymer Lots
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figure 31
Effect of Polymer Pouder Age
on Concentrated Solution Viscosity

% : T = 230° + 0.1°C

; D = 457 sec”’
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5.0 Frictional Drag keduction in Dilute PEO Solutions
5.1 Introduction

5.1.1 Preliminary Remarks

.

For the past seven or eight years, the field
of Fluid Mechanics of dilute solutions of long chain
polymers has received much attention. This interest
was primarily motivatéd by a phenomenon generally known
as the Toms effect, which is manifested by the reduction
of wall friction in turbulent flow when very small
amounts of high molecular-wzight polymers are present
in the flowing solvent. Toms (25) jin 1948, in what has
become a landmark paper, showed for the first time the
beneficial effects of long-chain polymers added to
turbulent fluid flows. It is because of his work that
the term "Toms phenomenon” has been apnlied to this
drag reduction effect.

The additives which exhibit the Toms effect
have 105 or more mononmer units. They are highly flex-
ible, linear molecular chains. OFf all the additives
that change the characteristics of turbulent flow in
a solvent, randem-coiling polymers are the most
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5
§
: 3
t M jg
{ )
S
. produced per unit weight of additive., The dissclved g
‘ polymer molecules are said to be "randomly coiled”, é
]
{G because the melecular chain has a random walk config- g
5 3
uration. Polymer molecules in dilute solution assume g
expanded ball-like shapes containing mostly entrained ) §
ii " solvent, Solutions ars considered to be "dilute" when §
é - the spatial separation of polymer molecules dot.s not §
By - permit direct physical interaction, 3
b E
<F E
EE - 5.1.2 Theories of Drag Reduction ; E
EL A subject of great academic interest has been . é
2 3
=P the search for an explanation of the drag reduction ' E
ég phenomenon. A number of theoretical explanations §
3 have been offered for the effect. Two comprehensive g

; % . reviews of the theories were made by Fabula (7) and
% f - Hoyt (13). Here only a summary based on their works :
= L - $

£ is presented.

} E . The first research was directed towards the ;
. field of non-Newtonian shear-thinning fluids. Up to ?
: that time the efforts of most reseazrchers were directed 3

I
'

towards comparatively high polywzr concentrations---in
the range »f 2000 to 6000 weight parts per million

In this range of concentrations, the polynmor

ay
e
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r
z

and behave as power-law fluids. A power-law fluid is
one in which the stress-shear rate relation can be

represented by the equation:

1 = K, du "
(1) T 1 g

aierh Mufiia v ae

where Kl and n are constants., Merrill and Shaver (22)
made an attempé to relate friction factor-Reynolds :
number data by means of th~ above constants Kl and n.
However at very low concentrations of 10 to 100 wppm.,
the constants Kl and n vere found to be basically the
same as for water, while the drag reduction phenomenon

persisted., Thus the hypothesis basing the drag reduc-

PN EI Y TN

tion on non-Newtonian pseudo-plasticity failed to

e

explain the Toms phenomenon. :
According to ancther theory, viscoelastic prop-

erties of polymers modify the turbulent flow charac-

teristics. These dilule polymer seclutions curtail

frictional drag by hindering the onset of turbulence

and by damping turbulence wnen it does occur. While ?

viscoelastic properties are quite evident in thick

solutions, dilute solutions often seew to shcw no

measurceable viscoelastic ef.ect. Breanen and Gadd (5)

shcwed that fresh solutions of polyethylene oxide

rh

(P£0) cid poszess noarwal) atross difforences, hal this
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vanished with time, while the drzg reduction remained

e

ur.changed. Thu: the relation between Viscoelasticity

and drag reduction is doubtful.

p
)
N
p
| ! ;
LA et TN BN LK Ty 4011 1053 AT At B 2t st L

Accroysding to a different theory, it was postu-

[RETPEweR

lated that poiymer molecules adsorb on to the flow

system boundaries, This adsorbed layer was thought to
lowver the viscosity near the wall and suppress turbulence
pulsations {6), However this concept is in conflict

with the observed contentraztion-drag reduction effects

WO B R ek b o And M SR K AT 0T el b

. noted with polymer solutions. Also it cannot explain

Bhay L hdvETa L e

the observed phenomenon of drag reduction by particles

[ENT

and fibres.

Pt TTTEMP T RN

Shin (23) discussed the mechanism of "anisotropic

[ETS

viscosity" to explain drag reduction. He stated that

polymer molecules in a turbulent flow field will be

e o bl b s e A RS S

elongated in the direction of shear. It was postulated

Ly

that the viscosity perpendicular'to the axis of elonga-

tion would be very large, while the viscosity in the

S e A b A P de

direction of elongation would be essentially the same j

as that of flowing solvent. This locally anisotropic

viscosity, it was suyggested, woulid tend to dampen the 4
) turbulent fluctuations. :
In anothar recont extensive wo Virk (27) :

wany
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found that the phenomenon of friction reduction was
associated with a “tnreshold" or critical wall shear
stress or wall shear rate, below which the drag reduction
would not occur.

Evidence also has been presented to indicate that
perhaps the friction reduction phenomenon may be caused
by more than one mechanism. Gadd (9) noted that all
polymers might not reduce friction in the same manner.
Thus agreement as to thc mechanism responsible for the

Toms phenomenon has yet t: be achieved.

5.1.3 Polymer Dogradation

Degradation of dilute solymer solutions, cr the
breaking of polymer linkages to “orm lower molecular
vweight components, is a problem which invariably occurs
in flow of polymer sclutions at high shear stresses.
PEO is perhaps the most susceptible of all the drag
reducing polymers to degrecation. In addition to
mechanical degradation (molecular scission) caused by
shear field, PEC, in both aqueous and organic solution,
has a teundency to degrade on long-term aging; i.e. the
solution viscosity decreases. PRrennen and Gadd (5)

found that aged PZ0 lost viscosity slightly, hut the

-~ 43
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PEO was very susceptible to oxidizing agents, apparently

forming hydroperoxides which subsequently decompcse with
consequent.chain scission. In the presence of oxidizing
substances, solutions of PEO rapidly decreacze in viscos-
ity. McGary also found tap water, due to its chlorine

and metallic salts gave lower initial ;iscosities and

poorer long-~term stabilities than distilled water :
stored in glass containers. Shin (23) found that FnO

was subjected to bacteriological degradation which could

Lili LN e

be eliminated by & small amount of formaldehyde. Ultrae
violet light also causes marked degradation in terms of . :
viscosity loss, but this can be partially elininated by
the addition of certain alcohols.,

It seems certain that ~hemical, biological and ;
photo~sensitivity problems of long-te ~torage of 7
solutions of friction reducing polymers such as PEO :

can be solved with reasonable attention to the dilute

solution chemistry involved. However the major mechanical
degradation effect resvlting in polymer-chain scission,
can be attacked only by specifying the maximun permiss-— é
able shear stress in a particular flow geowatry.
Another recent field of investigation (whi~h
rapresents an important part of this proyrew) is

. ey o P e - I . 3 - : 2ege - - ] v
congcerncd with ths affact of shanring concentr:tisd 120
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-of lower molecular weight occurs under these conditions.

