
— T 
N

A D—AO’eO 667 P!P*ISYLVANIA STATE UNTV ‘341VE*SI’Y PARk APPLIED !ESE—EYC F/S 7/3
THE INTERPRETATION OF POLUiER DATA.IU)
APR 73 N S BCRMAN N000I7—70—C—1;07

UNCLASS IFIED TM—73—53 NL

t_K!ir.~ii2 I
END

IJ. 
DAT F

FILMED

7 77

L~ _ _



(

t
~~~~ ~~~~~~~~~~

~~PY NO~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

\

~~~~~~~~ 1~~~~

T h e  Pennsylvania  Sta te  1J ~~i v c - r s :t y
In s tit u t e  for Sc1i~n~~ and Eii 3uc t~~r’~
APPl IED RESEARCH LABO1~ATO 1~V ~J
Post O f f i c e  Box 30
State College, PA 16801

N A ’\~ I)ZPAJ < ’fNCNT

I~AVAL O1WNANCE :~~‘s’i r~ i~ C
C.,

, 1 ~.....J H

________ 

Li~) L~ ~j f l,~~S

_ _ ___— 
_ 

_ _ _ _ _ _ _



I

_ _ _  -

White IS~ N 1)
lvI1 Si~II 0-

UW*UIUNC~i 0
JaslificAnul ._.._._

$1111 lION ILIIILITI t~~U 
—

~

ft~~±
Subject~ The InterpretatIon of Pol~~er Data

References: See Page 15

Abstract: Using a log normal model for molecular weight distribution ,drag curves can be predicted which agree with experiments inpipe flow. Working back from pipe flow data , average
molecular weights or concentrations can be estimated from
drag curves, illustrations are given for a recent watertunnel test and data in the literature.

*Presentl y on leave from the School of Engineering, Arizona State University,Tempe, Arizona

- 
- 

~~~~-~~~~~~~-



—1-- April 6, 1973
NSB:uiac

THE INTERPRETATION OP POLYOMETER DATA
1 :

Introduction

Drag reduction by dilute polymer solutions is easily illustrated

by pressure drop vs. flow rate curves for turbulent flow in a circular

pipe. It is desired to compare such tests to expcriment8 in other

geometries with polymers of different molecular weight distributions

and different solution concentrations. For example in a polymer ocean

— test the polymer initially is fresh with a certain molecular weight

distribution, and as it degrades it may be equivalent (for drag

reduction at least) to a fresh solution of a lower concentration.

- In the analysis in this appendix we first describe the presentation of

pipe flow data and then develop a model to relate the cvrves to

concentration and molecular weight distribution.

Presentation of Data

• Over the range of Reynolds numbers lO~ to 1O~ the flow rate

• for turbulent flow can be related to the shear rate by a power law

; relationship. In terms of Q in cubic centimeters per second and
IJ
~
2/v in sec 1

0.572 I

Qwater O.69D2’15 [
~
j (1)

a

__________________________________________________ _________________________ 
• •~~~~~~~~~~~~~ ~~~~~—-
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Here D is the pipe diameter and Ui/v equals ?~/ p equals

(.-t~p)D/4L~i where v is the kinematic viscosity, 
i , the viscosity,

~‘w, the shear stress at the wall, and —t~P/L , the pressure drop

per unit length. The limiting drag reducti . . asymptote as given

• by Virk (1967) can also be expressed in a similar form:

Qmax 0.71 D2~
31 [Ma

] 

O.65~ 
(2)

Now when a curve of Q vs. U*21v Is measured using the polyometer
• described in another section, several different types of behavior

are found . These are illustrated on fig. 1. Curve I shows a

polymer solution containing sufficient polymers of a high enough

molecular weight to exhibit maximum drag reduction at all Reynolds

• numbers. When the polymer molecular weight is the came as for

Curve I but the concentration is too low to reach the maximt~

drag reduction line, Curve II results. Keep in mind that the

• polymer solutions ~~ are discussing have a molecular weight

• 
• distribution and are not of a single molecular weight.  The next

curve, Ill, illustrates a solution with ].owcr molecular weight

polymers than in Curves I and II but enough concentration to reach

Naximum drag reduction at a sufficiently high value of shear rate.

In this case the curve approxiaately follows the water turbulent

