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Using the Brownian dynamics simulation technique, we studied the fracture process of' DNA 
chains subjected to transient extensional flow>, letting the solution with DNA molecules pass 
through a very small orifice (radius = 0.0065 cm), thus experiencing extensional flow ofthe 
convergent (sinkj type. The DNA molecules were modeled us FENE bedspr ing  chains with 
the springs obeying a modijied Warner force law, as proposed by Reese and Zimm. Thefracture 
yield was strongly dependent on flow rate and molecular weight, reaching, in our setup, a level 
of 100% at aflow rate of around 0.001 cm3/s.for DNA with moleciilar weight 26 X lo6  (T7 
DNA).  There wassound to exist a criticalflow rate (Qcyt,) beiow which,fracture did not occur, in 
accordance with what was observed in studies on polystyrene in transient extensional flow. W e  
found that,for DNA, the criticalflow rate depended on the molecular weight as Qo,, - M-'.4 
when the hydrodynamic interaction effect (HI j  was not included in the simulations. When HI 
was accounted,{&, the relation was,found to be Qo,, - M -' ' , close to the theoretical prediction 

jor,fiacture qf purtly extended chains in transient extensional flow. 0 1996 John Wiiey & 
Sons, Inc. 

INTRODUCTION 

High molecular weight polymer chains may rup- 
ture if they experience sufficiently strong mechani- 
cal forces, a situation that may occur when a solu- 
tion of polymer chains is situated in a strong flow 
field. In the case of DNA, chain fracture was ob- 
served for instance in shear flow' and in flow with 
extensional character.' Extensional flows may be 
roughly classified as stagnant or transient where the 
first type has a so-called stagnation point where the 
molecules may spend a long time before moving 
onward. This kind of flow is not usual in practice, 
but was produced in specially constructed  setup^,^-^ 
giving valuable information about the unfolding of 
flexible polymer chains and about fracture in the 

fully extended state. An extensional flow of tran- 
sient character has no stagnation point in the flow 
field. This means that the chains as they move ex- 
perience a continuously changing environment, 
and may not have enough time to obtain the same 
conformation (on average) as they would have 
taken in a stagnant flow at the same flow rate. Tran- 
sient flows are therefore fundamentally different 
from stagnant flows. This was pointed out from a 
theoretical point of view'.' and also observed when 
comparing experimental results about the influ- 
ence of molecular weight on chain f r a ~ t u r e . ~ . ~  As 
transient flow is common in a large number of 
practical situations, it is of interest to investigate 
this subject separately. 

In the present study we applied the Brownian 
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$-- 
DNA chain 

FIGURE 1 Cross section of simulated sink flow device 
with orifice dimensions as shown (radius = 0.0065 cm, 
length = 0.0064 cm). The direction of flow is from left to 
right, and the molecules are at the start of the simulation 
placed far upstream from the orifice. 

dynamics technique to simulate the fracture pro- 
cess of DNA chains in transient extensional flow. 
The system studied was a very dilute aqueous solu- 
tion of DNA with molecular weight ranging from 
7.6 X lo6 to 26 X lo6 (T7 DNA), experiencing 
extensional flow ofthe convergent (sink) type. Fol- 
lowing the lines of Reese and Zimm, ' the DNA 
chains were modeled as bead-spring chains where 
the springs were of the FENE (Finitely Extensible 
Non-linear Elastic) type controlled by the Warner 
force law but including a modification to allow for 
chain fracture. In this paper we studied the distri- 
bution of DNA fragments after fracture, how frac- 
ture yield depends on the volumetric flow rate of 
the DNA solution, and the dependence of the crit- 
ical flow rate for fracture on the molecular weight 
of the DNA molecules. 

MODEL AND SIMULATION METHOD 

Device 

The system simulated in this study was a very dilute so- 
lution of DNA chains flowing through a small orifice in 
a plate, whereby molecules experience extensional flow 
of transient character. The setup is inspired by the work 
of Reese and Zimm, and in Figure 1 we show the geom- 
etry of the device used in the laboratory experiments of 
these authors, and modeled by us in our simulation 
study. 