-constancy of drag reduction is taken to signify preser-

i
1

solutions on the drag reduction effectiveness of sub-
sequently diluted forms. VTﬂiék PEO sclutions show time-
dependent rheological behaviqr. The apparent viscosity
of fresh, initially unstirred Solutions decreases with
time of shearing at constant shéar-ratg. Asbeck and

Baxter (3) state that degradation of the polymer to one

This is because viscosity provides a means of measuring
molecular weight. However, Gawler (10) notes that the
mechanical shéaring of thick sclutions does produce
appreciable change in solution viscosity but does not

result in significant molecular scission (provided
vation of molecular weight). -

5.1.4 Enclosed Disk Flow

The external flow of fluids on rotating disks
becomes turbulent at Reynolds numbers greater than =
3 x 105. The Reynolds number for disk flow is defined

o bt

as
(2) Re = uwR2

Y
vhere ' 3

]

angular velocity of disk
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R = disk radius

v = Kinematic viscosity of fluid
Von Karman _(20) showed theoretically that the turbulent
flow resisting moment on botﬁ sides of a rotating disk
in a Newtonian fluid can be represénted by

3) - M = % cm 2R '

ses ot Lo U Aot ol o s b b o2 bl 0l

b ¢ v

Cm = Dimensionless moment coefficient
P = Fluid density
He also found that Cm = 0.146 (Re)~0°2 (turkulent)

Giles (12), ir his analytical work on the rotating
disk in a drag reducing nonuweétonian fluid, gave the
following relation for the loment cocffjcient: 7
(4) Cm = 0.684/(Re)0+362
where Cm indicates the tordque on both sides of tﬁer
rotating disk. He used empirical velocity profiles
deduced from pipe flow pressure drop data. His éxpression‘,:
has been effective in predicting disk friction in drag
reducing fluids to within about 8% of the available

expzrimental data. This small discrepancy could possibly

be due to end losses in the test disk arrancenente. This
work 1s particularly interesting in that it ghows that -

disk and pipe flows are mutually compatible through

- tranaforraticns hassd on empirically dofinad friction




relationships.

Most ¢f the experimeatal work cn the turbuleat
disk flow of drag-reducing fluids was done by Heyt and
Fabula (14) and Gilkert and Ripken (11). Whereas the
former study was concerned with drag reducing effective-
ness of various polymers, the latter i;volved the study
of boundary layer:ﬁear‘the edge of the disk.

Mea;urément~of driving tofque provides a sensi-
tive means of evaluating the frictional drag reduction é
géaaiive to vater, TﬁisAiéiso because most of the torque :
is devé}ééed near the outer disk edge and. torque reduction .
»!iiéésentigxif equivalent Eéjfricéion reduction. The E

perc@nt”dfag::éductién:in the present stuéy is defined

as _
- To=T %
where - ‘jl* ;

To = Torqqefat the surface of the disk with .

Aso;véht (adistilled water)

on b 2404

¥
[ ErTH
7

T = -Torqué with dilute PEO solution

oo

Oy

i

5.1.5 Mbjectives of the Present Investigation ; é

gy g d

As already indicated, PEO is highly susceptible

I
kg g
)

- - . “to mechanicsl dagradation. The main objective of the
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research herein described was to study the dependence

of mechanical degradation of dilute aqueous PEO solutions

on the solution concgntration, polymer molecular weight

. and the solution temperature. In addition an effort was

made to investigate the effect of shearing thick FEO \
soclutions on the drag reduction effectiveness and sub-

<= sequent mechanical degradation of the subsequently

diluted forms.,

k
]
’

= 5.2 Effect of Shearing Thick Solutions on Drag Reduction

1
'
i o et Mdrean S

iy

effectiveness and Mechanical Degradation

oo — - . -~ ,

Because of their high viscosity and visco-

TR
R bt

elasticity, handling of thick polymer éolutions causes °

problens in piping, pumps, and flow meters. Thick

TR

S

" e polymer soiutions also exhibit the so called Veissenberg
| effect, whiech seriously affects the performance of
centrifugal pumps. Handling and transfer of thick
.. polymer sclutions Lecomes much easier with viscosity
reduction.

The objective of this series of tests was to

. determine if the viscosities of thick rolymer solutions

R TR

v

could be appreciably reduced wi hout affecting the

L

TR

friction reducing ability of dilute solutions made from

-- then. ’ ’
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experiments performed to study the effect of shearing
concentrated solutions (0.44% - 1%) of PEO in laminar
fiow, on the drag reduction and subsequent mechanical
degradation of very dilute solutions (12-50 wppme ) .
made from those :imples of concentrated‘soluticns. The
Polyox samples tested were WSR—Bbl, Coagu:lant, and
WSR-205. The thick solutjpns were sheared in the
"Rotovisco" previously described. Figure represents

the viscosity dggradation of six concentrated solutions.

The “apbarent"rshear rate for all viscosity degradation

tests was 1370(Sec.)™L, The range of shear stress was

150s13§0 dynes/cm.z. The temﬁeraﬁurg,was not controlled.
However, the temperature range for all tests was 22.5°C
to‘24'c, depending upon réom temperature.

Figures 36.throy§h 41 show twe different sets of
data representing initial drag reduction and mechanical

degradation of dilute solutions prepared frcm sheared

and unsheared maste; solutions. Infihese graphsipercent

drag reduction is plotted égainst time, It is evidant

fronm these figures that the degradation characteristics
are essentially ddentical for these two runs. It can be
seen from Figure 42,,whi;h represents the relationship

between porceat frictien reduction and concenitration of

oo, B e Bl - z . mex S 91 P S
!».:.?‘-.'0.-, Y t;i,‘?. t~3, sor c P13} X":‘(} and Ut (g}\i ‘\':i e

t o
wer
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solutions, that the two sets of points fall on the same
curve, right down to very low concentrations.

These results indicate that the shearing of
cencentrated soluiions Jdoes not cause any measurablé
change in drag reduction effectiveness and subsequent
mechanical degradaéion in P50 solutions. This implies
that there is no degradation of molecular weight of Fhe
polymer. iowever, the viscosity is reduced considerably
by shearing the concentrated solutions, as shown in
Figure . This implies that the viscosity reduction is
largely due to a microscopic disentanglement and orderg .

ing of polymer chains and the rupture of relatively

weak inter-chain hydrogen bonds, rather than actual

b St M sttt s i e b o S 0 BT B MR P A 0 450 a0 dsbc b,

molecular scission (provided constancy of initial

drag reduction and similar degradation characteristics
are taken to signify preservation of mclecular weight).
These results also suggest that PEO molecules are not
fragile and are not readily broken in the range of

shear rates, shear stresses and concentrations involved

Aot

in the present study.

The ahove mentioned conclusions are in conflict

with a propcsal by Asback and Baxter (3), who contend

that a decrease in solution viscosity represents a

T ey s
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:esu1t$ are in agéeement with the results obtained by
Gawler (10). He showed that a reduction in viscosity
(caused, in his caée, by pumping the concentrated solu-
tions using a positive displacement fotary pump)»waé

not neéessarily accompanied by a decrease in drag reduc-

tion e fectiveness in turbulent pipe flow.

