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We report the direct quantification of molar mass degradation in the drag-reducing polymers
polyethylene oxide (PEO) and polyacrylamide (PAM) in turbulent pipe flows with an upstream
tapered contraction. We find that entrance effects associated with the upstream contraction dominate
the polymer degradation. Quantifying degradation according to the scaling relationship 7, M,
the exponent n is determined to be —2.20+0.21 and —2.73+0.18 for PEO and PAM, respectively.
Here M, is the steady-state (or limiting) weight-average scission molar mass. A methodology is
devised to circumvent polymer degradation due to the upstream contraction and thereby conduct
degradation experiments in which only the turbulent flow in the pipe is responsible for chain
scission. In this case, the scission-scaling relationship for PEO is 'j/mev_f'ZOiO'zg. Here M, is the
degraded weight-average molar mass after one pass through the 1.63-m length of pipe. Based on
these scaling relationships we obtain a new upper limit for polymer drag reduction that is
determined by chain scission rather than the maximum drag reduction asymptote. © 2005 American

Institute of Physics. [DOI: 10.1063/1.2042489]

I. INTRODUCTION

The addition of a few parts per million of high-
molecular weight polymer leads to dramatic decrease in fric-
tional losses in turbulent pipe flows." This phenomenon,
referred to as polymer turbulent drag reduction, has gener-
ated significant interest because of potential technological
applications such as fast ocean transport and efficient pipe-
line transport of fluids.*™

According to Virk’s phenomenology,6 the simplest way
to achieve maximum drag reduction (MDR) for a given
polymer-solvent system is to use high concentrations of
high-molecular weight polymer. Yet, there are two practical
limitations to this approach. First, cost considerations typi-
cally require low polymer concentrations for large-scale ap-
plications. Second, high-molecular weight polymers undergo
chain scission at the high Reynolds numbers characteristic of
practical turbulent flows.”"! Molecular degradation of high-
molecular weight polymers lowers the drag-reducing capa-
bility of the polymer chains and therefore limits the amount
of drag reduction that can be achieved.

Early investigations of polymer degradation conducted
experiments in pipe flows.”"" More recently, behavior in ro-
tational flows such as the Taylor Couette and rotating disk
geometries has been studied.'*™"3 Experiments in rotational
flows have the advantage of requiring less fluid volume.
They are also well suited to characterize polymer degrada-
tion kinetics."*'*'*"® However, despite significant advances
in the aforementioned geometries,”’19 to our knowledge no
framework exists to quantitatively describe the bounds that
polymer chain scission places on the maximum drag reduc-
tion that can be attained in turbulent pipe flow. By the mea-
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surement of absolute molar mass distributions under a range
of conditions in turbulent pipe flow, this study provides this
framework for the common drag-reducing agents poly(ethyl-
ene oxide) and polyacrylamide. Moreover, there is a corre-
spondence between local conditions in pipe flow, turbulent
flow in a square channel, and turbulent flow in a developing
boundary layer that yields an expectation that results from
the former geometry will be locally applicable to the latter
geometries.zo_22

Molecular weight, polymer concentration, solvent qual-
ity, turbulent intensity, and flow geometry have been identi-
fied as important factors influencing polymer degradation in
turbulent pipe flows.”""* In particular, it has been reported
that high molar mass polymers break preferentially relative
to low molar mass chains®*'" and that scission occurs pre-
dominantly at the chain midpoint.24 In addition, it has been
found that the degree of degradation is correlated with the
turbulent intensity of the flow.'”!" Most studies to date have
used indirect methods such as changes in friction factor and
intrinsic Viscosityg’“’25 to assess polymer degradation. In
some cases the molar mass distributions of degraded poly-
mers have been measured using gel permeation chromatog-
raphy with refractive index detection and calibration with
standards of known molar mass.””'%** Because of the devel-
opment of light-scattering detectors, absolute characteriza-
tion of polymer molar mass distribution by gel permeation
chromatography is today possible.%_29 Here we apply this
technique to measure the absolute molar mass distribution of
polymer molecules that have been subjected to turbulent
flow. To our knowledge, this is the first such characterization
of polymer degradation in turbulent pipe flow.