Note the small dimension of the orifice, having diam- 

eter equal to 0.13 mm. This means that, to keep the vol- 
umetric flow rate constant, the fluid velocity increases 
drastically when a fluid cell gets closer to the orifice. We 
thus have a flow with a predominant extensional charac- 
ter, and the molecules experience strong forces that may 
finally lead to rupture of the chains. The layout of the 
system simulated in this study is of the kind that a solu- 
tion of macromolecules may encounter while flowing 
through laboratory devices (for instance pipettes or 
syringes), and we simulate in the present study the part 
of the device that is interesting with regard to fracture of 
the chains. Making reference to the experimental setup 
of Reese and Zimm, our simulated system is therefore 
ment to model what happens close to the orifice plate 
within the flow cell. 

The flow in this setup is convergent and necessarily 
symmetric about the axis passing through the center of 
the orifice. This type of flow is also named sink flow, and 
by integrating the volumetric flow (Q) toward the orifice 
center within a cone bounded by an angle 0, (see Figure 
2) ,  the sink flow velocity along a streamline is found 
to be 

( 1 )  
Q 

27rp2(  1 - cos 0,) 
V =  

Here p is the distance from the origin of coordinates 
(inside the orifice) to the point under consideration in 
front of the orifice, and 0, is the angle up to which we 
have converging flow lines. In principle this angle would 

Q -- 

FIGURE 2 Drawing to introduce the most important 
parameters defining the flow: 6, is the half-angle for the 
cone within which the flow is restricted (in this study 
equal to 70"),  0 is the angle from the symmetry axis to 
the flow line in question, v is the velocity at a point along 
this flowline, p is the distance from the origin of coordi- 
nates (inside the orifice) to a point on a flow line, and Q 
is the volumetric flow rate. 
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FIGURE 3 Plot of the extensional rate versus distance 
from the orifice for one specific volumetric flow rate ( Q  
= 0.0 1 cm3 /s) . Negative abscissa values means positions 
to the left of the origin of coordinates. 

be 90", but experiments have shown '3' that in the type of 
setup used in this study, nearly all (more than 95%) of 
the volumetric flow reaches the orifice within a 70" cone, 
so for most practical purposes it is sufficient to consider 
only flow fields in this region. Reese and Zimm, in their 
study with tracer particles, found this to be true up to a 
distance of 2 mm from the orifice (about 30 times the 
orifice radius). Based on this information, in this study 
we will use 70" for 8,. 

Note that the velocity along a streamline v is for a 
fixed distance to the orifice, independent of the angle 8 
between the flow line under consideration and the sym- 
metry axis. The velocity depends only on the distance p 
from the orifice center and increases inversely with the 
second power of this distance. As the velocity is position 
dependent, a molecule will encounter, along its back- 
bone, a gradient of fluid velocities and corresponding 
drag forces from the surrounding fluid, a fact that leads 
to extension of the chain. In this respect, more important 
than the velocity as such, is the extensional rate, defined 
as C = 1 d v / d p  1 ,  which by means of Eq. ( 1 ) leads to 

We see that the extensional rate depends even 
stronger on the distance p than the velocity, increasing 
drastically as one gets closer to the orifice. In Figure 3 we 
have illustrated this by plotting the extensional rate vs. 
distance from the orifice for one selected value ofthe vol- 
umetric flow rate Q, which is the parameter that is di- 
rectly controllable experimentally. We see from Eq. (2 )  
that at some given point, 1. and Q are proportional. 

Note that mathematically we have a singularity in the 
center of the orifice ( p  = 0),  since this would give an 
infinite 1.. It is obvious that this is not the case in practice, 
since the flow lines while entering the orifice will be 
somewhat modified, probably getting less convergent 
and more parallel to the central axis of flow. However, 
instead of trying to imitate the complex flow field that 
may exist within the orifice, we chose to let the flow lines 
be parallel from the start of the orifice (left side) until the 
right-hand side, from where the flow field is considered to 
expand (divergent flow). Within the orifice the velocity 
along a streamline is held constant and equal to the ve- 
locity at the end of the converging flow line. However, 
because of the very small dimensions of the orifice (only 
0.064 mm from start to end), the fluid cell will spend 
almost no time in this region compared with the time it 
spends in front ofand behind the orifice, and with regard 
to fracture, as we will see later, most of the chain rupture 
takes place well in front of the orifice, thus diminishing 
the importance of the exact details of the flow pattern 
inside the orifice. The discussion above concerning the 
flow field is, however, necessary from a methodical point 
of view, to be able to simulate the passage of the mole- 
cules from one side of the orifice to the other. 

