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Brownian dynamics simulation of a polymer molecule in solution
under elongational flow

U. S. Agarwal and Rohit Bhargava
Chemical Engineering Department, Indian Institute of Technology, Hauz Khas, New Delhi 110016, India

R. A. Mashelkar
Council of Scientific and Industrial Research, Anusandhan Bhavan, 2, Rafi Marg, New Delhi 110001, India

(Received 26 June 1997; accepted 16 October 1997

We use Brownian dynamics simulation to study coil-stretch transition of macromolecules in
solution. Into a simple elongational flow field, we introduce freely jointed bead-rod chain model
molecules in their coiled and stretched states, and follow the conformational changes. We find good
agreement of our simulation results with the available theoretical predictions for low and high strain
rates ). At the intermediate elongation rat@sear the onset of coil—stretch transitiaf the flow

field, we find that the residence time required for stretching of an initially coiled chain can be
extremely large as compared to predicted-(f(;N))e 2, especially for the non-free-draining case.
Hence, the chain conformation is dependent on the initial state of the chain molecule for residence
time as long as 100 1. Thus, hysteresis is predicted when chain residence time in such an
elongational flow field is limited, as in practical situations. Further, at such intermeglitite chain
molecule is seen to undergo Brownian fluctuation induced jumps between a randomly coiled state
and another partially stretched state. This suggests the existence of more than one equilibrium
conformation that is unstable to Brownian fluctuations. 1€@98 American Institute of Physics.
[S0021-960628)51004-3

I. INTRODUCTION phenomenon of bistable equilibrium at a strain rate in the
coil-stretch transition region was identified as the hysteresis
Py DeGennes$, and its existence has been the subject of
uch theoretical debafe®~*¥computer simulation$?°and
experiment$1-24
Early analyses of macromolecular stretching in exten-

Small quantities of dissolved long chain polymers are
used as additives to influence the rheology of liquids. Use o
random coil polymers to enhance solution viscosity in weal
flows is conventionally quantified in terms of intrinsic

viscosity? Similarly, fully stretched polymer molecules
y y y oy ional flow were based on dumbbell or bead-spring

have drawn interest in relation to chain scission behavior ir? 125-97. 10 : A :
strong flows*™S Further, many rheology modifying applica- models;’ which have the inherent limitation in describ-
' i the stretching behavior due to their infinite

tions such as turbulent drag reduction and enhanced oil ré"d 1172829 o - i i ,
=He22Y Rigid constraints were considered in

covery are based on the flow induced stretching process &Xtensibility:

dissolved polymer coils, and the influence of the deformediumPbell modef® and bead-rod chairf:***"2 Further, ,
polymer chains on solution rheology.In this paper we use SiMPplifying assumptions are ogtselnsgnade, e.g., hydrodynamic
Brownian dynamics simulation to examine the coil—-stretchintéractions(Hl) are ngglecte@,* ““or preaveraged values
transition of polymers, and the hysteresis therein. of the hydrodynamic interaction tensor have been %/sied

In the absence of any external forces, a polymer chain igarly analysis. Subsequently, finite extensibility of spring,
solution remains coiled due to random Brownian motion.@nd conformation dependent bead friction have been incor-
Under sufficiently strong flow conditions, the solvent dragPorated in analyzing elongational behavior of model

. - . 711 H 7,28,33-37
force causes significant extension of the polymer moletfile. dumbbell§’~**and chains: More recently, hydrody-
For a given strain rate, there exists a certain level of stretchdamic interaction with higher order corrections has been
ing of a given macromolecule when the Brownian or elastidncorporated>**3
coiling forces are balanced by the stretching drag fofées. Further, often theoretical predictions for chain confor-
The drag forces on an initially coiled macromolecule in-mation in elongational flow are available only for the steady
crease as it unravels, and it uncoils abruptiyif the strain ~ state. However, this steady state is rarely achieved in practice
rate (€) exceeds a critical valuee(). as the residence time of a macromolecule in elongational