5.3 ‘ Mechanicai'negradation of 6i]ute Solutions of PEO in a
Turbulent Field

5.3.1  Theoretical Background

1t has been known for‘soﬁetime that long=chain
molecules can be broken mochanically, both in solLtlon
- and in the bp}k phase. The details of- the mechanisn by
which degradation or molecular scissicn of long~-chain
polymers occurs are unknown. Sslptions'of PEO can be
degraded by the addition of certain éubstances to the
solution, by heating, and by subjecting the solution to
high shear fields. A qualitative model of degradation
can be o:tained by attrlbutino to the main chain bonds.
‘a certain actlvation energy vhich, if exceeded, res ults
in primary valence bond rupture. The addition of cer-
tain substznces can Io”er this activation energy and
heating can»lncrense the Brownian motion energy of the

‘solvent. Both of these effects coniribute to thz

2. ta
CooroLnw
o

. -

e e & -
P

Ta
ank 2 P4k

oy

th

-
o

e
12X}
.y

st e
T T me e e, $ynes
imil Jhnner, hvdroiyn

2
2 =

e S o, = .

S
= ,.n—--ﬁ._,i-»,_;t:-.- ST

=

bt e ot

Ak




s
4‘]‘1" i Pl kRN

L

M
1“1"\.\

b

=
55

96

fields produce molecular stresses in the-main chain which
strain the bond. The bond will rupture in a sufficiently
strong shear field. )

Under these conditions, not only is a quantiéative
treatment of the hydrodynamic problem difficult, but
additional complications mey enter, such as local intense
adiabatic heating due to cavitation. Such effects create
the possibility of chain scission by a thermal mechanism.
Apart from difficulties of this nature, a quantitative
discussion of the probiem is primarily limited by the
absence of an adequate theory of non-Newtonian flow
under conditions of high shear and, frequently, as well,
by uncertainties in the rheology of the apparatus used.
Consequently, in spite of the relatively abundant litera-
ture on hydrodynamic shear degradation, the process is
not well understood,

An attempt was made by Patersorn (16) to quali-
tatively treat the turbulent shear degradation of PEO
solutions. He assumed that the degradation prdceeds
according to the first order irreversible reaction-

A->B+C
Where A is the initial rolecular weight and species B
and C are the two proaucts of the molecular scission.

Hz furthar assumad that the rupnture into two egqually
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sized ~~rts would be the most probable scission and that
e probability would decrease as the two parts become
less equal in size. Another‘dxgstic simblification was
made by stating that the simplest model of degradation
is a "two-groué“ model, where the distributien of molec-
ular weight at time, t=o0, is assumed to consist of two
molecular weight species, one with half the molecuiar

s ;aght of the othér. He further assumed (which seems

to be verified by his experimental results) that degrada-
tion preferentially attacks the highest melecular weight
species present in the spectrum and the lower molecular
spacies do not degréde.

According to this model one would expect the rate
of degradation to increase with increased shear rate,
molecule size, and solvent viscosity, but be independent
of concentration (for very dilute solutions interparticle
effects should be negligible). The above model is
expected to approximate the actual situation for very
short times when the molecular weight change is dominated
by the destruction of the high molecular weight speciese.
For later times the second species (with lower moleculak
weight) would dominate since the higher component would
have been destroyed. A state of "stablérplateau of

3 =1 % m Y Lot 3 b 1 2 - 3 . =3 a 3
sicdual heonofits is eacnal unGIr Lialst ConLliliensg and
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the low molecular weight species left in tﬁe system are

'
kbbbt o, 2 b

highly resistant to the existing shear field,
Paterscn's model is verified, at least quali-

tatively, in the present study (described in the next

il il 2wt b s n Ahb s, 11 o

section) in that the rate of degradation (in terms of
reduced viscosity) is very fast in the first few minutes,

then drops down to a low rate, and finally approaches

g o o o o s

zero. No further attempt was made to compare theory and
experiment in a more guantitiative manner since the theory
is so simplified compared to the actual experimental con-

ditionse. .

il e e b s b ot

5.3.2 Experimsntaeresults

e

The results of turbulent shear degradatiantests

appear in Figures 43 through 52. As mentioned previously,

. the tests were conducted with a 5"'diameter disk at

et o i, s

a constant speed setting of 1800 rpm. and 30°C {correspond-
s
).

A

Reynolds number = 9,6 x 10

- Figures 43 through 45 show the effect of concen-

it s

tration on initial drag reduction for three grades of

bt

polymers. Figure 46 is the combined representation of

the above three figures. The fla# shape of the curve

il St

for each of the three differeat molecular weight polymers

- agrees with the results of Hoyt and Pabula (14), who
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-PEO solutions. However, the similarity of the three flat

" gurves, except for. very low concentrations, as seen in

Figure 46, indicates that the extent of initial drag
reduction 1is esseatially independent of the molecular
weight of the polymer, for a certain Reynolds number and
for this particular flow geometry. This behavior for
disk flow does not'ag}eg with pipe flow or circular
Couette flow. In those cases drag reduction increases
with polymerjmolecular weight, other conditions being

equa’ .

Figure 47 demonstrates the relative resistance to

shear degradation of 2, S0, 100 and 200 wppm. solutibﬂs
of WSR-~-30l1., Figures 48-and 39 show the similar concen-
tration effects on the magnitude of shear cegradation for
W3R-205 and Ceagulant, fhe 2 wppm. case for all

tiree poliymers indicaies an immediate and rapid degrada-
_tion effect, As the conceatration is increased, the
degradation rate is 1ow°:ed. This can be explained on
the basis thzt a 100 wpprme solution has more polynor
than dons a SC pru. soluti n. These tests 1nd1cate
 that th: drag increase§rgradualiy and would raac§ an

asymptote of residual benefits afrer a sufficiently long

time. This can alsc bz szen from Tables I, IT and III.
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aspect of PEO solutions in that many degraded molecules

can produce a drag-reduction which is comparable to
drag reduction obtainable from lower concentrations
lesser degraded molgculeé. For instance, in Table III,
the 200 wppm. solution after six h§urs«of shearing still
has the drag reducing capability of a 100 wppm. solution
which has been sheared for two hours under similar
conditions.

Figures 50 through 52 show the effect of molecular
weight on the mechanical degradation of éEOxsolutions
for thres different concentrations. The curves in thase
figures indicate that ¥SR-205, which has a much lower .
molecular weight than HSR-EiOl or %a’guﬁ‘:anﬁ, degra&es faster than
the other two vhen comparison is Qade in tgrms of percent
drag reduction. This is also true for 50 and 100 wppme
solut:ions eof ¥WSR-3C1, wﬁich degrade faster (fn'terms of
drag reduction) than corresponding solutions of Co=agulant,
WSR-205, WSR-301 and Coagulant samples had‘épprqximafe

6 and 3.5 x 10%,

molecular weights of 9 x 105, 3.2 xolo
respeciively. These molecuiar weights are based on the
corrected reduced viscosities oI 200 wppm. solutions of-
the~above grades and Shin's relation between intrinsic

viscosity an~ molscular weight (describad in Section 3.0},
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Paterson (16) demonstrated that intrinsic vis-
eccsity falled to correlate the extent of drag reduction
for fixed concentrations in pipe flow. Ha reported

that:

The solutions which have been degraded shcw a
disproportionately large decrease in drag reduction
effectiveness for the small decrease in the intrinsic
viscesity. There is, of course, no a priori reason
that drag reduction should depend on the same moment
of molecular weight distribution as the intrinsic
viscosity. Since degradation should preferentially
attack the highest molecular weight species present
in the spectrum, the disproportionate decrease in
drag -reduction suggests that the drag reduction
depends primarily on the high molecular weight
components of the distribution. Since these com-
ponents are present in relatively small concentra- .
tions their disappearance would cause only a small
effect on the weight average molecular weight. A
more appropriate average to correlate the drag
reduction would then be one which weighs the high
end of the distribution to a greater extent.,
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Sone interesting conclusions can be drawn from

IR TRES

these tables. The reduced viscosity of 200 wppm.

itk bt st wsahs i .