In our study we also looked at the flow on the exit side 
of the orifice, since in principle we did not want to ex- 
clude the possibility ofalso observing DNA fracture here. 
However, in contrast to the well-defined flow pattern at 
the input side of the orifice, at the exit side the flow field 
may be less clear. We chose a simplistic approach, re- 
garding the output flow field as divergent, but in other 
respects similar to the one at the input (output cone with 
half angle 70"). 

Polymer Model 

In this study we started out from a FENE-model of the 
DNA molecule, following the lines of Reese and Zimm.' 
The DNA molecule may be regarded as a wormlike chain 
( Porod-Kratky type) with persistence length a depend- 
ing quite strongly on the ionic strength, '' with a ranging 
from about 700 A at 0.01M to about 350 ,& at 1M. In 
this study we will use an intermediate value of 500 A for 
the persistence length when modeling the DNA mole- 
cule. Instead of using the continuously curved Porod- 
Kratky model, we may alternatively consider the mole- 
cule to have stiff segments (Kuhn segments) as building 
elements, each having length bk,  with these segments be- 
ing connected to orient freely. The Kuhn length will be 
equal to two times the persistence length, thus bk = 1000 
A. We can now put together a number ( N k )  ofthese seg- 
ments to make a random-walk subchain model of the 
molecule, so that this subchain can be regarded mathe- 
matically as a flexible spring (of the FENE type). Subse- 
quently, we join enough of these subchains to end up 
with the correct contour length of the DNA chain. 

To simulate possible position dependence of the frac- 
ture along the DNA chain, which was our intention in 
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FIGURE 4 Schematic of the model applied for DNA 
in the simulations. The Kuhn length is denoted bk. Each 
subchain consists of eight of these Kuhn segments ( N k  
= 8 ) ,  and is equated with a spring (of FENE-type) with 
maximum extension equal to that of the eight Kuhn seg- 
ments ( 8000 A). At the ends of each subchain (spring) 
are situated beads, taking care of the friction with the 
surrounding fluid. The model of the whole DNA mole- 
cule consists of a large number of these springs and beads 
( I6 and 17, respectively, for a DNA molecule of M = 26 
X lo6) .  In the figure are indicated with broken lines two 
of the corresponding subchains connected to the central 
subchain. 

this paper, we have to divide our chain model into a fairly 
large number of subchains (springs), so that we can 
study the position dependence in some detail. However, 
if we make the number of springs very large, the com- 
puter simulation time needed may be prohibitively high. 
We started out making the same compromise as Reese 
and Zimm, modeling a DNA chain of molecular weight 
26 X lo6  (T7 DNA) as a bead-spring chain consisting of 
16 springs (and 17 beads). In the case of T7 DNA, which 
has a contour length of about 13 pm, each subchain 
(spring) will then be composed of eight of the Kuhn seg- 
ments with a length of 1000 A previously mentioned. In 
Figure 4 we showed how the model ends up based on the 
discussion above. 

In our paper we also varied the molecular weight, 
studying not only DNA with molecular weight equal to 
26 X lo6 (T7 DNA). This implies using models with a 
different number of springs (and beads). The length of 
each subchain and the molecular weight of each bead 
were, however, maintained constant, the latter equal to 
1.53 X 106(26 X 106/17). 

The FENE-model as such does not allow for chain 
fracture. When the spring extension reaches the value qo, 
the maximum-allowed extension in the FENE-model, 
the spring force is infinite, as seen in the equation for the 
FENE-spring force'' (Warner force law) below 

( 3 )  

where H i s  the spring constant and q the actual length of 
the spring. 