© 2005 American Institute of Physics
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Most previous work studied polymer degradation at tur-
bulent flow conditions that fall near the MDR
asymptote.&g’“’23 Yet, because of the asymptotic nature of
the MDR regime, changes in molecular weight and concen-
tration have little detectable effect on frictional drag near
MDR . As a result, changes due to polymer degradation are
difficult to resolve, especially with the indirect method based
on friction factor measurement.'' To address these difficul-
ties, here we study degradation in the polymeric regime,6
where friction drag and chain scission depend upon the Weis-
senberg number (We = )\ui/ v, where \ is the relaxation time
of the polymer, u, is the friction velocity, and v is the kine-
matic viscosity of the solvent. Here, u,= \e"m, where 7,, is
the wall shear stress and p is the solvent density) and the
Virk slope increment & (~M,, c, where M,, is the weight-
average molar mass of the polymer and c is the concentration
of polymer molecules). The quantities We and & are highly
sensitive to polymer molecular weight and concentration.

Another complication associated with studying polymer
degradation in turbulent pipe flows is entrance effects. Ex-
perimentally, turbulent pipe flow setups inevitably possess an
upstream contraction. The upstream contraction is needed to
minimize polymer degradation in the flow loop outside the
test section. However, the upstream contraction is itself a
possible source for chain scission because flow through it
contains an extensional component. Because polymer degra-
dation studies in turbulent pipe flows typically involve very
high wall shear rates (~10° s7!), the extensional strain rates
in the upstream contraction can be high enough to induce
polymer degradation. Indeed, studies have shown that the
contraction geometry very efficiently degrades polymer
molecules.’™* This implies that polymer chains could break
in the entrance region before they experience the fully devel-
oped turbulent flow. The current literature” " is unclear on
which of the two regions dominate polymer degradation.
Here we seek to resolve the entrance effect issues that might
pervade the polymer degradation literature published to date.

In this paper we generate a scaling relationship between
the applied wall shear rate and the polymer molar mass dis-
tribution that results due to the turbulent flow. Such relation-
ships have been developed for extensional flows:** ¢
OCM;VZ and éOCM;1 have been quantified in stagnation-point
flows and contraction flows, respectively, where £ is the
characteristic strain rate for scission. Further, these scaling
exponents, particularly in the stagnation-point flow, are sen-
sitive to the inertial character of the flow.? However, to our
knowledge, no such relationships exist for turbulent flows
which are essentially driven by inertia. In addition to the
fundamental relevance of this scaling to polymer dynamics
in turbulent flows, the relationship will allow definition of an
operating window for drag reduction in which polymer
chains will reduce friction drag but not undergo scission.
Identification of this operating regime will be immediately
applicable to the selection of polymer chain architecture,
concentration, and molar mass for practical implementation
of friction drag technologies.
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Il. EXPERIMENT
A. Polymer preparation

Two common drag-reducing water-soluble polymers—
polyethylene oxide (PEO, Polysciences, Warrington, PA) and
polyacrylamide (PAM, Hyperfloc, Hychem, Tampa, FL)—
were chosen for this study. The nominal molecular weights
reported by the manufacturer for these polymer samples are
5X10° and 15X 10% g/mol, respectively. De-ionized water
was used as the solvent for all the experiments.

The following procedure was used to prepare the poly-
mer solutions. Stock solutions at concentrations of 1000-
2000 ppm (parts per million) were prepared in de-ionized
water. To prevent shear degradation, polymer dissolution was
performed in 1- or 2-1 containers rotated at 3—6 rpm on a
rolling apparatus for 24-48 h (Wheaton Science Products,
Millville, NJ). Samples were then diluted to the desired con-
centrations and experiments were conducted within a day of
their dilution.

Certain studies in the literature indicate that the PEO
molecules may potentially aggregate under quiescent
conditions.*>* In our case, a dynamic light-scattering analy-
sis of the PEO used in the study did not reveal long-time
relaxations in the intensity autocorrelation function that are
characteristic of aggregates (data not shown). This observa-
tion agrees with results reported by several other authors that
PEO does not necessarily aggregate under quiescent
conditions.””* Moreover, it is likely that aggregates, if at all
present, are disrupted into individual molecules due to the
high shear rates in the turbulent flow. Thus, data reported
here are indicative of the properties of individual polymer
chains.