~~~~~~~ .~~~~ — —

• - . 
•
~~~~
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line up to an “onset” shear stress and then proceeds at a greater

• : slope to the maximum drag reduction line. In reality the deviation

from the turbulent water and the intersection with the maximum

• • drag reduction lines are not sharp an shown but very gradual. In

almost all cases, however, the curve can be well approximated by

• a straight line drawn between the water and maximum drag

• reduction lines. Curve IV ahows another such line with not enough

experimental data at very high shear rates. This curve would

eventually reach the maximum drag reduction line. Finally Curve V

represents the curve for the minimum concentration of polymer so

that at a shear rate of infinity the maximum drag reduction curve

- is reached • Other curves beyond this would never reach maximum drag

reduction.

Description of Data ‘

Nov to describe these curves mathematically we can consider

only those of types III , IV , and V. Curve I may of course change to

Curve III if a larger size pipe is used in the polyometer (lover

transition shear stress). We can define two types of fractions to

represent the points between the turbulent ~..ier and the max imum

drag reduction curves as follows: •

A0 E IQP
_ Qw1

- L J u*2/v — Conat. (3)

_ _  

~~~.
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R

Const. (4)

J1
where the subscript p is for polymer, w, for water, and H, for

maximum drag reduction, and f in the friction factor. For the

polyometer curves

L V )  w~ 
rv—) 

~U*2 U*2
( v )  (v )

w H Q Conat. (5)

L
Figure 2 shows some possible 

~~ 
and locations. About point P

we have

AS

DC

where XY denotes the number X minus the number ‘1 and not the length

or log coordinates. For many water tunnel tests we need a fractional

drag reduction to aid in the explanation of the data.,, For skin

friction drag in turbulent flow , when the water would be at point B,

the fractional drag reduction for the illustrated polymer solution

at the same free stream velocity is (1—C/B). If an experiment

________ ••
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involves an irrotational flow and the strain rate is the important

parameter then the appropriate functional drag reduction for the

illustrated polymer for a shear rate on the line APB is (1—P/D).

Log Normal Model

We would like to relate the point P and all points on the

line OPT to the molecular weight distribution, concentration, and

behavior of polymer in the turbulent flow. Although the molecular

weight distribution in the dilute polymer blend is ~robab1y

complex, we choose a log normal distribution as representative.

Then

_ 1~nM-m)2
aP (M) e

(6)

where — < ( m M  — ~) 2>

— em + ½~
2 (7)

and x> — f X ThiM-m)~~ dMI 2~~ J (8)

• .
~.

_i—_-.-- -.
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Here cM> is the number average molecular weight. Now we assume

that the difference between a parameter characteristic of the flow

for polymer solutions and that for water alone can be found by

summing up all the contributions from all molecular weights

above an onset value, M’,. Let 6 be thia parameter with subscript
p for polymer and w for water. The appropriate property to be