To  introduce the possibility for chain fracture, we 
therefore have to modify this force law in some manner. 
Reese and Zimm proposed to linearize the force at some 
point before the maximum extension, replacing the force 
by its tangent in that point. In that manner, one gets a 
finite value of F when q equals qo, the maximum exten- 
sion in the pure FENE-model. This can be formulated 
mathematically as 

( 4 )  

where qc is the spring extension at the point where the 
force is linearized. The spring may now be considered to 
brake when q reaches a value higher than qo. We adopted 
this model, since it may be employed with only a minor 
perturbation of the ideal FENE-model, choosing the 
point of linearization to be sufficiently close to qo (we 
used qc/qo = 0.99). As mentioned previously, each 
spring is considered to consist of eight Kuhn segments, 
each of length 1000 A, which means that in the chain it 
is considered to brake when q passes 8000 A. Figure 5 
illustrates the spring force in the applied model. For com- 
parison we also plotted the standard Gaussian model 
(infinitely extensible spring), and it is seen that the force 
law applied in this study, although not exactly equal to 
the original FENE-force, represents a considerable im- 
provement over the model with Gaussian springs with 
regard to reduction in extensibility. 

Initial Distance from Orifice 

In an experiment with transient extensional flow, the 
time that the molecule is allowed to experience the flow 
field is important with regard to what conformation the 
molecule may obtain and to whether it may rupture or 
not. In this respect, the primary relaxation time of the 
polymer chain (7,) is a crucial parameter. It is generally 
believed, based on studies performed in stagnant elonga- 
tional flow, that to fully experience the effect of the flow, 
one of the requirements is that the molecule should stay 
a period equal to at least its first relaxation time in the 
flow field. In other words, the distance from the point 
where the molecule first encounters the flow to the point 
of exit should be at least equal to the distance traveled 
during 7,. With regard to our numerical simulation stud- 
ies in transient flow, we would like to have the distance 
traveled relatively small, to save computer time, but at 
the same time we should make sure that the abovemen- 
tioned condition is fully satisfied. It can be shown, by 
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FIGURE 5 Plot of the relation between spring force in 
dimensionless form (F* = Fb/ kT,  where b is the root- 
mean-squared spring length) and dimensionless spring 
extension (q*  = q / b )  for the FENE-model used in this 
study together with that of a Gaussian spring. The pa- 
rameter qo is the maximum extension in the FENE- 
model (equal to eight Kuhn segments), and qc is the ex- 
tension at which the force curve is replaced by its tangent. 
For relative extensions greater than about 6,  we can see 
that the FENE-spring force is considerably higher than 
the spring force in the Gaussian spring, thus inhibiting 
large spring extensions. 

means of Eq. ( I ), that if we want the molecule to  spend 
in the flow field a period equal to  n times the first relax- 
ation time, the formula for calculating the initial distance 
rini will be 

3Qn71 
2*( 1 - cos 8,) 

r:ni = 

where Q i s  the volumetric flow rate as usual. In this work, 
we have made a conservative choice, to  be sure to  place 
the molecule initially in a position where the flow field 
has insignificant influence on the chain conformation, 
and have used n = 3 .  As an example, for T7 DNA with 
molecular weight 26 X lo6 and ofabout 50 ms, with a 
flow rate of Q = 0.01 cm3/s  the parameter r,,, will be 
about 0.1 cm, approximately I5 times the radius of the 
orifice. 

Brownian Dynamics Algorithm 

For simulating the evolution of the polymer chains as 
they flow through the described device, we employed the 
Brownian dynamics algorithm of Ermak and McCam- 
mon.12 After a Brownian step of duration At, the new 

position vector rr of a bead is obtained from the initial 
position rp as 

where the superscript 0 refers to  the instant when the 
time step begins. The term F," is the spring force on bead 
j ,  and D: ( i , J  = 1, . . . , N )  is the i j  block of the diffusion 
tensor. The parameter v (  rp) is the velocity of the solvent 
a t  position rp at  the beginning of the time step, and Ri is 
a random vector with mean value 0 and variance-covar- 
iance equal to 2AtD;. The displacement of a bead thus 
has three contributions, that due to the spring forces on  
the bead, weighted with the diffusion coefficient, the con- 
tribution due to  solvent flow, and a stochastic part due 
to  the impulses from the random motion of the solvent 
molecules surrounding the bead. In the simulations the 
basic algorithm [ Eq. ( 6 ) ]  is used with a second-order 
modification, l 3  which was shown to give improved cal- 
culation efficiency. 