"

solutions of WSR-205 (Table I) degrades by 5.35% after

ok bt

four hours of continuous turbulent shearing. The

.
W b 2y

corrasponding reduction in drag reduction is about 47%,

.

The change in reduced viscosity in this case must be

viewad with caution since this corresponds to a change

in efflux time of only one second in %the capillary

viscometer. This very little change could possibly be

cttributad to the limit of accuracy of the Autoviscomater
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and may mean that the change in reduced wviscosity is
practically zero for the duration of the exberiment.

Tables II and III display the typical features of
high molecular weight Coagulant. A 100 wppm. Caaguiant
solution shows a drastic reduction of about 26% in
reduced viscosity in 13 minutes of shear, whereas the
change in drag reduction was only 1.66%. The correspond-
ing values for the 200 wppm. solution of Zoagulant are
37% and 4,65% for 58 minutes of shear. This phenomenon,
though not tabulated, was also observed for a 200 wppm,
solution of WSR-301. 1In addition, it can be seen from
these tables that reduced viscosity remains essentially
constant after a few hoﬁrs of shearing. However, thercu
is a continucus gradual decrease in drag reduction.

&t first glance, the results for WSR-205 and
Coagulant seem to be in conflict with Saterson's model
described in the preceding section. For the 200 wppm.
solution of WSR~205, the reduced viscosity and drzg
reduction (Table I) changaed by 0.64% and 20,34% inthe first
hour of shearing. The cecrresponding values for the
200 wppn. Coagulant solution are 37% and 4.65%. Thus the
initial rate of degradation in tarms of reduced viscosity

is very fast for Coagulant (which supports Patersen's

»

1 3 . K - e wa ] . P, ) »
model), bui thr zzcempanying changa in drag raduciion
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because an appreciable number of high molecular weight 2
molecules is still présent in the system. For the 2060 §
wppm. solution .of WSR-205, the reduced viscosity remains é
‘essentially constant for f?rst hour of shearing, but i
drag reduction decreases by 20%. Initial drag reducé;on ]
is practically the same as for7Coagu1ant. This indicates g

s s s Aladi i

disproportionately very small. This could be explained

ol gt i

on the basis that Coagulant has a greater proportion of

high molecular weight molecules in its-distribution,

providing many more high molecular weight molécules than

R Vot
i £y Bl o 4 il i

re required for optimum drag reduction. The breaking
of these high molecular weight molecules could result in

a sharp reduction of reduced viscosiiy. "However, the

drag reduction is expected to change by a small amount

that WSR-205 initially has enough high molécular weight

molecules to provide a drag reduction comparable to

Coagulant, but their number must be wmuch’ smaller than-

that prasent in Coagulant. This means that for WSR~205,

only tha nurrow tail end of the distribution lies in the

drag reduction and degradation range. Breaking of these

molecgles, therefore, would result in a small change of

reduced viscosity., It would, however, reduce the drag
reduction considgrabiy because drag reduction depends

upoen high nolegular conpounants of the distribution.
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The failure of reduced viscosity (which is a

measure of intrinsic viscosity) to correlate drag
reduction and degradation for disk flow is indicated
from these tables, Tne disproportionate decrease 15
drag reduction after a few hours of shearing {(while the
reduced’viscosity remains essentially constant) suggests
that drag reducéion depends primarily on the high

molecular weight components of the distribution,

5.4 . The Effect of Temperature on Drag Reduction and Kechanical

" Degradation

The purpose of this series of experiments was to
determine the effect of t;mperature on the initial drag
reduction and maechanical degradation of dilute P20
solutions. Polyox WSR-301 was testad at threé concen-
trations {2, 50, 100 ubpm.) at three temperatures (30,
45, and 60°C). As already roted, a 6" diamster, brass
disk rotating at 1700 rpm. was used for temperatufe
studies,

Severs (21) states that a solution of polymer in
a good soivent will decrease in viscosity as the tempera-
ture is raised. This decrezse is caused by the decrease

in solveni viscosity with temparature. Th2 relstive

Yoo

viscosity, n,. , will be essentially constant since the

«s - . s s R - woe . LY 3 Y S S 4
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temperature effects. However, the relative viscosity

of a\polyﬁer in a poor solvent will rise with the
temperature as the polymer molecules ﬁhfold.
Temperature piays an ;mportant part in the
solubility of polyrzrs. Although PZO is completely
sGluble in water at room temperature, it precipitates
from water solution at or near the bo%ling point. For
example, in a 100 wppm. solution of PZO in water, the
polymer would precipitate from solution at 100,5°C )
(7). Alfrey, et. al. (1) demonstrated not only that a
~polymsr chain uncurls as the teéperature of a poor
solvent is raised, but that there is a tendenéy for a’

polyrer chain to curl somewhat in a good solvent as the
- ‘temperature is raised. They 2lso showad that the nearer
the polymer {in a good sblvent) is to precipitation, the
smaller is the intrinsic viscosity. Pruitt et al. (19)
-..--2ls6 found a decrease in réduced viscosity with increas-—
ing temperature for PO solﬁtions. They observed thet,
except for the low concentrations of PBO,Vthere is little
change in drag reduction in pipe flow from 2°C to 40°C,

but a substantial loss in drag reduction from 40°C to

60°C, T
- L]
Increased dagradation. dve to increased temperature
is cor~only mefazred to 2s thormal decradation. Ingrefse
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femperaéure accelerates the chemical degradation and

increases the Browhian motion of polymer molecules,

The data shown in Figure 53 illustrates the
drag reduction and shear degradation at different
temperatures for a 2 wppm. solution of WSR-301, Figures
54 and 55 show the effects of temperature for 50 and 100

wppm. solutions. Figure 56 indicates thc effect of

b w2, e bl RS R el s bl e

temperature on initial drag reduction at time, t=o0, for

three concentrations of WSR-301.

1

S sy

- For the 2 wppm, (Figures 53 and 56) solution, the

initial drag reduction remains practically unaffected .

{about 44.5%) when the temperature is changed from 30°C
to 45°C, However at 60°C, initial drag reduction is
about 36%--a 19% "reduction" in drag reduction. For high
concentraticr s of 50 and 100 wppme solutions (Figures 54
- and 55), the initial drag raduction increases as the
temperature increases from 30°C to 60°C, The initial
drag reduction, for bhoth of these tests, increases by

about 10% when the temperature is changed from 30°C to

60°C. The sheer degradation rate for all concentrations

‘is highly accelerated as solution temparature is increased.

It is noteworthy thnat a substantisl increase in degrada-

tion rate occtcurs as the tempesrature is increased frem

20°C o a3°C
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same pattern when the temperature is changed by an equal amount
from 45% to 60°C.

These results do not agree with Pruitt, et al. (19}, who

found, for pipe flow, a substaatial loss in initial drag reduction
from 40°C to 60°C for concentrations varying from 2 to 250 wppm.
of Coaguiant. Two possible reasons for this variation could be
Jdissimilar flow geometries and the quality of soIﬁent (distilled

viater instead to tap water which was used in their study).