B. Turbulent flow apparatus

A schematic diagram of the experimental apparatus used
for conducting polymer chain scission experiments in turbu-
lent pipe flow is given in Fig. 1. Stainless-steel pipes [inside
diameter (i.d.)=10.9 mm] of several different lengths (0.3,
1.27, 1.68, 2.12, and 3.0 m) were used to conduct the turbu-
lent flow experiments. To prevent degradation of polymer
chains outside the test section and to achieve high wall shear
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rates, a pressure-driven flow apparatus was used to convey
the fluid through the test section. A 16-gal carbon steel pres-
sure vessel (Alloy Products Inc., Waukesha, WI) was used as
a constant pressure reservoir. The vessel was hydraulically
connected to a compressed nitrogen gas cylinder through a
precision gas regulator to maintain constant pressure
(<5% deviation) during experimentation. To minimize del-
eterious extensional flow components generated due to the
sudden contraction prior to the test section, the fluid was
allowed to enter the test section from the reservoir through a
tapered contraction with an area ratio of 21.6:1 and an in-
cluded angle of 24°. This angle was chosen based on the
degradation studies done by Nguyen and Kausch®® in con-
traction flows.

Two differential pressure transducers (GP50, Grand Is-
land, NY, error +0.02 psi) with range from 0-10 to 0-50 psi
were used to obtain precise pressure drop measurements.
Here we define the entrance length as the distance between
the exit of the conical entrance and beginning of the first
pressure tap. The second pressure tap was always located 85
cm from the first pressure tap in all our experiments. The
entrance lengths for the experiments with longer tubes—
1.68, 2.12, and 3.0 m—are ~73, 113, and 192 pipe diam-
eters, respectively. The longer tubes were used to generate
scission-scaling data (cf. Sec. V) and the shorter tubes (0.3
and 1.27 m) were used to assess the role of entrance effects
on chain scission in turbulent pipe flows (cf. Sec. IV). The
pressure transducers were connected to a National Instru-
ments’ LABVIEW data acquisition system (Austin, TX). To
avoid the possibility of degradation inside the flow-
measuring device, flow rate was measured by collecting
samples for a specified amount of time and weighing them.
This was accomplished by using a solenoid valve (Magnatrol
Valve Corporation, Hawthorne, NJ) connected to a timer
controller (National Controls Corp., West Chicago, IL). The
flow rate through the test section was controlled by regulat-
ing the pressure of the inlet reservoir. After passing through
the test section the fluid was allowed to expand into a 21-
mm-i.d. stainless-steel pipe. This expansion is about twice
the diameter of the test section and includes a bend as well.
It is possible that polymer chains break in this bend/
expansion. However, here the linear velocity is four times
less than in the test section. The lower velocity relative to the
upstream contraction and test section indicates that this sec-
tion is unlikely to affect the steady-state scission scalings (cf.
Sec. V) reported in our study.

Experiments were conducted for an inlet pressure range
of 3.5 X 10°~10° Pa(5-150 psi). For these inlet pressures, the
typical Reynolds number (Re= Ud/v, where U is the mean
velocity, and d is the inner pipe diameter) range is
~10*-2.5X%10°. The friction Reynolds numbers (Re,
=u,d/v) generated in the study range from ~10° to 10%.

C. Gel permeation chromatography

The molar mass distributions of degraded PEO and PAM
solutions were measured using a gel permeation chromatog-
raphy (GPC, Waters Corporation, Milford, MA) system in
conjunction with refractive index detection and multiangle
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laser light scattering (MALLS). The solvent (0.1M NaNOs)
was filtered (0.1 wm, Millipore, Bedford, MA), degassed
(Waters in-line degasser), and then pumped (Waters 515
HPLC pump) at a flow rate of 0.2 ml/min. Separation of
molar masses was achieved by injecting filtered polymer
samples (250-ul loop autosampler, Waters 717 Plus) through
two temperature-controlled (7=50 °C) columns (Shodex
OHpak, SB-806 HQ, SB-804 HQ, Thomson Instruments,
Clearbrook, VA).