When hydrodynamic interaction between the chain 
units is taken into account, the Rotne-Prager-Yama- 
kawa interaction tensor14 is used for DZ. Ifthis interac- 
tion is neglected, D: is just kT/  {. Here, [is the friction 
coefficient of a bead, { = 6?rg,u, where gs is the solvent 
viscosity. For the bead radius u we used the value u 
= 0.2563, which corresponds to  a commonly used value 
for the hydrodynamic interaction parameter, ' I  h* 
= 0.25. In this study we present results both with and 
without hydrodynamic interaction (HI)  t o  study what 
influence the HI between different parts ofthe chain may 
have on chain fracture. 

The above-mentioned procedure was used to obtain 
trajectories in space for a sample containing a sufficiently 
large number of chains. The time step in the simulations 
At was equal to  85 ns. This value is much smaller than 
the primary relaxation time of the polymer, a necessary 
requirement for the simulation procedure to work cor- 
rectly. 

Dimensionless quantities were used throughout the 
simulations. Lengths are divided by b (the root mean 
square spring length), forces by k T / b ,  and time by {b2 J 
k T .  Other dimensionless quantities follow from these 
definitions. 

In the simulations the DNA chain was initially placed 
on the centerline of the device at  a distance sufficiently 
far from the orifice, as explained earlier. Brownian tra- 
jectories were then simulated, one chain at  a time, for 
samples containing on the order of a thousand mole- 
cules. While following the trajectory of one molecule, we 
monitored each spring for fracture ( q  > qo) at each step 
in the simulation, registering the molecular weight of the 
resulting two molecular fragments. Carrying this out for 
all the chains in the sample, the molecular weight distri- 
bution could be evaluated. The molecular weight of the 
DNA chain was 26 X lo6 in most of the work, except for 
the studies we made about the dependence of critical 
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FIGURE 6 Distribution of fragment lengths from a 
simulation on a sample of 5000 DNA chains. The mo- 
lecular weight ( M )  of the intact chains were A4 = 26 
X lo6, which corresponds to a model with 16 segments 
(springs), so that each segment corresponds to 1.62 
X lo6,  in molecular weight. Q = 0.04 cm3/s. Hydrody- 
namic interaction (HI )  not included. 

flow rate upon molecular weight, where we employed 
molecular weights between 7.6 X 10' and 26 X lo6.  

RESULTS AND DISCUSSION 

In this numerical simulation study our aim was to 
investigate how the fracture yield of DNA chains 
vaned with the flow rate, fracture position within 
the chains, and possible molecular weight depen- 
dence of the fracture yield. However, first of all we 
wanted to make a comparison of our results with 
the laboratory experiments of Reese and Zimm' re- 
garding the distribution of DNA fragments after 
fracture, and also with the simulation study they 
performed to accompany their experiments. These 
authors obtained a broad fragment distribution 
centered around half the initial molecular weight 
of the DNA. Figure 6 shows our results for DNA 
with molecular weight 26 X 10 ti and for a flow rate 
of 0.04 cm3/s, the same as used by the above-men- 
tioned authors. 

Our results show a distribution that is centered 
around half the initial molecular weight (an intact 
molecule consists of 16 segments in our model). 
This is as expected since in extensional flow, 
whether it is stagnant or transient, the force will 
tend to accumulate around the central part of the 

We also obtained a distribution that is 
very similar in shape to that of the laboratory ex- 
periments of Reese and Zimm. However, the dis- 
tribution was less broad then that of the simulation 
study of the above-mentioned authors. This 
difference may be due to the fact that in our simu- 
lation we allowed the chains to experience the flow 
during a longer period before fracture, by placing 
them initially at a distance from the orifice equal 
to three times the distance traveled during the first 
relaxation time of the molecule. Reese and Zimm, 
in their simulation study, placed their chains ini- 
tially slightly upstream to the point where the ex- 
tensional rate equals 1 / T ~ ,  which corresponds to 
saying that the chains will have an available travel 
time equal to approximately T ~ .  The reason for 
placing the molecules initially around a position 
where h = l/T1 was that this is where, roughly 
speaking, the Brownian motions start to dominate 
over the flow field with respect to perturbations of 
the chain conformation. However, in our study we 
were more conservative in this regard, and this may 
have given the chain some more time to orient in 
the flow and to accumulate maximum stress in the 
chain center. Besides, we have used a high number 
of chains (5000) to obtain low standard deviation 
in the histogram. 