5.5  Effect of Static Storage of Master Solutions on Drag keduction
.- Four master solutions of HSR-301 weve tested in this series:
. . (1) 8 months old, 0.8% solution prepared by the Yortex Mixer method
_} ' with 0.5% isopropyl alcohol, (2) 9 months old, 1% solution prepared
-- by the Boiling Water method, (3) a freshly prepared 0.8% solution '
> - prepared by the Vortex Mixer wethod with 0.5¢ isopropyl alcohol, (4)

8 months old, 0.8% solution prepared by the Vortex Mixer method, but
-- no isopropyl alcohol added. The master solutions were stored in
polyethylene bottles under normal room conditions.

These master sclutions were diiuted to %0-wppm. concentration

- - to check their drag reduction ability. The results of these tests
are depicted in Figure 57. The similarity of initial drag reduction

and shear degradation characteristics for the first three master solu-

- tions shows that thé;cﬁemical degradation during static storage can be
practically stopped by adding isopropyl alcohol and by using distilled

rater. However, it is noteworthy that the master solution in the
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fourth case (where no isopropyl alcohol was added) lost its drag

reduction effectiveness complietely after eight months of static

storage.

5.6 Static Viscosity Dearadation of Dilute Solutions

McGary (15) found tF.: polymer solutions in distilled water
gave good long-term stabilities. To test the effectiveness of
isopropyl alcohol and distilled water to stabilize the dilute

polymer solutions during static storage, a 200 wppn. soiution of

WSR-301 vas made. This dilute soiution vias made from a 1% master

solution prepared by the VYorter Mixer method (0.5% isopropyl alcohol

added).
Figure %8 shows the static viscosity degradation of the dilute

solution stored in a polyethylene vessel under normal room -conditions.

Over a period of 29 days, the relative viscosity changed from 1.264

to 1.252 i.e., a decrease of only .94%. This behavior indicates that

the chemical degradation of dilute polyner solutions during static

storage can be mitigated by adding isopropyl alechol to master solu-

tions and using distilled vater.
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6.0 Conclusions and Recommendations.

This research nas endeavored to contribute to the understanding of
degradation phencmena observed in PEO solutions. In concentrated solu-
tions this is manifested by a decrease in the apparent viscosity result-
ing from mechanical agitation. In dilute solutions which exhibit friction
reduction degradation, it takes the form of a decrease in the friction
reducing capability. The expressed purpose of this research effourt has
been to observe both of these phenomena with a view towards the develop-
ment of an understanding of the fundamental processes involved.

It is clear that the degradation of dilute solutions which are
subjected to intense turbulent flow fields results frem molecular scission.
The same mechanism has been postulated to explain the decrease of apparent
viscosity in concentrated solutions subjected to intense shear fields. The
results of this program cast some doubt on the identification of scission
as the principal contributor to the observed viscosity decay.

A nunber of concen! ated solutions in the approximate range 0.1 -
1.0% (by weight) of polymer wore subjected to laminar shear flows with
shear rates ranging up to 1370 sec'land as low as 25 sec” . Although the
resulting stress decay curves could not be correlated in terms of any
simple medel of viscoelasticity, net reductions in apparent viscosity of
up to 50% were noted. On the other hand, when these "sheared" concentrated
solutions were diluted and their corresponding friction reducing charac-

teristics measured, they were found to be identical io the friction reduc-
ing characteristics of diluted forms of "unsheared” concentrated solution.

This irplies that the chserved viscosity veduction is largely dus to
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microscopic disentanglement and ordering of polymer chains and the rup- %

ne

TR "N

ture of relatively weak inter-chain hydrogen bonds, rather than actual

molecular scission.

In addition to the stress decay characteristics of concentrated

UL BaRbweb rAELAG M RIS wie

solutions, measurements were made of the limiting, or steady-state,
viscosities of these solutions. From a quantitative point of view, these :é

1imiting viscosities were found to obey a power law relationship over the

Gk Ve LA o €k

entire range of shear rates at which limiting viscosities were determined
(a matter of almost 4 decades of shear rate). In additiocn, it was found

. that the limiting viscosities vere virtually independent of the "solution

T T AN S

ELVRLS T O A U SR PR TE o

history" - at least within the shear rate range considered. That is, the

magnitude of the limiting viscosity at any shear rate was found to be i

A A B0y

- independent of any prio: shear history, the only effect being that the

limiting value is achinvad in a much shorter time if the sclution is

e e

sheared at a higher rate.

8t

1 . Turning to a consideration of the results of the study of drag reduc-

tion is dilute solutions, it was found that the extent of initial drag

ok Bl B e ey

reduction, except for very low concentrations, was essentially independent
of the polymer molecular weicht and solution concentration for the case of E
disk flow. It is suggested that since there is a concentration plateau, é
there could wull be a molecular weight plateau depending on the flow geometry.

The lower moiecular weight samples of PEQ degrade more siowly than :
higher molecular weight polymers if comparison is made in terms of degrada-

tion of reduced viscosity. However, the opposite is true if comparison is
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made in terms of deoradation of drag reduction. This suggests that the
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;i . phenomenon of drag reduction depends primarily on the high molecular

weight comnonents and the process of mechanical degradation preferentially

: - attacks the highest molecular weight species present in the spectrum of

- the molecular weight distribution. It is further concluded that Coagulant

has a greater proportion of high molecular weight molecules in its distribu-

= tion, providing many more high molecular weicht molecules than are required

for optimum drag reduction. The breaking of these high molecular weight
melecules could result in a sharp reduction of reduced viscosity. However,
- the drag reduction wiould change by a small amount because an.appreciab1e
number of hich molecular veight molecules is still present in the system.
In the case of low molecular weight WSR-205, the reduced visccsity remains
- essentially constant during the shearing period, but drag reduction de-
creases by a disproportionately large value. The initial drag reduction
comparable to Coagulant suggests that ¥WSR-205 initially has enough high
e molecular weight moiecules to provide significant drag reduction, but their
nunmber must be much smaller than that present in Coagulant. Only the
- narrovi tail ond of the distribution must lie in the drag reduction and
degradation range in the case of MSR-205. Breaking of these molecules re-
sults in a <mall change of reduced viscosity. However, the drag reduction
- vould decrease considerably because drag reduction depends upon the high
molecular components of the distribution.
Initial drag reduction, except for vevy low concentrations, ingreases
- as the temperature is raised from 30°C to 60°C. The rate of degradation of

arag reduction is very severc at higher temperatures because of the accel-

erated chemicr) degroadetion end incveased Browmian mation of polwuer molecuies.
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The static storage of concentrated solutions in distilled water
containing a mirute amount of isopronyl alcohol for as long as nine

months does not affect their drag reducing effectiveness.

6.1  Recommendations for Future Efforts.

Continuing efforts in the field sheuld be focused upen the develop-
ment of & quantitative description of the stress decay characteristics of
concentrated solutions and degradation of friction reducing cépability in
dilu e solutions in terms of the molecular processes involved. These
efforts should emphasize a number of those factors, identified in the
current research, which hinder such a development.

For example, the interpretation of the influence of polymer molecular
weight (chain length) on frictional drag characteristics is made difficult
by uncertainties in the molecular weight distributions of the PEQ samples
used. Ar effort should be made to develop separation techniques for the
preparation ¢f more sharply defined distributions. Alternatively, it would
be useiful to consider different polymer systems with inherently sharper
distributions.