summed will be taken as the effective volumes C ~rJ where C is

the concentration and tr~J, the intrinsic viscosity.
Then

— 
~~~~ 

f c[rcJ P(M)dM

(9)

It is an easy matter to put eq. 9 in terms of the molecular

weight alone. The terminal relaxation time, T1, can be related

to molecular weight and~ intrinsic viscosity as follows

H ns[nJM
T1. 2RT •

(10)

where n5 is the solvent viscosity, T, the absolute temperature,

R, the gas constant, and ~rjj, the intrinsic viscosity. For polyox

Merrill finds

[~J • 1.03 x 10 ” H078 (11)

-

- 
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in unita of deciliters/gram. Then at 25°C for water as the

1 solvent

T1 — 2 x l 0 15 141.78

(12)

To relate to the polyometer curve we need the relationship between

T1 and the flow timescale U*2/v. Ltnnley finds that the condition

for ultimate expansion o~ the polymer molecules in turbulent flow

in given by

2 IA I2~ C> 4~ (13)

• where A is related to the shear rate for the pipe flow and

is an integral time scale. Using Lum ley ’s def inidons of A and

for pipe flow we obtain,

T U~ >~~~ (14)

When eq. 9 i8 put in terms ‘~f

- -- _•_ • _
~~
_•_••__ _____ ___i••
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— (9nT~~
562 -in —Con~t.)2

— 6w ..(C0u,st)C 5 e 282 dT1
8 (Const)T?.562 T~~

562

(15)

which is like a cumulative distribution function for the tinesc~a1e.

In another form eq. 15 Ic

6p — 6w - ____ ____ 

— .O&588~ f e~~~12 dz ,
(16)

triM — in _ Q 7~ (~2x -  ______—

8

Here H0 can be r~ 1ated to t1*2/v. This equation applies only when the

behavior in between that for water and m~xJ~ru:r drag reduction. Also

the proportionality facto~ should be a function of Reynolds

number , U*D/ v. Then it would be b ~~t to use as a characterization

factor, since a ratio would eliminate. t~ ir ~ R :zrolds number dependence.

- — • - — _________________.- —• .
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— 6w CM<M
0 7 8 e_ 0 8

~~
h 1i 0—z /2 dz 

( 17)

is a possible ratio vhcrc the dc~i - ,d~~ t c , r r i f r s to maximum drag

reduction. Unfortunate)y thin r~quir a a sta~ic~rird of comparison

for each U~D/v. One standard w’~ich can be ded’~ccd from prcviouu

data is the limit when is w~~ative inl’nlLy.

• Consider

6 — 6
fl W 2_ _ _  

f e~~ 
/2 dz

KCM<MH
,0.76e

_ .0858
~?~ 

,“2~ 
X ,

(]
~)

where K is the proportionality f~’~ tor . In Potrer~oii and Abernath y

- (1970) ,  <M2>/<M> 2 ~as found to be ‘~~ t ely 20 for the Polyox

WSR series. This gives ~ 1.73 and rir~:~’ <i~
2>/<H> , t1~o w~I~)t

4

average molecular weight is B x 10~ we cmi iro get <~~~
- . Th

4 points between the water nnd ~i~1xi ~rt! :n dr ~~, reduct ion  cuives  vc can

find X
M 

corresponding to —the proper fr t i c t ioa  of — For ~mc1~

j a wide distribution we c~~ .ss~r~c th~ L the •~~~~~~~ ; of the d~ ’;tr1butIor.

I:
—• — f -—  — • - • - - -— ——--—-— •

~
--- —.•

~ ~~~~ •-,_r _•-• •-- - - 
~~~~~~~~~~~~~~~~~ - - -.~~~‘ ,•.— — S.’— - -
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will  far  outweigh any Reynolds number dependence . ~kv will assume

this  f rac t ion  app lies to the fiowr~ te at connt ~ nt  Ir ~~ / v . Fc’r

Patterson and Abernath y ’s data

Fraction of X H0 T1 -

0.01 2 .326 5.7x1O~ 1.33x10 1 2 . 2 5~~ O

0.10 1.282 8.5%lO r 4 .5x10 3 6. 6x 102

0.25 .674 2 .97x1 O~’ 6 .6xJ0~~ 4.5;:l0~

0.50 0 9.2x 10 5 8.3x10 5 3.6x10 ’~

0.75 — .674 2.85x105 l.0~~JO 5 2 . 9 4 x i O~’

0.90 —1.282 1 x iO~ l.~~ x1(i
6 1.98x106

0.99 —2.326 1.49xl0 ’~ 5 .2xlO~~ 5.7x10

These point~ are plot ted  on fir’ . 3 and ~~~~ terni s of Reynolds ; t ~~; c.r

vs. f r ic t ion  factor  on f ig . 4. The concentyat Ion corrc~p iing

to t his curve is approxin~i te ly  1 pp~t by wei ght on f i g. 4.  S In i la r

curves for other conccnt ra tioua  can i.e prep~ rc .d by r i l t : j~~ying thc

f r ac t ion  of (6~ •- 

~
) in the tai~~ c by C/4 ~~ero C is t i j O  con ceiit r i it ion

in parts p-: r n i l]  ion. Cui~v~~ for  ~.~r ioua r i~ d~’les of the i ’in imun

curve are also ~2 o~ .~ on f ig . 3 and 4 and c ’mpa :c :d  vi Lh c~:p~r irnenta1 data

on fig. 4. When conc entr at i on ~, ar e i~ i;cii  i~~~ or much r I -1e th— n t1i~

minimum to r each max imum dr~g r,- -!u~:t1 n , t i . :  (‘~ rc-~- :pc nt is onl y fa i r

since the log normal distribut~o;~ is only an ap~ :o;iue~.1 on.