The radius of gyration and molar mass of the separated
fractions was assessed by means of static light scattering
(DAWN EOS, Wyatt Technology Corporation, Santa Bar-
bara, CA) of eluted fractions using the Berry formalism. The
concentrations of separated fractions were measured using a
refractive index (RI) detector (Optilab DSP, Wyatt Technol-
ogy Corporation, Santa Barbara, CA). The number average
(M) and weight-average (M,,) molar masses were calculated
from the moments of the molar mass distribution using com-
mercial software (ASTRA, Wyatt Technology Corporation).
All the molar mass data reported in the figures are weight-
average molar masses.

A study was conducted to assess the performance of the
GPC/MALLS system for absolute molar mass determination
and the capability of the columns to separate the molar mass
fractions of the distribution. This study evaluates possible
nonidealities in the GPC such as shear degradation in the
columns. For this study, the device was operated in two
modes—batch mode and in-line analysis. During in-line
analysis, the columns were in place and the weight-average
molar mass was calculated from the measured molar mass
distribution. During batch mode analysis, the columns were
removed and the weight-average molar mass of the polymer
sample was measured by using the static light-scattering de-
tector as described by Buchholz and Barron.” Polymer
samples of 6-10 different concentrations (~10-100 ppm)
were prefiltered and injected using a syringe pump (Razel
Scientific Instruments, Stamford, CT) and the resultant scat-
tering intensities were measured in the range of 26°-121°.
The Berry formalism [Eq. (1)] with a quadratic angular de-
pendence was used to fit the scattered intensities at concen-
trations tested to obtain M,, and R,.

K 1 — ’R;
—c=(=+\’2A2c>(1+q—33+--->. (1)

In the equation given above K is the optical contrast factor,
Ry is the Rayleigh ratio, A, is the second virial coefficient,
and ¢ is the scattering vector.*

If indeed, the GPC/MALLS system is capable of suc-
cessfully measuring the true molar mass distributions of
polymer samples (and is thus not limited by the aforemen-
tioned issues), then the M,, obtained from the two indepen-
dent methods described above should be consistent with each
other. As shown in Table I, the data from both approaches
agree well (within ~10%) and indicate that our GPC/
MALLS system yields absolute molar mass distributions and
that moments of those distributions agree with an indepen-
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TABLE I. Moments of the molar mass distribution of the polymers used for the chain scission studies as
characterized by GPC-MALLS. PEOI1, PEO2, and PAMI are standards from American Polymer Standards,
Mentor, OH. PEO3 was a degraded sample collected after three passes during a turbulent flow experiment at
29 000 s7! in the 3-m-long pipe. PAM2 was obtained from Polysciences, Warrington, PA. The numbers shown
in parentheses represent error in estimating the values from fit of the GPC raw data to Berry formalism.

Batch mode analysis

GPC analysis

Sample M, R_(nm) M, R_(nm) M, /M,
PEO1 2.15%10° (1.4%) 253 (5%) 1.99 X 10° (0.5%) 23.8(0.3%) 1.05
PEO2 7.38%10° (1.7%) 602 (2%) 7.81X10° (0.5%) 57.2(0.3%) 1.00
PEO3 2.43%10° (1.8%) 1459(1.2%)  2.57%10° (0.6%) 159.0(0.3%) 1.40
PAMI1 1.69 X 10° (0.6%) 65.2 (2.5%) 1.46 X 106 (0.5%) 68.7(0.2%) 1.44
PAM2 4.24 X 10° (2.9%) 1289 (4%)  4.77%10° (0.5%) 143.6(0.1%) 1.28

dent static light-scattering measurement, for the polymers
considered here, which have M, <2.5X 10° for PEO and
M, <4.25%10° for PAM.

In some turbulent flow experiments conducted at low
concentrations (<100 ppm), the degraded polymer samples
were freeze-dried (Labconco, Kansas City, MO) and then
redissolved in the same buffer solution that was used in the
GPC analysis. This procedure was tested and found to yield
results that agreed with analogous samples that were ana-
lyzed directly without freeze-drying (data not shown).