If an initially stretched chain is introduced into an elon- flow is limited 1® Transient behavior during stretching has
gational flow field, the outer segments experience a drageen analyzed by Brownian dynamics simulation of bead-
force greater than that experienced by a coiled chain introspring chain modefé®® and bead-rod chain mod-
duced into the same flow field. This is due to the reducectlsl’?%?8240t these have concentrated primarily on the
hydrodynamic screening in the stretched staféhis may unraveling behavior aiitially coiled chains. Only Dariinski
lead to intermediate strain rates where a chain remainand Saphiannikovd used simulations otlumbbell model
stretched if introduced into the flow field in its stretched molecules for detecting hysteresis, and failed to find any,
state, and remains coiled if introduced in its coiled state. Thisvhen the residence time was of the order of the macromo-
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N3

6

lecular relaxation time or greater. Thus, the question of hys-
teresis effect in coil-stretch transition of more realistic mod-
els, for limited residence times of practical interest, remains )
open. In this work we examine these issues by using BrownHere, e has been normalized by dividing ByT/£1% (KT is
ian dynamics simulations of isolated freely jointed bead-rodhe Boltzmann factgr anda by dividing by I, and[7] by

[7]%/a*= N[ 7]&/a*. (5b)

chains in solution under simple elongational flow field.

Il. THEORY: FREELY JOINTED (“FLEXIBLE" )
BEAD-ROD CHAIN MODEL

A. Free-draining case (no Hl)

Hassagef analyzed the behavior of freely jointed bead-

rod chain model macromolecules in elongational flows in thel- The unperturbed chain (approximation at
absence of hydrodynamic interaction. He obtained the fol-

multiplying with concentratiotM N 5 11 =3 (one polymer mol-
ecule per® volume of the solution

B. Non-free-draining case (with HI)

No analytical results are available for elongational be-
havior of non-free-draining bead-rod chains at arbitrary
However, the following available analytical results are appli-
cable at asymptotic strain rates.

e—0)
Kirkwood and Risematt examined unperturbed linear

lowing expressions for the solution elongational viscosityflexible chain with hydrodynamic interaction described by

(77—: (Tex— Tyy)/é)r

- 24kT _

n- ﬂsz(ﬂx—ﬂs)(l—m—m at large e,
(18

- N2¢1%e _

7= ns=(10— 775)(1+ oo Tt small e,
(1b)

where 7,=37, and 7, are the elongational and shear vis-
cosities of the solvent aloné=6m7.a is the bead friction
factor, a is the bead radius, andis the rod length. The
asymptotic values of; at smalleste and at largest, for
chains with large number of rod$\j, are,

_ LI12N?

M0~ 7s=No —5~ (2a)
and

. ZIPN3

e 7]5 nO 12 ’ (2b)

whereng=cN, /M is the number concentration of the poly-
mer moleculesg is the mass concentration, ail the mo-
lecular weight of the polymem, is the Avogadro number.
Defining®® the intrinsic viscosity(i.v.) as

[n]= It Y 3)

c—0

Oseerf? and obtained the following results for low shear
flows,

NAZN2?I?
[7]o= oz
36npM

where F(X) is a functiorf of X=2%?h, with the hydrody-
namic interaction parametbr= ¢{NY% (1273) Y25 . Since at
low or negligible deformation of polymer coily=37, the
corresponding dimensionless elongational intrinsic viscosity
is obtained as

F(X), (6)

2

"6
In the case of no hydrodynamic interactiok=0, and
F(X)=1, so that Eq(5a) is recovered.

with X=(6/7)Y%a*NY2.  (7)

[7]5/a* F(X)

2. Multibead rod (approximation at €—»)

At the higheste, a flexible bead-rod chain is completely
stretched, and hence akin to a multibead rod. Bircl13°
derived the following relations for multibead rodsith HI),

3 3 exp(*=X
oY [T .. T P
4X  AX X[y" exp(+y)dy

where X=(9/2)A{Pe and A( and \{?) are time constants
given in Ref. 1. Fore—, this simplifies to

N— 1s=6nkTAZ

€)

the corresponding expressions in terms of dimensionlesg;,

guantities(represented by superscripl are,

(4a)

at large €*,

. 24

[7/]*=[77]Z§(1— e

2" %

90

with the asymptotic values at smallest and larg€sbeing
2

6 1

1+ +---] at small €, (4b)

[71* =Ll

[7]5/a* = (59

and

N—-1

>

v=—(N-1

[7s/a* =w( v¢y<2h',—§2,N>), (10

)
whereh'=0.7%*, £=2a*, and the functionp, is defined
in Ref. 1. For the free-draining cagh’ =0, ¢,=v/2, and
summation is over alternate, with largeN, this reduces to
Eq. (5b).

