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F& 7¥-z} S99 §H8H2] 7-F2 elastic dumbbell %24 A}-£3}o] <1-7&}H 4 hydrodynamic interaction(H.
L) £35 F& A R 9kr}. W3], consistent averaging WS AF&-3}H 4], Oseen tensor$} Rotne-Prager-Yama-
kawa(R-P-Y) tensorS HlI. tensor® z}z} A}&-3}od 1 zpo]& ulmatel.end, Oseen tensors Ab&sh= A2, Otti-
nger?] 41253} Ahn#} Lee?] oe]5-g vlawstglct. = HI tensorg A 2]sl= HPH.2 2 consistent averaging
v 3} Gaussian approximation ¥l o] xloje] tistel® Abs W glt}l Ahnd Leed) <50 Ottmger«} otx
gExch AR wE A A 7S HolFq) o, Gaussian approximation HHH-S AM8-3= 7% consistent averaging
v 3 2] second normal stress coefficient”} 22 g Holmg v de|Aq wpyor Aqzixc)

Abstract— Hydrodynamic interaction (H.L) effects in the dynamics of dilute polymer solutions were investigated
using an elastic dumbbell model. Model predictions obtained by the consistent averaging method were compared
in the cases of using Oseen tensor and Rotne-Prager-Yamakawa (R-P-Y) tensor as H.L tensor, and the Ahn
and Lee’s algorithm was compared to the Ottinger’s algorithm in the case of using Oseen tensor. The consistent
averaging method and Gaussian approximation were compared to show that Gaussian approximation method
were reasonable in predicting the negative second normal stress coefficient.
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Fe AR Sele] i B4 cJEMeR A sle] we A7) slallA gk B} Alo] L)
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A el Al Fo|A] HI2 &A3= HIL tensorol
ols Jelfoix|=d], HI tensorZ& Kirkwood$}
Riseman[1]ell 2}sll #A|¢k" Oseen tensor7} F+2
ARe-sle] ] ko). 121l Oseen tensori= bead?]
B5E T8t beadZ point force source® Il
Falez ozrlx Egldez B3eld singula-
rity S el A "Dt o]2’ singularityd 3}
$)3}o3 Rotne-Prager(2]1¢} Yamakawal 3]+ bead <]
R.u]Z 183t Rotne-Prager-Yamakawa tensor(R-
P-Y tensor)®] A}8-& A|A]steich

o]¢}7¥e] HUL tensorol] 2]3led HI &35 ¥
s A Z¥-A} gl o] f-H 34 material functiong
Asbstedle by 270 sl AREE o] gt
Zimm[4]- equilibrium-averaged H.L tensors A}
£3)o] Ak xe A gle] A3 material func-
tiong 3¢l.evd, Ottinger[5-8]4= consistently ave-
raged HI tensorZ A}-4-3lo] 834 material fu-
nctionS°| shear thinning A Jehds Hal
v} ¢} gk, Fixman[9-10]-& boson operator&
AH4-3led Zt deformation rateol| 4] average® H.IL
tensorg ARS3FoEH AntEmo] oJFEIE HET
T2 942 v} 9lew, Ahn Lee[11]¥ Fixman2
algorithmS 443}y consistent averagingell <]3
HI &#32 xdstgdct & Haro9t Rubi[12]& R-
P-Y tensor& AF&-3lHA consistent averaging
Holl 9J3] HILE x2islgdch. 224, consistent
averaging HHH-S W.E configuratione]] ©]&le]
¥ HL tensorg AR$-3}7] ufio] HI tensor?]
configuration ¢|&4-& w&8& ¢ gk oepA, A
HHoz &9 ghe] 7IN=+= second normal stress
coefficient(yz)7} <¥2] ¢ vehlies 942 Ay
sir}. o]ol] ti3] Wedgewood[13]+& Gaussian app-
roximation-3- AR-8-3}e] H.IL tensor®] configuration
AEAE FA e 1HFoZN w29 #E
7hdg Bglen, Zylkast Ottinger[ 1413 R-P-Y te-
nsorg AM&-3}H 4] Gaussian approximationel] 23}
HI &35 aesidovt Ao A4-9 7}
Aol A% FAH] STk