lll. DIRECT QUANTIFICATION OF POLYMER
DEGRADATION IN TURBULENT PIPE FLOWS WITH
AN UPSTREAM TAPERED CONTRACTION

Figure 2(a) shows the changes in the turbulent flow fric-
tion drag when a 100-ppm PEO solution was passed repeat-
edly through the turbulent flow setup at a fixed inlet pressure.
The percent drag reduction [%DR=(f,~f,) X 100/f,,
where f,, and f, denote the friction factor in the Newtonian
and non-Newtonian turbulent flows] decreases with increas-
ing number of passes. This result is consistent with the deg-
radation of polymer molecules. Further Fig. 2(b) shows that
as the Re decreases with the pass number, the wall shear rate
increases. Here, we defined y,,=APd/4uL, where AP is the
pressure drop across the test section of length L and w is the
solvent viscosity. These observations are in accordance with
the qualitative fact that in turbulent flows, polymer degrada-
tion leads to a decrease in flow rate or an increase in pressure
drop (or wall shear rate) and therefore lowers the drag reduc-
tion. Further, note that after about ten passes, all three vari-
ables tend to a constant value consistent with steady-state
behavior. Similar results were obtained for PAM solutions
(data not shown). These results are broadly consistent with
prior literature.”' "% [Note the detail that although the
overall pressure drop in the device is fixed and independent
of pass number, we observe an increase with pass number in
the wall shear rate measured locally at the test section. These
two seemingly conflicting observations are reconciled by
noting that molar mass degradation apparently affects the
particular way in which the overall, fixed pressure drop is
distributed among the test section, the contraction, and other
parts of the flow apparatus. Also note that to estimate wall
shear rate we used the solvent viscosity instead of the solu-

tion viscosity. At 200 ppm the solution viscosity is ~25%
higher than that of water. However, the solution viscosity
itself changes due to polymer degradation and this change is
a complex function of the degree of polymer degradation. To
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FIG. 2. Changes in the turbulent flow variables with the number of passes
for 100-ppm PEO solution in 3-m-long pipe. Note that all the variables
reach steady state after a certain number of passes.
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passes for 100-ppm PEO solution in a 3-m-long pipe at Re~1.2X 10° and
wall shear rate of ~1.45X10° s™'. (b) The corresponding weight-average
molar mass (M,,) and radius of gyration (R.) for each of the distributions as
a function of the number of passes. Note that M,, and R, reach a constant
value after ten passes through the pipe.

avoid this complication and to be consistent among experi-
ments in which polymer concentration and scission history
(inlet pressures and number of passes) were varied, we chose
to use the solvent viscosity to estimate the wall shear rate.]

Molecular information confirming the degradation pro-
cess is available from Figs. 3(a) and 3(b). The molar mass
distribution of the degraded polymer samples is shown in
Fig. 3(a). The molar mass distribution progressively shifts to
lower molar mass with increasing pass number. This obser-
vation demonstrates that higher-molecular weight chains
preferentially degrade. In addition, the molar mass distribu-
tion reaches a steady state in about ten passes, in agreement
with the steady state in the flow variables discussed above.
These data are, to our knowledge, the first absolute quantifi-
cation of molar mass during polymer degradation in a turbu-
lent pipe flow.

In simple flows, experiments and theory suggest that a

Phys. Fluids 17, 095108 (2005)

critical strain rate is required to break a given polymer
chain.®' In the present case, apparently not all the polymer
chains traversing the pipe flow experience this characteristic
strain rate. Thus, only some of the chains break, as shown by
the transient data of Fig. 3. However, repeated cycling of the
polymer solution progressively increases the probability of
breakage. After a number of passes, all chains of molar mass
susceptible to breakage have undergone scission. No further
changes in molar mass distribution occur and the friction
drag behavior attains steady state.

The calculated weight-average molar mass from the dis-
tribution and the measured radius of gyration are shown in
Fig. 3(b) as a function of the number of passes in the turbu-
lent flow. Both these variables monotonically decrease and
attain steady state after about ten passes. The steady-state
molar mass is identified as the critical molar mass for sciss-
ion (M) that corresponds to the steady-state turbulent wall
shear rate. The steady-state molar mass is critical in the sense
that there will be no change in this value even with further
recycling of the polymer solution.

Experimental studies in extensional flows suggest that
intermolecular interactions are important at polymer concen-
trations far below the overlap concentration.”' We evaluated
the extent to which scission experiments were being con-
ducted in the dilute regime by using polymer solutions of
varying concentration. Our results show that there is negli-
gible influence of polymer concentration on M in spite of
changing the concentration by an order of magnitude (cf.
Sec. V A).