3. Fully stretched bead-rod chain (approximation at
€—x)

Agarwal and Mashelkérpresented a calculation for
stresses in a non-free-draining bead-rod chain fully stretched

J. Chem. Phys., Vol. 108, No. 4, 22 January 1998
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1612 Agarwal, Bhargava, and Mashelkar: A polymer in elongational flow

and aligned in a strong elongational flow field. Let us con-where FJQ is the sum of flow drag forceﬂ’) and intramo-
sider anN rod chain completely stretched and aligned alonglecular(i.e., “bond” length constraintforces acting on par-
flow (v,;=eX;, e—») directionx, with its beads i(=1..N ticle j at timet. The vectorR; is the displacement of the
+1) located atx;=(—NI/2)+(i—1)I. The component of particle due to Brownian motion, and has a Gaussian distri-

the drag forcer! alongx is given as bution with the following properties:
1 (R)=0 (179
d_ il 0  pd
Fxi=l vt T ; Dyij-Fi' | (11) and
wherev,; = ex; is the unperturbed flow fieldf, the hydro- (Ri(DR;(t+At))=2D At. (17b
dynamic interaction tensor between subuniend j, is ap-
proximated by the modified Oseen ten&br, IV. PARAMETERS
0_ kT | for i=j We follow chain extension during flow simulation by
' 6mnsa monitoring the square end-to-end distanB8 . RZ, is nor-
KT ror\ o 2a2 ror malized with respect to its mean random coil valid?).
= [(l R g (%| - ”2”) for i#j, Thus, the value of normalize®2% =R2/(NI?) varies from
By rij i ij near 1 for a randomly coiled chain f§=100 for a fully

(12)  stretched chain.

The contribution of the polymer to the elongational vis-
cosity (7p— 7s) is determined in terms of the intrinsic viscos-
ity from the Kramers—Kirkwood relation's*?

where | is the identity tensor and;; is the displacement
vector between beadsandj. Considering only thex com-
ponent of drag forcéneglecting the Brownian contribution

at highe), N,
, , [71= e & KT ZiTi), (18
Me £
FiF=x*e* +3a* > |——+2(a*)2 —— (— 3 |F¥¥,
i X ET =Ll @) [j—i]? (=3)|Fyj whereX; andZ; are thex andz projections of théth link, T,

(13 is the constraint force in thigh link, and is calculated using
the Lagrangian constants obtained in the Allison and
McCammori* algorithm. The corresponding normalized in-
trinsic viscosity is obtained as

wherex?* is positionx; made dimensionless by dividing by
F9* represents the drag forde!, made dimensionless by
dividing by kT/l, and are evaluated by solution of this set
(i,j=1..N+1) of coupled linear equations. The correspond- - M 27a
ing contribution to fluid stress and hence elongational viscos-  [71" =[7] 3= —=— .21 (XFTH=2Z' T, (19
ity can be calculated as A -

% N+1

where the projectionX; andZ; are made dimensionless by
- ) dividing by, the forces bykT/I, time by Z1?/kT. Hereafter

— d

7= 15= (No/ €) 21: (XiFyi), A4 in the paper, only the dimensionless quantities are used, and
the superscript is dropped for convenience.

N+1

or,

N+1

— 2 d V. SIMULATION METHODOLOGY
[7l/a* = — >, (X*F). (15) _ _ _

€ i=1 Computations are carried out fof= 100 rod chains. To
study the contribution of hydrodynamic interaction to hyster-

11l. BROWNIAN DYNAMICS SIMULATION esis in coil—stretch transition, two cases are considered:

An isolated freely jointed bead-rod model chain consist-(1) free-draining case, i.e., no hydrodynamic interactions,
ing of N=100 links and N+ 1) beads is used to analyze the  and
behavior of a linear polymer molecule in a simple elonga-(z) non-free-draining case, i.e., with hydrodynamic interac-
tional flow field v(r) of strain rate &) given by tion defined by(a=0.4, orh=3.91, orh’=0.3).