We also obtained this distribution with HI in- 
cluded in the simulations (not shown), but for a 
lower number of chains ( 1000) since the inclusion 
of HI makes the simulations very time consuming. 
No qualitative differences were seen when this dis- 
tribution was compared with the distribution 
where HI was not accounted for. 

In Figure 7 we plotted a histogram of the posi- 
tion (x-coordinate) where the chains fractured in 
front of the orifice. We used a high flow rate (Q 
= 0.04 cm3/s as above), at which all chains broke 
before reaching the orifice. Figure 7A shows the re- 
sults without HI included. We can see that with this 
flow rate most chains rupture around 0.02 cm from 
the orifice (about 3 times the orifice radius), and 
within approximately 0.0 1 cm from this central po- 
sition nearly all chains have ruptured. For compar- 
ison, the chains were initially put into the flow field 
at a position given by Eq. ( 5 ) ,  which gives a value 
of 0.192 cm for cni, about 30 times the orifice di- 
ameter. 

When HI was included in the simulations 
(Figure 7B), we obtained a distribution of fracture 
positions quite similar to that without HI. This 
study had to be performed with fewer DNA chains 
( 1000) and therefore has more statistical error con- 
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nected with it. However, a detailed look reveals 
that the distribution is slightly displaced to the right 
compared to the no-HI situation, indicating some 
tendency for the chains to rupture closer to the ori- 
fice. This may be explicable taking into consider- 
ation that the HI tends to reduce the overall dimen- 
sions of the molecules, thus requiring a higher flow 
rate to extend the subchains sufficiently to induce 
fracture. 

In Figure 8 we can see how the fracture yield 
(percentage of total number of DNA chains in the 
sample) depends on the volumetric flow rate 
through the system. We performed this simulation 
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FIGURE 7 Histogram of distance from orifice where 
fracture occured Q = 0.04 cm3/s. (a )  HI not included. 
Five thousand DNA chains were used in the sample. (b) 
HI included. Sample consisted of 1000 chains. 

120 

1 e-5 1 e-4 1 e-3 

o (crn3/s) 

FIGURE 8 Fracture yield of DNA chains versus volu- 
metric flow rate (Q). The simulation was performed both 
with and without hydrodynamic interaction (HI).  Five 
hundred chains were used at each flow rate. M = 26 X lo6. 

both with and without HI. The calculated values 
that can be directly compared with experiments are 
those obtained with HI. On the other hand, the no- 
HI simulations require far less CPU time, and its 
results may show qualitative features similar to 
those with HI. It is observed that if the flow rate 
is higher than approximately 0.0004 cm3/s, all the 
chains fracture. The reasons why such a low Q 
value gives 100% fracture yield are the high molec- 
ular weight of the DNA chain in question together 
with the very small dimensions of the orifice, giving 
very high extensional rates close to the orifice. 

We also observe that the fracture yield does not 
end up at zero with zero flow rate, that is, there 
seems to exist a critical flow rate below which no 
fracture occurs. We wanted to investigate this sub- 
ject further, and performed simulations on DNA 
chains with different molecular weights, between 
7.6 X lo6 and 26 X lo6.  The results offracture ver- 
sus flow rate can be seen in Figure 9A. 

As expected, it is seen how the lower molecular 
weight DNA chains need a higher flow rate to reach 
a certain fracture yield. With regard to obtaining 
the critical flow rate for fracture, we should ideally 
look for the point where the fracture yield crosses 
the line of zero fracture. However, in this region the 
statistical noise is high and the fracture yield curve 
nearly flat. We therefore defined an operational 
fracture yield slightly higher than zero (8%) for de- 
termining the critical flow rate. This is also relevant 
from an experimental point of view, since the lim- 
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FIGURE 10 ( a )  Fracture yield of DNA chains versus 
Q for different molecular weights around the operational 
critical fracture yield of 8%. A sample of 100 chains was 
used at each flow rate and each molecular weight. HI in- 
cluded. (b) Double-logarithmic plot of the critical flow 
rate [extracted from the regression curves in ( a ) ]  versus 
number of beads in the chain (each bead contributes 
with a molecular weight of 1.53 X lo6). 