The sheay field which the polymer molecule experiences in the case
of disk flow varies in magnitude, being maximum at the surface of the disk
at its outside radius. It is difficult to assion an appropriate value to
the average shear stress which the polymer experiences. In a statistical
sense, however, the intense turbulent mixing causes the average polymer
molecules to experience the same "average" shear field. It is recommended
that the phenomenon of mechanical degradation of dilute palymer solutions

be studied usine ronodisperse soluticens and prefersbly in ¢ rofating

N Lo 5 e Mgl o v Y Tx e mimem e o -
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: Couctte apparatus. In Couette flnw, it is possible to accurately estimate 3
the mangitnde of the shearing stresses. The use of monodisperse samples {
would eliminate the effects of the broad distribution on mechanical degrada- %

s tion. é

] ‘ The process of mechanical degradation is also dependent upon the %

shape of the polymer coil in soluticn. These configurational effects can

be studied by utilizing different solvents. The proper choice of solvent

. - can cause the polymer molecule to assume extended or compacted configurations.
In terms of the study of stress dscay in concentrated solutions,

efforts to develop a quantitative description of this phenomenon should

. continue. This activity should emphasize improvements in the techniques

for the measurement of transient shear stresses.

Arthough it has not been mentionad explicity, the decay of viscous

.
1 i iy
im0 1 Yoo ok AR AR B s o 2 gl it

.. characteristics of PEQ solutions is always observed to be accompan’ed by a
corresponding decay of viscoelastic characteristics such as the rod-climbing

or Heissenberg effect. It is suggested that research be directed towards

K sk det wai e

fng e the quantitative investigation of these phenomena.
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8.0 Appendix I. End Corrections for Filled Cup - Newtonian Fluid

Mt = total measured torque, dyne-cm

torque exerted due to shear stress,
on annular gap, dyne-cm

1
™
='---01

|
)
=
[
"

3 2
: ) 1 ! % Mz = torque exerted on c¢cylindrical

i, - surface inside bob, dyne-cm
h
9 . 1 M3 = torque exerted on disk-shaped

surface inside bob, dyne-cn

N
v

' Neglected - torque exerted on annular disks
J R on top and bottom of bob.
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R, = 2.004 Cm

R. = 2.10 Cm

6.0 m

>
[
L]

Lt = 5.0Cm

= 3.52 Cm

1.63 Cm

3
o
e
"

+
=
"

- 1 - 0.965
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R, 2R Zh .
bre M _ (2.004)2 (2.10)2 (6.0) _
RZ-R? (2‘_)12“‘.10 -L‘T‘lz.oo“w = 269.7

(1.63)2 (3.52) = 9.4

bl
N
-
N
]

269.7 + 9.4 + 0.4 = 279.5

.- 1t follows, therefore, that the measured scale reading is approximately 3%

* L
: too high.
-
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TABLE I

‘”‘*‘M“’m"'“"‘"' f ‘Q*%ﬁ‘a"’-l.w'\“‘%. Gk

A, D e

e v L

uscosm- of Glycerire Deternined with RV cup (a) £i1led normally
and (b) £illed coxpletely (T = 30° c)

]

(¥oim)

s

(o)

k3

Pwovo BN | ©

D (sce

8.L5
16.?
25.h
50.8
%6.2
52
228
451
63y

8
17
25..
g2
19
15.0
22..5
.0
65.3

Y )

8
LT
25.5
52
19
150’}
2.9
L5
65.5

310
v

8 .
16.5
25,
51.5
1
15.2
22.5
bh .l
€5.2

p 4

293
321
308
3)7
321
322
320
313
31h

8
16.5
25
5Le5
8.5
15,3
22.5%
Lk,2

" (Hoxn ) (¢p)

MVi/f3¢°Pc/50

71 /30°c /500

147 ‘
savg (tiorn) Savg (£u11)
8 8
17 6.5
25.25 25
92 oL.5
19 18.75
15.2 15.25
22.6 22.5
ky.25 - Lu.3
66.4 65.2
7t (£oar) (cp) RE{
292 3.6
305 10.8 :
32k 21.6 . :
320 32
32 6.8 '
320 97.2
313 20h.4
313 201.6
H
i
N A R - |
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- 9.0 Appendix 11. Kinetic Energy Correction

R

. J}ﬁ“«WfN‘f:N‘\‘~wW‘)‘WY o

. PO . R
:
S

3 The kinetic energy correction (1R) is = p(Vs2 - Vp2). The :
g év quantities Vs and Vp are mean velocities for water and polymer, at ;
s . s sps _AORZ :
o the samezdzivxng head. In addition, vmean el K.E. Correction :
{- - = (oY -;3- - ~l?}. For the extreme case of 200 wppm. 3
5 542 s p :
‘S Coagulant with ng = 1.06 cp. the K.E. Correction was found to be 9.6 !
=3 n~ {:
E L. gm./cm.-Sec.2. The average driving head was 9.3 cm. or 9.3 x 981 x 1 ;
'; 3 .s = 9123 gm./cm.~Sec.2. Therefore, the X.E. Correction is .001% of the §
E .- driving head and can be neglected. E
4 = ' 3
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10.0 Appendix I1I. Wall Shear Rate of Capillary Viscometer
The wall shear rate for a Newtonian fluid under laminar capillary
flow conditions is given by (26):
= APR
D = 7
For Cannon-Fenctke viscometer, size 50 {26):
Pavg = average pressure drop = havg pg
havg = average driving fluid head = 9.3 cm.
L = capillary length = 7.3 + .3 cn.
R = Radius of cépi]lary = 0.31 + 0.2 mm.
? n = viscosity of water at 30°C = 0.7975 cp.
§§§ Making calculations for water: ’
i wb -
1 D = 1216 (sec.)™!
§§i The minimum shear rate occurred at 200 wppm. Coagulant with n = 1.06018 cp.

This was found to be 915 (Sec.)'l.
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11.0 Appendix IV. Data Tables
I The following tables summarize tie stress decay data discussed
in Section 5.0. "Bob Speed Settings" indicated in these tables refer

to the rpm's and Newtonian shear rates outlined in Table 1, below

Table 1
Bob Speed Setting for the Rotovisco MV I
Bob and Cup System

Bob Speed Newtonian -Rotational Speed
Setting Shear Rate (RPM)
(sec™)
1 1370 582
2 685 291
’ 3 457 194
6 228 H
. 9 152 64.8
18 76 32.4
.- 27 51 21.6
oL 54 25 10.8
= 81 16 7.2
- 162 8.5 3.6
|
-39 5
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TABLE 2
Stress Decay Data
Polymer lot: WSR 301 (W-1006-A-01)
Concentration (wt. %) 0.24
Bob Speed Setting
Time 1 2 3 6 9 18 27 54 81 162
(min) Stress {dynes/cm?)
0
.5 250 146 107
1 247 144 104
2 238 139 102
3 229 138 99
4 219 136 96
5 212 133 93
6 207 131 91
7 199 130 91
8 195 128 90
9 192 125 88

10 188 122 88
15 179 114 85
20 171 107 80
30 161 98 70
40 153 80 60
50 47 67 49

57 62

60 140 48

Y 49

80 46

90 46
= “ R A,
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. . TABLE 3
Stress Decay Data 1
Polymer Tot: WSR 301 (W-1006-A-01)

. Concentration (wt. %) 0.36

e b
!;I it ,“

it

E e

Bob Speed Setting

, Time _ 1 2 3 € 9 18 27 54 81 162 :
B (min)

A ettt 0

Stress {dynes/cmé)