E ATl WA consistent averaging W&
A+-8-3l91 4] Oseen tensor®} R-P-Y tensorsS H.IL te-
nsor® 747t AMS-dRs 7§ 1 Aol wlassich

I Oseen tensor?} consistent averaging ubH-&
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LolsE

A3t 4] Ottinger? algorithms} Ahn#} Lee$)
algorithm-3- v]w3}gl om, nfx]=to 2= consistent
averaging "3} Gaussian approximation®] x}o]&

nl L skod v
2. 0| =

2.1. Diffusion equation

Elastic dumbbell 2de)| )3l w82} A&
FAIE of g A} RS2 1709 massless sp-
ring®. 2 4% F719 bead® Hepfjeizlc) ofw
dumbbell®] configuration& “}e}l= configuration
EEZE, Y, t)= o9 diffusion equationel]
o8 AA )

0¥/0t+0/0r;+ {[x-r,]¥ —DLKTVY¥ +¥VS]} =0,
i=1, 2 D

o714 r= A bead9] position vectore]™, V&
gradient operatorg YEpAT) k&= (V)2 Y=
rate of strain tensor& YERHH, Si= 5 bead A}
o] 9] spring potential 2 “}elit} == DE oS3
7o) A% square matrix3ld],

D={"15+Q(ry) ¥

e L nE AEHM, §& unit tensorE e
{& bead?] friction coefficients vehi ™ Q(r):=
hydrodynamic interaction tensor® }eldich

g+H  elastic dumbbellel] th3}ej
bead?] connector vector Q& YERHEZ Al (1)
2)5te] dumbbell®] internal configurationo] Q2}
Q+dQ #tele] FxE 71 FEE g 2ol
viehfjezle},

o¥/ot=—10/0Q-[(x-Q¥ —(5— L)
“((2KT/)0¥Y/0Q+ (2H/OQY]} 3

e A

o714 HE 5 bead® AZ3H= spring®] spring
constant-& e # ki Boltzman 445 bz
T+ AH2=5 vehdin, HI tensor Q&2 & oh-&-3}
2r2 Oseen tensor7} F& AREH 3L Qi)

QUQ=(8+QQ/1QI%/(8m,|Ql) @
A @A n= el HEE Jepdch 2”0,
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A (WF Q=09 ¥X & 7P o §— (2 AoFHE
diffusion tensor’} Fghf¢e] & ZIx)Al €t o]
2]3t singularity 2 3}7] $13l4] Rotne®} Prager
[2]¢} Yamakawa[3]= ©F&-37} 2 Rotne-Prager-

Yamakawa tensorE A|A]slgich

QQ)= (5+QQ)/1Q1»/(8m,lQl)
+2%(8—3QQ/1Q1%)/(12m,| Q1%
Q>2a
(1/(16mm,2))(8/3—31Ql/42) &
+QQ/(64ma% Q)
Q<2a
a=(nkT/H)"2 (5)
714 a¥ bead®] HHAE-& veRlW, A (G)=
XE configurationel] tHs] positive definitedt Q7k
<+ 7}AA "k

2.2. ()ttinger's algorithm

A (32 Qoll dia] vl A 1], Ottingeri=
steady homogeneous flowell4] consistently avera-
ged® Qe AHSFOEH o) e MYk
oldl tensor AE ol A (6)3F o] FFHH 4
@9 de FEo|BoTRE A NF o] F&

& & Utk
A= (8— <L)/ (2he) 6)
Y(Q)=[(2n)’detc] 2 exp(—0.5(c:QQ)) )

A (614 A= Y4HZ HH ok oS A @)%

7ol Ae=Ela A (9l ofs AAHrh

o= [QQ¥QdQ=(QQ ®
Alo—(kT/H)81+[0—(kT/H)8JA=x 0+ 0k
()

%A simple shear flowel| 4 tensor 62} A+ 4] (10)
7 7o)l veh A, o, o1, 2% ag, a, ar A
lelli= A (11), A (12)9 722 3AA7F A=k