Configuration development was followed during simula-
tions carried out at various strain rates. The simulations were
Brownian dynamics simulation is carried out in steps of timebegun by starting with aimitially coiled chain that was gen-
At, in accordance with the SHAKE-HI algorithfi.During  erated by successively joining 100 links. Each link was of
any step, the new position vectiqft+ At) of theith bead is length 1, and was randomly oriented. For each trajectory, a
calculated from the position(t) at the beginning of the step different initial random chain was generated, and a different

. 1 1-
Ux=€X, Uy=—3€Y, U= 3Z€Z

by the relation set of Brownian contributionfR; in Eq. (16)] was selected.
At The trajectory simulation was carried out in small time steps
F(t+ A =1 (1) + — E Dﬂ FJQ+ Ri(At), (16) of At=0.QOl or.0.002., and use of a smaller time step did not
kT affect typical simulation results. During the Brownian dy-

J. Chem. Phys., Vol. 108, No. 4, 22 January 1998
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FIG. 1. Increase irR%, with time in elongational flow field of different 0.001 0.01 & 0.1

strain rates €) shown in the figure, for stretching of free-draining, initially

random coils. FIG. 2. e=et; for stretching of initially random coiled chains to near
equilibrium in flow fields of differente.

namics simulation of a single chain, average valBgsand

[7] over each 1000 steps were stored BS(t) and  while ate<0.002, complete relaxation takes place. At inter-
[7](t). These averages were plotted as separate points {Qediate strain rates, the relaxation is partial. Starting from a
study their evolution in time. Each trajectory simulation wasfy|ly stretched state, the time required for relaxation in the
continued until achieving flattening Gfge(t) and[7](t) vs.  apsence of flow is~ 600 (Fig. 3, e=0), which suggest§*’
t curves, to equilibrium values denotd®z and ([7]), ¢ _for stretching as greater than '~0.0016, in agreement
respectively. Such simulations were carried out foritie  \ith results of Fig. 1 and Fig. 3. In Fig. 4, we examine the
tially coiled chains at different strain rates. Similar simula- equilibrium stretching results for free-draining chains intro-
tions at different strain rates were carried out also for chaingjced into the flow fields initially in their coiled and
initially fully stretchedalong the flow direction. Computa- stretched states. At all strain rates, we see no dependence of
tions were carried out on a Silicon Graphics INDY IP 22 (R2 ) on the initial state of the chain. We again notice the
machine, and typical CPU time requirement per time steRgjj_stretch transition ak..~0.003 or greater. The corre-
was 0.1s. sponding steady staterp]/a from our simulations is pre-
sented in Fig. 5, along with Hassager's predictiqSec.
VI. RESULTS AND DISCUSSIONS I1A). We find an excellent agreement at highln the in-

A. Free-draining case (no Hl)

Figure 1 shows the extension process of a free-draining 100
initially coiled chain in extensional flow fields of various
strain rates. Significant chain extension occurs only at strain
ratese.s~0.003 or greater. Ak>0.05, near maximum pos-
sible stretching is achieved. Residence tima a flow field
required for stretching of a coiled chain decreases at higher
strain rate(Fig. 1. t; is determined as the time where the
tangent to the transition part of the curves in Fig. 1 intersects
the equilibrium value. Fomaffine deformation, the Henky “Qf
strain (e; = et;) required for complete stretching at highis
expectet’**to be

e=1+In(yN)=3.3 for N=100. (20

For the free-draining case, we firgg to be about 2.9-3.5 at
€~0.01 or higher(Fig. 2): indicating affine deformation at

thesee. However, we note that based on simulations of Ral- O e e iooo

lison and Hinck® and van der Brulé® James and Sridh&r

had estlmatede(f~6.5). Elgure 3 Sh‘?""s the relaxatlon of FIG. 3. Decrease iRR2, with time in elongation flow field of different strain
|n|t|ally Stremhe_d Cha.'ns introduced into EIOngat'onal flow rates €) shown in the figure, for coiling of free-draining, initially fully
fields of variouse. At €e=0.06, the chain remains stretched, stretched chain.