33 %
2 0 H
e 0.5 221 165 100 73 !
: 1 43 212 162 9% 7 |
A 2 327 204 161 94 70 !
g 3 327 199 158 93 70 :
¥ - . 4 327 195 156 93 70

ke 5 318 192 154 91 68

g ¢ 318 190 151 90 68

> * 7 202 189 148 88 67

k- - & 302 18 147 87 67

5 S 286 184 144 87 65 N
- 10 286 181 144 8 62 ;
3 N 278 178 142 84 \
> 12 273 176 139 84 -
- ) 13 269 173 139 82

E: . 14 264 170 137 82

3 15 261 167 134 80

2 ’ 16 257 164 131 80

- - 17 253 161 128 79

3 18 249 161 127

3 . 19 244 158 124

: : 20 2 154 120

0 216 130 105

3 a <40 198 111 91

- - 50 179 107 84

- . 52 105

. 58 82

: - 60 168

£ ) 70 164

80 161

g 50 156

- 100 153
o ° 110 151
3 126 148

w

;
:
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TABLE 4
Stress Decay Data
Polymer lot: WSR 301 (W-1006-A-01)

Concentration (wt. %) 0.41
Bob Speed Setting

Time | 2 3 6 9 18 27 54 81 162
(min) "
)

Stress (dynes/cm

414 244 18 114 84
389 233 182 108 82
373 224 176 107 79
365 219 173 107 79
365 236 168 105 79
365 215 165 105 80
357 212 164 104 80
357 209 162 164 79
349 205 162 102 79
31 200 161 101 77
333 196 158 99 74
333 193 158 97 73
326 189 154 97 7
316 184 153 9% 70
300 181 151 ¢4 68
297 178 148 94 66
291 173 145 93 66
285 171 145 93 65
280 167 144 65
271 164 141 65
266 164 138

238 150 124

228 141 117

216 130 107

206
122 100
122
96

96
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TABLE 5

Stress Decay Data

WSR 301 (W-1006-A-01)

Concentration (wt. %) 0.83

Bob Speed Setting
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9

18 27 54 81 - 162

Time 1
(min)

Stress (dynes/cm?)

AV A wrind €42 41X,

600
566
526
502
494
470
462
454
454
459
446
438
a2
405
357
388
389
373
357
357
357
357

WOALONMPBPLWN~—NO

TN b ool cnd ot ond et el o et euncd
CWRONTODHLWLWNN—=O

W NN N
©Q OO U ot

[
(%,

I
o

392
351
351
351
343
343
343
334
334
334
334
318
318
302
302
286
286
286
281
278
275

243
229
225

321
297
292
288
283
277
273
270
267
264
261
260
258
257
253
252
247
244
241
238
237

24
221

204
202
198
195
192
190
187
184
182
178
175
172
170
168
168
168
167
165
164
162
162

156
148

145
151
151
151
148
147
144
142
141
138
140
14
140
140
140
140
140
140
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TABLE 6
Stress Decay Data

Polymer lot: WSR-301 (W-1006-A-01})
Concentration (wt. %) 0.91

7, 43X
P T PN T s, SNy S mv‘f{%mﬂgﬁ

" Bob Speed Setting

Time 1 2 3 69 18 27 54 81 162 i
;| (min) Stress (dynes/cm?) 3
S ;
- 0 !
B 0.25 624 510 254 175 138 107 68 ;
B 0.5 591 494 30C 209 158 121 76 ;
e ¢ 0.65 309 ;
¢} 0.75 575 168 133 2 ;
T 1 575 473 301 230 192 139 85 3
- | 1.25 202 142 :
k| 1.5 195 144 3
P 1.75 190 5
= 2 550 466 286 220 186 143 93 :
b . 2.2 . 94
= 3 542 453 286 216 180 142 91 ‘ :
b 4 535 445 276 215 179 142 90 b
- 5 526 430 270 212 179 141 90 . :
3 6 519 421 226 210 179 140 90 ;
E 7 510 405 262 207 178 139 20 :
E 8 502 405 256 205 176 139 ;
3 9 499 405 256 203 176 139 :
| 10 486 405 256 199 175 139 :
2 11 86 289 254 197 173 f
e 12 373 252 196 172
- 13 373 252 195 171
- 14 373 250 195 170
15 373 249 195 168
; 16 247 194 167
& 17 246 198 167
A 18 245 166
ke 1Y 284 165
k- 20 165
S 21 164
E:
.
3
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TABLE 7

o RECOL T e

h Stress Decay Data
- Polymer lot: HSR-301 (W-1006-A-01)
‘ Concentration (wt. %) 0.94

Bob Speed Setting

3 sttt by ot

E T 1 2 3 6 9 18 27 54 8 162
3 (min) Stress (dynes/cm?)
.; 0
a 0.25 13 292 239 164 138
i 0.3 551
¥ 0.5 673 535 340 264 182 155
< 3 0.75 640 518 365 196 169
e 1 624 510 365 289 208 174
‘3 1.25 179
e 1.3 212
H 1.5 178
2 2 600 486 348 286 210 175
R . 3 592 470 340 282 209 175
b 4 583 462 337 279 208 175 )
73 5 575 454 337 277 207 173
¥ 6 567 448 337 274 206 173
o 7 559 446 332 272 206 173
& 8 551 442 327 270 204 172
e S 551 438 321 267 204 172
3 10 543 431 316 2656 203 172
5 11 538 429 316 264 20z 172
pr 12 535 429 316 263 202 172
E: 13 535 42¢ 316 263 2062
3 1 429 316 261 201
ke 15 426 316 261 201
3 16 417 316 260 207
- A 17 417 316 260
g 1 417 316 259
: 19 316 259
20 258
25 258
5 27 258
h:
¥
E:
f

;
|
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E TABLE 8
E Reproduceability of Stress Decay Data !
3 - i
3 Polymer lot: WSR-301 (W-1006-A-01) ’
2 . Concentration {(wt. %) 0.36 |
: Bob Speed Setting i
; Time 1(1) 1(2) +(3) )
> (min) ) 4
: Stress (dynes/cm®) ‘.
3 f
0 i
9 .5 359 358 3
L 1 351 343 342 3
2 327 327 334 :
L 3 327 327 334
3 4 327 327 334
k= 5 319 318 334
, - 6 110 318 326 ‘
3 7 294 302 326 '
5 8 204 302 310
: 9 294 286 310 i
9 10 294 286 290
il 289 278 ‘ 284 b
o 12 283 273 275 i
: : 13 277 269 272 '
14 272 264 267 -
15 266 261 262
: 16 26) 257 258
E 17 258 253 253
. 18 253 249 249
19 250 244 246
E .. 20 246 241 242
E 25 232 229 229
e - 30 216 216 216
L 35 207 209 ;
a 49 196 198
e 45 190 189
2 . 50 182 179 k
i 60 170 168 _;
P 70 164 164 :
= 80 162 161
3 90 159 156 j
o 100 154 153
k- 10 153 151
€ 119 150
s 120 148
oo, 126 148
2 (1) Initia” P

{(2) Immediote Repeal Run

B
P - (3) Pepeat Run 24 Hours Laier
Q.
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: TABLE 3

.

E Reproduceability of Stress DNecay Data

% i " polymer lot: WSK-301 (W-1006-A-01)

§ oo Concentration (wt. %) 0.41

% Bob Speed Setting

g Time 1(1) 1(2) 3(1) 3{2) 3(3)

: (min) 2

: Stress {dynes/cm")

4 0

3 5 414 375 184 185 188

s 1 389 363 181 189 1€2

> 2 373 363 178 186 176
3 365 363 175 181 173
4 365 355 172 178 168
5 365 355 169 176 365
6 357 347 167 173 164
7 357 339 165 173 162
8 349 330 164 170 162

2 9 N 330 162 169 161

5 10 333 322 161 167 159

£ n 333 314 159 165 158 .