_J~ •~ %-~~~~ - -~~~~ -~~~~~~~~ 
-
~~~

-—
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[ However , the result qualitat ively describes the behavior qv:~t e  well

especially if the straight l ine portionn of the cJrves On fig. 3

are extrapolated to the water and maximum drag reduction curves.

• 
~e ace that many observations on dilute polymer solutions are

merely due to the molecular wei ght distiJbution.

To interpret the Pol yonieter curves we see that  the onset

point , slope of the curve between onset and maximum drag reduction

and the intersection po :~n t  with tile znax i~ un drag reduct ion l ine

are funct ions  of conccntrat ion ,~ive rage molecular  weig ht  and th e

parameter 8 related to the ratio of weight average to number

~vc ragc molecular  weight. It would be easier to relate the in tersect ion

point with the maximums drag l ine w i th  t ) l~ appropr ia t e  f resh  Pol yox

WSR 301 since the exact na ture  .f the d~ , r~ d. tion is tmknowa .

Another possibi l ity  is to use the appi.:~ r . : i’e shear t for the

te st and relate this to e l iu v : like ~i ’ ~. ’ - on f i g. 3. As we can

see on f ig .  3 the curves depend on the  p ipe s i z e .

Fig. 5 and 6 chow the coi~re1at ion of maximum dr ~~. reduct ion

intercept,  with concen tr ir ion  of f.:~e~:h Polyox WSR 301. Using f i g . 6

for the 48—inch tunnel  tc~~t we obtain t1~~ fo~ ~~~~~~~ for  a speed

of 8.5 meters per second

I 
-

LI

— - -



-12- April 6, 1973
NSJ3 :mac

p

Teat Equivalent
Fresh
Concentration

7627 10

• 7629 10

7632 7

7633 5

7635 3

7639 1.8

764 1 2.5

This equivalent would be different for each speed since the

onset point is not equivalent to the original Polyox. For example

text 7633 corresponds to an onset shear rate of 4 x 1O~ sec
1 .

On fig. 5 the onset point is plotted for this range and at

4 x l& see we obtain l’.5 ppm compared to 5 ppm from the comparir.-’n

at a shear rate of 8 x 10~ sec~~. Obviously the concentration

-
. is greater than any of these based on fresh Polyox WSR 301 but

the molecular wc5ght average is 1ea~. We can estimate the

average molecular weight and concentration if v-~ assume 8 is

unchanged. This is reasonable only because B is quite large anyway

and the probable increase i~ the weight average to number average

molecular  ~1eight ratio would no~. change ~ by much. Let us fu r ther

asnur~e that the concent ration remains constant so only molecular

weight changes and plot the results on fig. 7. The minimum

1 !
$ 
________________________________ 

____
- 

~~~i~~
- • 

~~~

—

~~~~~~~~

- - 
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~ concentration to reach maximum drag reduction for various weight

average molecular weights is found to be an follows :

Minim um Concentration
for Maximum Drag
Reduction

8x106 4 ppm

4x106 6.9 ppm

2 x 106 11.7 ppm

1. x 106 20.3 ppm

5x 10 5 34.7 ppm

The log normal model predicts minimum concentrations to reach

maximum drag reduction in agreement with Patterson and Abernathy .

In addition the apparent “onset” shear rate increases with decreasing

average molecular weight and decreases with concentration increase

also in agreement with their data. We also find the same behavior

• in stretching out the curves when the “onset” is within the laminar

• flow regime for the pipe used as shown on fig. 3. Much of the

- “unusual” behavior of the pol ymer solutions ar therefore only a

result of the molecular weight di~ tribut ion. Fig. 7 can be used

~~ to estimate the weight average molecular weight for the 48—inch

• tunnel test. - 

~- — —--  • — — -
- —
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The approximate results arc as follows:

Test

7627 8x 106

~: 
- 

7629 3x10 6

7632 2x1 0 6

• 7633 1.5 x 106

7635 1 x 106

7639 0.7 x 106

7641 0.9 x 106

Effects  other than drag reduction arc found for increased

concentrations for fresh solutions and are not included in this

analysis.