G1 Go 0
o=kT/H |: co G2 O ]
0 0 1

o

[+ 5] — Qo 0

A=6—W= [ —a a 0 ] (10
0 0 1

co=ougf/den, o1=1+g(oe+Hf/den,

0= 1+ay(1—g)f/den 1)

f=20Y, g=as/(a1+ ), den=aiotg— e’ — oof
12)

el A Y= A5 g vehgo stressol & pol-
ymer®] contributiong t,= —nH{QQ) +nkT52}
7o) YehfoiAlc). o)w n W -3 LEA
AHEe] 5 et

2.2.1. Oseen tensor

A (6)3 (9)ll 2J38l, tensor 6& T3k frH 3HA
material function$ A4FF7] 8l A= A% HIL
tensors HFsh= 7ol doslch HA HI ten-
sor® A @4 A= Oseen tensord AR&-3}od
A 68 CWE Q 8, ol dsl AEsid 7
AEE oe3 2o

1/1QIA+x%/1Q1%) =2J(H/KT)"*

[ {Lcos’o+B@)IaBlo) —costol Blo)do  (13)

(1/1QIA+5¥/1Q1) =2)(H/KT)>
[{Lsin®o+B(@)Ig(B@)—sino} B@)do (1)

xy/ Q1P =2J(H/KT)V?

[singcoso{ 2N —1} /B@)do (15)
7] A,
J=[@n)’detc*] "2 (16)
*_ 01 Og
° [ Cp O2 j| (17)
B(@)=1—(cosesin®)s ~ Ycososing)’,
g(z)=1(z/(1—2))/(1—2) (18)
272 arctan(z?) for 0<z
fz)=| -
1/2 |z Yin(Q+ 1 2IY3)/(1— | 2| V%)
for —1<z<0 19

ot}
2.2.2. Rotne-Prager-Yamakawa tensor
g A (5)el]l 9J3] A el¥ Rotne-Prager-Yama-
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kawa tensorZ Al&-3Pd beadd §33F HuE 1
23 5 glh olw Fosjof & L, R-P-Y ten-
sori= bead®] -3¢k ¥-¥5 L2322, connector
vector Q7} r ¥Hakel| tf3fo] 0~ o EE2E 7}A|=
o] oluz} 2a~® o F-EE 7x|A] Frh= Zolrh
et #3E FEFF Y(Q O)E 2a~» 9 FEE
HAA =H, B8 el e #E X ¥, (Q
£ 2a~© 71X AE-]q 3o FE o}A] normalized) of
gtk olgfzto] dhd chg-t A2 AL A Hrh

04

A

0 =3m"n1/4D)| @ 1QQ/IQI) " exp
(—2K%a ' :QQ/IQI*)(6+QQ/|QI%)Sdedo
+ " h* K 2D) | [ [exp(— (@ :QQ/
1QI/2y/y (5—3QQ/1QI)Sdodody

(20)
o}7]A,
J=[@n) deta] "2, K=(m)"2h*,
2= [¥.(QQ (2a~w) o1

7} =] $]2] oA} h*= hydrodynamic interac-
tion parameterg vEh o okt o] A=)

¢ H 1/2
b= s [ 36m°kT } @2)

= FAH tensor o= thedt o] Aojmch

o1 o O
a=(H/kT)6:[oo o 0] 23)
0 0 1

2.2.3. Gaussian approximation

Consistent averaging Bl <]3f averaged® H.
L tensor& AHE¥ A%, A& Eo] 9E3k= ma-
terial functiong & 4 Slvh 221}yl 0B}
2 g 7HAA Hed, ol AdAoew AR
=9 w9} vlwate] eldsla] et} o)ed WAL
SE37] ¢85l Wedgewood:= Oseen tensoro
i &}te] Gaussian approximationg A-&-3+e 24 H.
L. tensor®] configuration &J&4<& weistely, 2
A3y o 3 ek A (3)el dyadic
product QQE #F3}e] A configurationol] © &}o

e AP A 235, 1992

AEshd o3 2k

2 QQY )= Anawy=6—{QQ)> — (3(M)?h*/4)
{<1/1Q1(6+QQ/IQI»> —2{QQ/IQl

>}
29
(QQ>=a=[(2nVdeta] * [QQ
exp(—1/2a71 : QQ)dQ (25)
O Oy 0
a:[ Gy 0, O :l (26)
0 0 o