FIGURE 9 ( a )  Fracture yield of DNA chains versus Q 
for different molecular weights. A sample of 100 chains 
was used at each flow rate and each molecular weight. HI 
not included. (b) As (a )  but a detailed study around the 
operational critical fracture yield of 8%. (c )  Double-log- 
arithmic plot of the critical flow rate [extracted from the 
regression curves in (b)] versus number of beads in the 
chain (each bead contributes with a molecular weight of 
1.53 X lo6) .  
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FIGURE I 1  Fracture yield when using a larger orifice 
radius, R = 0.025 cm. Five hundred chains were used in 
the sample. M = 26 X lo6.  

ited resolution in a laboratory experiment will re- 
quire a certain level of fracture to be detected. Our 
operational critical fracture yield is indicated with 
a horizontal line in Figure 9A. We subsequently 
performed a more detailed study of fracture versus 
flow rate around this operational fracture yield 
(Figure 9B). Based on the intersection point for the 
regression lines of the different molecular weight 
data with this line, we finally made a plot of critical 
flow rate vs. number of beads in the chain 
(proportional to molecular weight since each bead 
represents a molecular weight of 1.53 X lo6) .  This 
is shown in Figure 9C. Looking for a scaling law of 
the kind Q0,, - M-", we plotted the data double 
logarithmically, obtaining an a-value equal to 1.4 
f 0.1. This exponent is much lower than that ob- 
tained in experiments with steady extensional flow 
( a  = 2.0), illustrating the distinct nature of the 
transient flow conditions. 

The results described above (Figure 9A-C) were 
performed without HI between beads. We made a 
similar study including HI in the simulations, the 
results ofwhich are shown in Figure 10A. From the 
log-log plot of the critical flow rate (found in Fig- 
ure IOA) versus N ,  we finally obtained an expo- 
nent equal to - 1.1 -+ 0. I .  This result conforms well 
with the theory of Rabin concerning fracture of 
flexible polymer chains in extensional flow of tran- 
sient type. Based on a discussion regarding the rel- 
ative extension of the different parts of the chains,' 
this author proposed an exponent between - 1 .O 
and - 1.2 (depending on the solvent quality). 

In Figure 1 1 we demonstrate the effect of chang- 
ing the diameter of the orifice through which the 
DNA solution flows. In this simulation the orifice 
radius was augmented from the previously used 
0.0065-0.025 cm. As expected, the fracture yield 
for a given flow rate is now drastically reduced. For 
instance, we do not observe 50% fracture until a 
flow rate of about 0.0035 cm3/s, whereas pre- 
viously, with the smaller orifice, this fracture yield 
was already observed at Q = 0.00085 cm3/s. The 
maximum extensional rate for a given setup can be 
found from Eq. ( 2 )  by letting p be the distance 
from the origin of coordinates (positioned slightly 
inside the orifice) to the start of the orifice. The re- 
lationship between the maximum extensional rates 
for two orifices with different radii will then be 
equal to the inverse cube of the corresponding ori- 
fice radii. In the case of radii equal to 0.0065 and 
0.025 cm, this leads to a ratio of 57, which is close 
to the ratio between flow rates for 50% fracture 
yield given above (0.0035/0.000085 = 41) .  This 
observation illustrates that Em,, is the governing pa- 
rameter with respect to fracture yield. 

We did not observe any fracture at the output 
side of the orifice in our study. The flow was mod- 
eled in this region as divergent, but otherwise with 
the same geometrical parameters as on the input 
side. The flow field will have a compressional char- 
acter, and one would therefore not expect chain 
fracture due to the same mechanism as on the in- 
put side. However, in a real flow system, the flow 
will be less ideal than that depicted here, and one 
cannot exclude the possibility of chain rupture 
connected with, for instance, turbulence. 
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