4 12 325 314 158 164 154

e 13 316 306 156 761 183

4 14 300 298 155 189 151

E 13 297 290 153 159 148

- 16 291 282 152 158 145

- 7 285 282 148 156 145

e - 18 280 274 145 155 144

k| 19 2N 266 144 153 141

E: 20 266 263 141 150 138

k- | 25 238 233 130 138 124

3) 224 217 119 122 17

. 35 210 206 113 11@ 107

k= ¢ 38 105

g § 39 206

E 40 200 100

M 45 195 96

3 50 96

|

f (1) Initial Run

; {2) Ii=azdiale Ren2st Rua
;;‘% {3) Repeat Pun 24 Hours Later
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- . TABLE 10
- Stress Decay Data

sulymer lot: WSR 301 (1227-A-01)
Concentration (wt. %) 0.314%

privbt b viage vt by

S A SR S
i AR
£

v v

x

LS RO PSR « DA VORI bk (RN St b SRS AT AL Y

.
-» . . i €
o e AR AAN A Y, P 5 LR it 1L 82 N AR a0 B AT

Bob_Speed Setting
.. Time 1 2 3 6 g 18 27 54 81 162
(min) Stress (dynes/cm?)

e s SRR AR AR
iy 43;%.‘;7),;-"7’4’ 3

v\,
O P AR b ket
(SIRE '

127 60 42
121 59 40
114 56 39
111 583 39
110 53 38
110 51 37
110 51 37
108

21 101

83 40

Ek gy Pk
L ]
SO W=D

RIS
N
~
w
N
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RSP At DT G VK
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92 37
35

4 Frinc o
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O WO

22

o
[
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(78]

80 :
167 34 !

198 22
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: TABLE 11

5

S Stress Decay Data

v i N

Polymer lot: WSR 301 (1227-A-01)
Concentration (wt. %) 0.41

3ob Speed Setting
Time 1 2 3 6 9 18 27 54 81 162

(min) Stress (dynes/cm?)
L 0
D5 308 164 121 77
1 292 154 113 73
2 276 138 105 68
3 252 120 9% 64 ;
4 244 114 91 60
5 235 111 85 59 :
6 230 107 82 57 :
7 ~%% 81 56 :
8 el 81 56 2
9 219 79 £6 %

A
Y
Y
x
o
.
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TABLE 12

Stress Decay Data

Polymer lot: WSR 301 (1227-A-01)
Concentration {(wt. %j 0.70

Bob Speed Setting
Time 1 2 3 6 9 18 27 54 81 162

< (min) . Stress (dynes/cm?)
': . o
S .5 413 281 229 151
B, 1 395 269 219 148
e - 2 356 250 206 142
o 3 355 236 195 139
& T 4 35 227 189 136
E i 5 3*2 223 184 130
2 6 e 218 181 128
z . 7 342 216 178 125
Y ¢ 8 342 2i5 175 122
1 9 32 a3 172 121
= | 10 342 210 167 119
Y 11 207 166 119
P 12 204 165 118
- 13 201 164
E < 14 199 164
3 15 198 164
% 16 198
- 17 196
E Y. 18 195
. 19 195
e 20 302
. 30 113
B 31 294
E 33 155
. 42 11
E 57 178
A 63 146

2 77 274 104
- 81 175
= 95 144
N 105 174
% : 115 269
2L 120 102
. | 150 142
| 160 100
. 166 173
it 173 263
s % 189 97
i ! 183 13%
?:% . 195 a7
S 220 259
- 229 138
e 253 257
2 | 259 5
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Polymer lot:

Time
(min)

ST Y

Stress Decay Data

TABLE 13

WSR 301 (1227-A-01)
Concentration {wt. %) 1.03

Bob Speed Setting

162

1

6

9

18

27

54

81

162

Stress (dynes/cm?)

*
WONONBWN =IO

842
810
761
745
721
697
693
689

689

663
648

543

527

527

518
£02
478
446
437
429
429
421
413

389

373

369

348

348
348
334
332
324
316

316
316

316
316

309
309

300

277

270

269
269

4

264

264

276
274
273
270
263
258
254
253
251
250
248
246
245
244
244
243
242

237

204

212
212
211
208
207

193
193

188

181

178

173

167
167
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TABLE 14
Reproduceability of Stress Decay Data é
Polymer Tot: WSR-301 (W-1227-A-01) :

Concentration (wt. %) 9.14

Bob Speed Setting

Time 1{1) 142)
(min)

e k) !
aattem:

Stress (dynes/cmz)

R e St
.

D R Nt MR LU T R LN

0
x 0.5 127 128
- ] 121 122 $
= § 2 114 117 ;
F - 3 m 114 4
Ai 4 110 133 3
- ! 5 110 113 3
= 6 10 13 3
-4 7 108 13 £
: 8 m Z
. 9 m {
N 10 m {
- © 20 102
! 21 10
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TABLE 15
Reproduceability of Stress Decay Data
Polymer lot: WSR-301 (W-1227-A-01)
Concentration (wt. %) 0.41

Bob Speed Setting

Time 2(1) 2(2)

(min)
Stress (dynes/cm@)

0. 164 165
154 156
138 140
120 125
114 17
17 116
107 116
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(2) Repeat hun 24 Hours Later
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TABLE 16
Reproduceability of Stress Decay Data
Polymer lot: WSR-301 (W-1227-A-01)
Concentration (wt. %) 0.70
" Bob Speed Setting
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Time 2(1) 2(2) 3(1)

3(2)

(min) 2
Stress {dynes/cm®)

281 286 229
269 274 219
250 255 206
236 243 195
227 233 189
223 227 184
218 224 181
216 219 178
215 216 175
213 215 172
210 213 167
207 212 166
204 210 165
201 210 164
199 203 164
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198 203
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195 205
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12.0 Appendix V. Power Lav Analysis of Miscellaneous Preliminary Data
Early in the program a number of preliminary experiments were per-
formed as part of the processes of equipment familiarization and develop-

ment of analytical techniques. The results of several of these are in-

cluded here.

AL PR WAL T in vt v d 6 st AN B I8 50 e b st eyt A

V2

Experiments were performed on three samples of concentrated (1%

nominal) WSR-301 solutions. These samples are designated as:
Sample A: Prepared in the vortex mixer using ordinary tap water.

72 hours set-up after initial mixina.

WL ML L e S AN ittt s Dottt £,

Sample B: Boiling water method. Measurements made within twc

3

: hours. 3
Efs Sample C: Similar to B, with some variations. . é
f;: AN samples were prepared with powder which was at least one year old. %
;?ﬁ Limiting viscosities over various shear rate ranges were obtained with §
%1; the three samples. The results are <ummarized in Figure 59 where shear g
i;é stress is plotted as a function of shear rate. The liniarity of the g
2:3 curves over the entire shear rate range of about 0.2 to 250 sec™’ is é
Ea further justification of the power-law assumption. Thke power-lav con- g
%‘j stants thus determined vere: §
é;} sample A: 1 = 7.800-%4 ?
;;E Sample B: = 18.200'51 é
‘i Sample C: t = 9.8p O-¥
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