$14] A 2414 <QQ> convected time deriva-
tives vepdct. dd 4] (24)9ll= Q9 second mo-
ment#]of] <1/Q>¢} 22 t}E momentE% &3}
A Hed {QQwell et A& A1 A7) 9+
Ae UQell g A9 A7t Be st Axs
L2 7§ AAo] B sHA Hr) wieta] s} o)
Fgste, o A 24)) vehle RE B3}
Gaussian +-%£& 7}zltl= 7148 Gaussian appro-
ximatione]2}Z &}, Gaussian approximationg
AHEEtE 2] (24)7F ofg-3} 7o) =)

2:{QQY 1) = A’ =8 — {QQYE — (3(m)2h*/4)
KU/1QIG+QQ/1QIH>¢ —2¢QQ/I1QIE)  (25)

olwf 1 2l G Gaussian approximationd v}e}
W 4 (27)% componentel] e Aejstd o}g-z}
)

Ao/ dt=2Bay, + 1— o, — (3(m)?h*/4)
(IIQIA+x71Q1%° —2¢x%/1Q1>¢} (28)

Arday,/dt=1—a,,~ (3(m)2h*/4)
{{VI1QIA+y>/1QI%H>¢ —2{3%/1Q1»¢} (29)

Ayda/dt=1—a,,— (3(m)2h*/4)
{{1/1QIA+2/1QI1%)¢ - 2(z%/1Q|»°} (30)

Audoy/dt= Boy, — o, — (3(m)2h*/4)
{<xy/1Q1%¢ —2¢xy/1QI»¢} (31)

&4, bead®] F3Hgt ¥-915 wejst 7o) HIL
tensor® R-P-Y tensor& A}-&-8jof 3}, R-P-Y ten-
sorg A3 Gaussian approximationg AF&

314 =9 second moment equation©] t}&-3} 7o)
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A},

2:4QQ1° =8—<QQVc—Z7LW°
+3(mY2h*/(2ZXQQ/1Q1>°¢

—(MYh*KZKQQ/IQIH¢  (32)

{gOye=3(m"2h*/4¢1/1Ql(5+QQ/1QI»)¢
+(MV2h*KY2¢1/1QI*G —3u))®  (33)

A (32)0ll A Z3= Al D)ol &J3te] A2]F normali-
zation factore]™ ui= connector vector Q W2

29] 3} vectorE ek

2.3. Ahn & Lee's algorithm

Fixman-2 Boson operatorZ AlM$-3}¢3 consistent
averagingell ©]s H.L$} excluded volume(E.V.) &
B2 w83l3¥, Ahn#} Leet Fixman®| algori-
thm< $A8}o] bead-spring chain modelel] o 3}
HI % EV. &3 283 nonlinear spring(N.S.)
92 £l zslgir}. o714 Ahn} Leed]
algorithm& ©]-4-3}o] elastic dumbbellel] s}e] H.
L &Zsnhe aejsieusl ok

Dumbbell®] 5 beadel] sl A (D#} 22 diffu-
sion equationg A7kt 4= Qv old, Y& B
Abef o] 2 ¥ 3l &hw, o] intersegmental po-
tential S°¢} oh&3} 22 F{AZE sich

Yo exp(—SY/kT) (34)

£ ugEdefo A REFF Ve b 3ol

ehpei Alek.
Y=y (35)

A @350l A pe AFEE BEFFE Jehle 4]
(355 A (Dell iz

0p/0t+ (14 +1Hp=0 (36)

Le=—kT[VT —(V'S%kT)]-D-V 37

L=V —(VISY/kT)] k- 38)
&8 intersegmental potential S%& thE-Ek 7o)
o] gt

S°=(3kT/2a®)r" Ar (39)