[os)
(@]
cea v by b e b

(2]
[}

0.006

'S
o

0.004

N
(@}
|

kY

0.000 WA, 0.003
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100 oo initially stretched  chain " 1004
HJAarAAA nitially coiled chain B -
] o ]
] -7 ] ~ "
] /E 1 “:"f;\f“"*“"i”"":"!‘\_’ﬁ 0.1
80 %/ 80 Y
] y ]
60 60
AT ]
@ 4 ® 7
o ] R
o 3 ]
v 40 40
20_: free—draining 20_:
E L — — non—free—draining E
0+ At 1 — 0=
0.001 0.01 0.1

€

FIG. 4. Equilibrium mean square end-to-end distance at different straifF|G_ 6. Increase ifR2, with time in elongation flow field of different strain
rates, for free-draining—) and non-free-draining- - - -) chains. The data  ates ) shown in figure, for stretching of non-free-draining, initially ran-
points are the average values, and the bars show the range of fluctuation§gm coiled chain.

termediate range, E¢4a) overpredicts, and Ed4b) under- o rmegiate strain rates. Figure 2 shows the total Henky strain
predicts, as expected due to the truncations in these equa-— .t required for initially coiled non-free-draining chains
tions. At e<0.002, the fluctuating contribution of the (5 schieve their equilibrium conformation at varioss At
Brownian forces is predominantas compared to drag .= 04, values are found to be 3.5 to 6.5. These higher
force9, and statistically reliable averages could not be Ob'values for the non-free-draining case indicate somewhat

tained. slower thanaffine deformation here. This is because in the
present HI case, the inner beads of initially coiled chains are
B. Non-free-draining case (with HI, a=0.4) efficiently shielded from the drag of bulk fluid flow. At in-
termediate strain rates nees0.02, the chain deformation is
coiled chains in flow fields of different are shown in Fig. 6, extrem_ely sIovv(as compared té~¢_*, or e;=constant at
higher e, see Fig. 2 Fuller and Leal, and Leaf also pre-

and the coiling process of initially fully stretched chains is . o
shown in Fig. 7. We notice that significant stretching OfQ|cted such delayed approach to equilibrium for dumbbells at

. . . intermediatee. This is because here the fluid drag is suffi-
coiled chains occurs a~0.0225 or greater, and complete cient to maintain a preexisting extended state, but the begin-
relaxation of fully stretched chains occurseat0.01. In Fig. b 9 ' 9

8 we show the uncoiling and coiling processes at some in"'N9 of stretching of a random coil is made possible only by

The uncoiling process of non-free-draining initially

- 1004 0.4
] e e e e 03
I T L T T SR e 02
| g e ___f——""\/‘-"*\,\,"f*‘-\,fw"«\,'«,“,vyx"@.'f,“."‘.,': 0.1
| 80_: _____ 0.06
] ')-iv-, 0.04
10 °+ 60
S ] ]
~ ] eq. 4a o ] Q 0.03
= p - — —eg. 4b ~ 0 ] g}'
i ] 00000 simulations [ 0 ] I m
B A
. 4 §
3 v ,'\})'{3 0.025
. o E b
i I
201
10 * -7 ]
1 _-=--- - 3 0.01
i ————r i - 0 — T ——— T L
0.001 0.01 10 100
¢ t

FIG. 5. Equilibrium intrinsic viscosity at different strain rates, for free- FIG. 7. Decrease iﬁtiewith time in elongation flow field of different strain
draining chains. The simulation results are compared with Hassa@Refs rates €) shown in the figure, for coiling of non-free-draining, initially fully
32) theoretical predictions at high and losvrange. stretched chain.

J. Chem. Phys., Vol. 108, No. 4, 22 January 1998

Downloaded 17 Apr 2007 to 131.155.151.20. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Agarwal, Bhargava, and Mashelkar: A polymer in elongational flow 1615

TABLE . Intrinsic viscosity in the presence of HaE0.4).

Theoretical Simulation
€ RIE! € [7]/a
(@) 0 830 [Eq. (7] 0.01 808
£ 1.30x 10° [Egs.(10), (15)] 0.4 1.2%10°

tween 4 and 15, depending on the solvent quality. Consider-
ing the above discussed dependence;ain initial coil con-
formation, and the known effect of solvent quality on the caoll
size in quiescent solution, a solvent dependgmwas thus to

be expected.