We can see from this analysis that a polymer ocean test can

be characterized by the equivalent of fresh polymer or the

average molecular weight. Either of the~.. . can be estimated as

• described herein. In a separate attachment to this report a

“cookbook” method for preparing theae estimates is given.

i—I ~~~~~~~~~~ 
- -—

~~~~_~~~~~~~~~~~~~~~~~~ J

_
~

_
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Preparation of Polv’~-’cti -~r Ct ,~~- i- ~; ir ~- - Log I~~r - - ~1 ? odr - l

We assum e that for Po]yc’x ~~~ 301 the ~?c ght r-~’c-r r ~~e

nolecular  ~cight is 8 x 10 6 , ~~I IC~ ratio of wei~,hi average to

nu~obcr average ~olcce1 :, -I - ~-e i ght is 23 and the min 1tiiu i~

concentration to re~ c1i r~~:imuj n drag reduc t ion  line is 4 p l -:~.

Points on the master  curve ~rr  ar

- 
f rac t ion  X Shear-rate

I f i  scc ’

1
1 

.99 -2.326 5.7 x

1 .90 —1.282 1.98 x 106

.75 - .674 2.94 x

1 .50 0 3.6 -: l0’~

.333 -:- • ‘~~~~ 9.5 ~~ 10~

- 
.5 .674 4.5 x JO~

.20 .842 2.73 x l0~

.15 1.036 1.5 x ~~ -
— 

.10 1.282 6.9 ~ 10
2 -

- • .08 1.405 4.6 302

.06 1.5~ 5 3.05 x

• .04 1.75:. 1.6? >: ~Ø 2

.02 2.(5/-, 6.i• ~ 10 
- 

-

.01 2.~~26 2.~~ - x •

~~~~~ 

-- --

~~~~~

- - -

~~ • 
- 

~~~~~~~~~~~~~~~~~~~~ 
-•

~~~~~~~~~~~~~~~~~
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~~~~ ~~~~ 
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Case I — No degradation onl y concentra t ion  is changed.

a. Mul t ip l y the numbers  in the f ract  loll coi~ nn by t h e

concentra tIon in ppm divided by 4. DIsregard all

numbers greater  than 1.

b. Plot the re su— ting f rac t ion  and corresponding shear ra te .

At the constant shear ra te , read the f low rates for

water , Q
~,, 

and maximum drag reduction , Q
~
. Calculate

~~~~~~~~~~~~~~~~~~~~~
Plot Q~ at the shear ra te .

c. When sufficient points have been located , d r aw a st rai gh t

line through the points  l.n the central  region bet~- -~-cn the

• water and maximum drag reduct ion curves and c~ t r npc l1 at c

the line to these two curves. Disregard the p o t n l r ro ’. on

th is  line .

Case II — Typical polymer ocean tcst ,concent rat ion  Is con:;~ 0

mol(- - ular wei ght in changed .

a. Calculate the ra t io  8 x 106 to ti v- weight average vi o lc-c -l ’1~~r

weight of the curve to be p lot t ed. Calculate  the io) ’(-y i 1 :
S E (8x1O6/ 1~~) 0 7 6  -

ta’ (8x10 6/?ç)’’76

b. Th~ new minimum concentration to i - ’ c h  t rOxt i- -t I:- . dr ~-.g r cit •~ t-ft n

is 4S. The fraction n~r . 1 ’ - r s  are Tn~
l t
~ Il ~‘-d by c - ‘~•centrat ion

divided by 48 and tLr~ sLe.~r ra te  L1~~’ ILCrO are mu l t~~j I i  i~ -1 b y

~. Fort— 1 a new table.

c. Proceed as in c’r-e I, b and c.

-~~ -- 5 — -  _  _  

-

~~~~~~~~~- 
- 

- -—---- -— - - • - _ _ _

— ~~~-‘- - • _
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~~~~~~ ~~~ ~~ rat -S o of weigh t t~-:’~r age to nLI-lber average tr.~ i a - c t i lnr

- weight is changed .

a. Find 6 where -

6 — vi~~

_•

~~~~t .  ave./ I Io . ave.)

b. The U*
2/v i~ found from 8, X , and the wei ght average

molecular weight.

• u~,
2 3 x l&~ ~..29B2

I 
v — 

2 MW
I . 7

~ 
I~~~~~~ X

• c. The new m l ;  imwn con cen t ra t ion  to reach naximu~ diag r educt 1~~

is found from 8 and the w - i p h t  average i -o l e cu l - ; r we igh t .

CHin .03 (8xl10•78e+ 1.63882

d. Proceed to case I or II for the change ~~ ‘ corc~ nt rat 1on

f r om 
~Mi 

and U~
2Iv generated .

‘5

I I

I l
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_•,•— 

~~~~~~~~~~~ ~~~~~~~~~
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