37] 4] agE dumbbell®} 3 Abelj o] 42| end-to-end
distance®] I A€ oh&-3} o] A 2] =E matrixolth

1 —1}

A= 1 1

(40)
9 matrix AS diagonalizestd A vlE WA
225 decoupled® WHAHAEZ whE 4= gt old
matrix Ax o3
formatione] ©J8] diagonalize®rt.

ri= Zprq;a
)

7+& normal coordinate trans-

p=0, 1, =1, 2 41

22t} P=0% dumbbell®] center of mass®| &
%-& v}el]= normal mode®) 2 chain®] internal

configurationel] F-#alr] F-A19 $ glch webA
ri=Piq;, 1=12 P;=cos[(i—1/2)n/2] 42)

7} AeEsle 4 (42)9) normal coordinateol] ]3|
A (39 o3 #2A =Hoh

S*=kTo?|q:/?=kTa?q|? 43)

o374 o=6sin’(n/4)/a’°] =™ L'¢} L'+ b33t
o] E@H)

L= —KkT(0/0q—2a2q)-F-0/0q (44)

L*=(0/0q—2a’q) k" q (45)

F=Y > PPD; i j=1 2 (46)
T

g8 ¢4 A9 normal vector spacet boson
vector space® th3} o] wWiFgch

0/0q=ab, q=(203) "4 b+b") "

2]¢] Ao 4] bt} bi= Z+2} boson creation vector2}h
annihilation vectorg Jel® oh-&3} el A9
o}

b=> be (48)
bt=> b'e (49)

wpe}a] Al (36)ll 4] differential operator L*¢} L'+
oS3} 722 algebraic equation .2 vrebd <= 9l
L*=b*-A-b (50)
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L’=—b*-x-(b+b") (51)
g1l Aol
A= ZkT(LzZZ Pin[§7 15,']' 5+ Q(rij)] (52)

o] ¥m o] A (36) A (53)9} 2 steady-state
solutiong 7114 Hr}

p=ul0> (563)
oluf p& ol o] EA|Xh
u=exp[b-M-b*] (54)

el A M2 symmetric tensorZ Acl 93] 2
=y A (63), (6)eF A @6l &3 oo A&
ol

% % otk

@b"-U-M-b"+b"-V-bH)|0>=0 (55)
U=A—« (56)
V=—x (B7)

g A (65)= Ush V7t ok A8 w53 gt
iR iss S

p 84

N

QU-M+Vy=0 (58)

2] (58)9] s+= tensor?] symmetric partE vjepich
g4 tensor M2 (1, 1), (2, 2), (1, 2) B¥S& 74
Nx, Ny, Negtal 3tz A9 (1, 1), €, 2), (1, 2)
AE-S Rx, Ry, Regbx 84 Nx, Ny, Ne:= zHzh

g3} 7o) vhehleizick,

Nx=(x—Rc¢)Nc/Rx, Ny= —RcNc/Ry
Nc=0.5k/[Rx+ Ry + (k—Rc)(Rc/Rx+Re/Ry)
59

o] intrinsic stress tensor+ [6]=2NkTM<e} 7+
o] FA|su] o] Alof4 Ny Avogadro’s number
o]t} stressell W&k polymere] contribution ¢,=
n/No[o]2 Jehfie]z| =2 viscosityol]l & poly-
mer®] contribution-& n—n,=@nkT/k) M & }Ee}
REsEii=

Al Al coordinate dependency+ Oseen tensor
ofluk 9l 2 A2 boson representatione th-&-3}

2t

e A 4A A23F, 1992

-

q-0l5%
A=2KT/ a1+ Y PPLT,) (60)
CT= T ©D

T(r) = (8my) ~{2m) 2| Byl V2| 1/r(5+ /1)
exp(—1/2(r-B;-r) dr (62)

g A (62)l A AE-L (r, 6, 0) coordinate sys-
temel] h3tod sjolshzdl, olu} Ottingers} ch&-5%
7ro) A3 HI functiond AH&314 diagonal ten-
sor ool t}sl Calson[8]¢] algorithmel| 23} elliptic

integral$& o]&-ste] 1 AFZE A4 4 Uk

H(o)=3(deto) ?/16n j 1/x(8+ xx/x0)

exp(—x/xo71-x)dx (63)