In Table | we present the equilibriufy]/a results from
our simulations at the smallest and the highgsand com-
pare these with the corresponding theoretical predictions
[Eg. (7) and Egs.(10) or (15), respectively, when a good
agreement is seen. As seen from Figs. 6—8, the equilibrium
chain conformation, as indicated 2, is independent of
the initial state of the chain molecule. These equilibrium re-
sults for the non-free-draining case are presented in Fig. 4,
and we again notice the onset of coil-stretch transition near
e~0.02.

The chain coiling—uncoiling behavior at strain rates near

this onset €~0.02) is very interestinfFigs. §a)—8(c)]. We
""""""""" 2000 a000 notice that the chain conformation does not approach a single
t equilibrium, and instead it oscillates significantly in a range
FIG. 8. Conformation changes of non-free-draining chains with time inOf extgnsmn. For _exam_p_le, at=0.02[_F|g. B(a)]’ we see th_at
elongational flow field of strain rate@) 0.02, (b) 0.0204, andc) 0.021.  following the initial coiling (relaxation period, the chain
Initially random coiled chaing- - - -) and initially fully stretched chains seems to spendnost of its time in a coiled statéAt e
= =0.0204[Fig. 8b)], the chain seems to spend comparable
amounts of time in a randomly coiled statéRf.)~0—6)
and a partially stretched statéR2,)~10—40), withocca-
Brownian diffusion induced coil expansion leading to reduc-sional jumpsbetween these states. At=0.021.[Fig. &c)],
tion in hydrodynamic shielding. Hence, the obseregdat  the chaincontinuously fluctuateshough staying all the time
these intermediate is strongly dependent on the initial chain (following the initial uncoiling in a partially extended state
conformation which, being random, could be expanded td(Ree ~4—40). This behavior at long residence time in flow
different extents. ThUS, dependence of Sing|e trajecfpm at intermediate also is independent of the |n|t|a| state of the
e may be irregular, particularly near onset 0.02 (Fig. 2. chain. Though fluctuations are present ateallFigs. 6-8,
However, the key feature of very high at these intermedi- the fluctuations increase as teedecreases to the transition
ate e~ €. iS consistent. onset values~0.02.

Thus, in these intermediate elongational flow fields ~ For the initially coiled molecule during the simulation at
experienced for a limited timgoften the case in practical €=0.0204 shown in Figs.(8), Fig. 9 shows typical snap-
situation$®*>*%, an initially stretched molecule may remain shots in random coil stateat t=11222 and in partially
significantly stretched, while an initially coiled molecule
may not have yet begun to uncoil. Thus, the extent of mac- % ;

: . . S = 11,222
romolecular stretchingor solution viscosity is expected to

be a function of the initial statécoiled or stretchedand

hence the “history” of the macromolecules. In other words,

hysteresis is predicted. This dependence of elongational vis-

cosity on history, as also observed in experiméhté: re- t = 23222
flects that its measurement will depend on the apparatus

used. The search for an appropriate elongational viscometer

thus continue&>“*®Further, as concluded from our Fig. 2, the S
Eq. (20) for estimation of strain required for unfolding ofa ~ —3° —10 10 30
randomly coiled chain is clearly suspect at the intermediate X

strain_rates, and serves only as lower bound. Hunkelegg, 9. snapshots oY projection of the non-free-draining, initially coiled
et al*’ recently founde; values for polystyrene to be be- chain ine=0.0204 flow at two different times.

J. Chem. Phys., Vol. 108, No. 4, 22 January 1998
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stretched statéat t=23 222. As seen in Fig. &), the tran-  Hence, hysteresis would be observed at intermediat¢he
sition between such conformational states is sudden and réime of observation is limited. Further, we find that during
versible. We refer to these as jumps since the time taketong time simulations at thesg the conformation of a non-
during the movement between these two states is mucfiee-draining chain molecule may undergo sudden reversible
shorter than the time spent in each of these states. Thegemps between “randomly coiled” and “partially
jumps seem to be caused by Brownian motion caused flucstretched” states. This suggests existence of more than one
tuations in coil size that also cause fluctuations in hydrodyunstable equilibrium conformation. This phenomenon is not
namic dragt?*® For example, when in a random coil equi- observed during simulations in the absence of hydrodynamic
librium conformation at a givene, a certain Brownian interactions, and is perhaps induced by fluctuations in HI due
fluctuation could expand the coil size, thereby increasing théo Brownian motion induced conformational changes.
hydrodynamic drag sufficiently to stretch the chain to an-
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