A (62)3 2] (63)l o3l (Tyell sl b3 2
g 48 F stk

{T;=h*kT/H)"2C; *H(o) (64)

h*={/n(H/36mkT)"?, B; '=2C;o, C;=1/2f%

6;=86+E; E;= C,'jilsz (65)

3. #n ¥ nE

W4 consistent averaging e ]3] HIE
233E 7$ol+ Fig 13} Fig 2014 & 5 gl&
A3 R-P-Y tensorol] ¢8| 3 dimensionless
viscosity®] ‘o] Oseen tensorel 2Jal -3 zrxch
9 22 AL B 4 olrh olu Fig 13} Fig 204
reduced shear rate(B)z} dimensionless viscosity

(e ehest o] e,
B=1¥, n*=(n—n)/(akThy) (66)

Consistent averaging 8ol <8 HILE 183 o
R-P-Y tensorel] 3 & dimensionless visco-
sity7} ] 2R o]f-+, R-P-Y tensor®] 7%=
H.L2} odgfo] & 0~2a2] HH7} Al H 7] v &l
Zeo g Aztelc). 4 Fig 13} Fig 204 & A
dEE A F ARt dXsHA] free draining
caseZ HI3he & & 4 e, L ol shear
rate] Z7}84% chain®] extensiono] Z7}a}e]

A A extensionol] H]3| beade) RIE FA)Fg I
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——— By Oseen tensor
- -~ By R—P-Y tensor

100 L 1ol 1 FURNNS TR N T SR O |
10" 1 10

Fig. 1. Dimensionless viscosity vs. reduced shear
rate obtained by consistent averaging method
using Oseen tensor and R-P-Y tensor as H.IL
tensor with h*=0.05.

—— By Oseen tensor
1.05  — - — By R—-P-=Y tensor
100 L it o1t rel L i i1 11

10 ™ 1 10

Fig. 2. Dimensionless viscosity vs. reduced shear
rate obtained by consistent averaging method
using Oseen tensor and R-P-Y tensor as H.I
tensor with h*=0.15.

-7l o2 A7) = Fig 13 Fig. 201 4]
Z R-P-Y tensor2} Oseen tensor®] z}o]7}
ANE B 4 9led o]7-& R-P-Y tensorel| 49|
bead radius, ax= H.I parameter h*ell w]&|3}7]
oj-Fo]c}. Fig. 33} Fig. 4= dimensionless first nor-

3.50

2.60

—— By Oseen tensor
230 - __ - B); R—-P-Y tensor

2.0010_‘ . T B N ! L4 taaa
B

Fig. 3. Dimensionless first normal stress coefficient
vs. reduced shear rate obtained by consistent
averaging method using Oseen tensor and R-
P-Y tensor as H.I tensor with h*=0.15.

0.05

—— By Oseen tensor
- - - By R-P-Y tensor

€.03

0.02

0.01

0.00
107 1 10

Fig. 4. Dimensionless second normal stress coeffi-
cient vs. reduced shear rate obtained by con-
sistent averaging method using Oseen tensor
and R-P-Y tensor as H.I tensor with h*=
0.15.

mal stress coefficient$} dimensionless second nor-
mal stress coefficient®] reduced shear rateol] w2
w312 el Ziel o]u) dimensionless first no-
rmal stress coefficient®} second normal stress
coefficient t}-&3} 7o) Aeolgic}
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1.30
1.20 -
et
1.10 -
By Ottinger's algorithm
cocoo By Ahn & Lee's algorithm
1 Ao to 1311 1 [ S S W
B : 0

B

Fig. 5. Dimensionless viscosity vs. reduced shear
rate obtained by consistent averaging method
using Ottmgers algorithm and Ahn & Lee’s
algorithm with h*=0.15.

3.60

3.20
P1*

2.80

2.40

By Ottinger's algorithm
ccooo By Ahn & Lee's algorithm

I TS W

10

2.00 - 1 11
10~ 1

Fig. 6. Dimensionless first normal stress coefficient
vs. reduced shear rate obtaine by consistent
averaging method using Ottmgers algorithm
and Ahn & Lee’s algorithm with h*=0.15,

= — (Ta— Ty)/(nkTAZ7?),
Vo*= — (T, — T)/(nkTA%y?)
Fig. 35t Fig. 4ol o5 yi*o} yp*= nyrsh zhe
B HepE B 5 sloh we*e Fig 4oll4 B

(67)

sk A 49 A 23, 1992

—— By consistent averaging
— — — By Gaussian approximation

1.30

1.10

T

-~
[N EuE| :

10

gl I

1.00 !
107" 1
B

Fig. 7. Dimensionless viscosity vs. reduced shear
rate obtained by consistent averaging method
and Gaussian approximation using Oseen te-
nsor as H.I tensor with h*=0.15.

— By consistent averaging
— == By Gaussian approximation
3.20
o1*
2.80
2.40
2.00 1o g1t L1l it SV

107" 1 10

B

Fig. 8. Dimensionless first normal stress coefficient
vs. reduced shear rate obtained by consistent
averaging method and Gaussian approxima-
tion using Oseen tensor as H.I. tensor with
h*=0.15.
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Fig. 9. Dimensionless second normal stress coeffiei-
cient vs. reduced shear rate obtained by con-
sistent averaging method and Gaussian app-
roximation using Oseen tensor as H.I tensor
with h*=0.15.
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Fig. 10. Dimensionless viscosity vs. reduced shear
rate obtained by Gaussian approximation
using Oseen tensor and R-O-Y tensor as H.I.
tensor with h*=0.15; Zylka & Ottinger’s re-
sult is also shown.
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Fig. 11. Dimensionless first normal stress coefficient
vs. reduced shear rate obtained by Gaussian
approximation using Oseen tensor and R-P-
Y tensor as H.I tensor with h*=0.15.
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Fig. 12. Dimensionless second normal stress coeffi-
cient vs. reduced shear rate obtained by
Gaussian approximation using Oseen tensor
and R-P-Y tensor as H.I. tensor with h*=
0.15.
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. matrix defined by Eq. 40
A® :free drainig operator

a, . equilibrium length of chain

B, :tensor defined by Eq. 65

b; . boson annihilation operator

b,  boson creation operator

C; :quantity defined by Eq. 65

D ! diffusion tensor(sec/g)

E; :tensor defined by Eq. 65

€ . unit vector in Cartesian coordinates
F . diffusion tensor in normal coordinates

f . quantity defined by Eq. 65
H(o) : hydrodynamic interaction tensor
H : Hook’s spring constant(g/sec?)
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. hydrodynamic interaction parameter(dime-

nsionless)

. Boltzman constant(g cm?/sec’K)
. Avogadro’s number (I/gmol)
: number of polymer molecules in unit vo-

lume (I/cm®)

. transformation matrix defined by Eq. 49
. position vector defined in normal coordina-

tes

: position vector of i-th bead

. distance vector between i, j beads
. distorted vector

. spring potential(g cm?/sec?)

. absolute temperature(K)

. time(sec)

: reduced shear rate(dimensionless)
. shear rate (I/sec)

. gradient (I/cm)

. bead friction coefficient(g/sec)

. solution viscosity(g/cm sec)

. solvent viscosity(g/cm sec)

. dimensionless polymer viscosity((n—ny)/

(nkTA)

 rate of strain tensor

. diffusion force tensor

. relaxation time of a dumbbell(sec)

. normalized distribution function

. intrinsic stress tensor(gcm?/sec?/gmol)

. polymer contribution of stress tensor(gcm

2

/sec?/cm®)

. distribution function
. distribution function at equilibrium
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12.

13.

14.

15.
16.

17.

18.
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* ! dimensionless first normal stress coeffi-

cient(y1/(nkTA%)

* ! dimensionless second normal stress coeffi-

cient(y,/(nkTA;?))
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