IV. ASSESSMENT OF ENTRANCE EFFECTS ON
POLYMER DEGRADATION IN TURBULENT FLOWS

From the results of Sec. III alone it is unclear if the
contraction flow or the turbulent pipe flow is the primary
source of polymer degradation. To investigate the contribu-
tion of the entrance geometry to polymer degradation, molar
mass distributions were measured as a function of pass num-
ber for cases in which the device was equipped with the
same upstream tapered contraction but with pipes of different
lengths.

Polymer solutions were repeatedly passed through pipes
of several different lengths and the molar mass of the de-
graded samples was measured. If polymer degradation were
to arise in both the upstream contraction and the turbulent
flow (or, alternatively, just the turbulent flow), then one
would expect to see a lower molar mass in solutions that
were passed through pipes of longer length. On the other
hand, contraction-dominated scission will yield results that
are relatively insensitive to the length of the downstream
turbulent pipe flow. Figure 4 reports the molar mass as a
function of number of passes for pipes of several different
lengths at a fixed inlet pressure (20, 50, and 100 psi). Sur-
prisingly, the data show that changing the length of the pipe
by an order of magnitude has no measurable effect on the
observed molar mass trends. This finding suggests that al-
most all the degradation in the device occurs in the upstream
contraction. Moussa and Tiu arrived at a similar conclusion
indirectly by noting changes in frictional drag.11 They per-
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FIG. 4. Assessment of entrance effects in the turbulent pipe flow by chang-
ing the lengths of the test section (a) 20, (b) 50, and (c) 100 psi. The
pressures in the legend are the inlet pressures used to drive the flow.

formed degradation experiments at various contraction ratios
and pipe lengths and found that the entrance effects domi-
nated degradation in the turbulent flows they studied. Taken
together, Fig. 4 and Moussa and Tiu"! suggest that all earlier
reports of polymer degradation in turbulent pipe flow are
compromised because such measurements have primarily in-
terrogated scission in the contraction inevitably present up-
stream of their test sections. These results imply that even in
a pipe of arbitrarily long length the upstream contraction will
dominate the steady-state scission molar mass since it is a
more efficient geometry for scission.

Phys. Fluids 17, 095108 (2005)

3100 —— 1
A Re =60000
® Re=132000
®  Re =207000
2510°- g
A
©
E 210°- A i
S A
5 A
c A
< [ o
S 1510° W .
S °
[ ] ® °
110° " ° P
u [ ]
" [
" u
5905 1L 1 e e b b L L L
0 2 4 6 8 10 12 14 16

Pass number

FIG. 5. Experimental results for 100-ppm PEO solution as a function of
number of passes for a range of steady-state Reynolds numbers in a 2.12-
m-long pipe. The corresponding steady-state wall shear rates for the Rey-
nolds number shown in the legend are 4.7X10% 1.92X10°, and 4.71
X 10° s, respectively.

V. SCISSION-SCALING RELATIONSHIPS IN
TURBULENT FLOWS

A. Scission-scaling relationship in turbulent pipe flow
with an upstream tapered contraction

In Sec. III we introduced the critical molar mass for
scission (M,,) corresponding to the steady-state wall shear
rate of the turbulent flow experiment. Measurements at a
range of inlet pressures thus yield a scaling relationship be-
tween this turbulent flow variable and this moment of the
steady-state molar mass. Figure 5 shows the trends in the
molar mass of PEO due to degradation at various inlet pres-
sures each characterized by its steady-state Re (Reg). The
steady-state molar mass decreases with increasing Rey for
this polymer solution.

Now for each Re,,, we take the turbulent wall shear rate
v, (at steady state) as the characteristic strain rate measure of
the flow. Figure 6 shows the scission-scaling relationships
for PEO and PAM solutions as 4, M,-2%**2" and 4,
OCM;i'BiO"g, respectively, generated from the data like Fig. 5
(analogous data for PAM not shown). It is apparent from the
plot that for the same molar mass PEO is more susceptible to
degradation than PAM. This quantitative result agrees with
previous qualitative reports.42’43 Figure 6 also shows that the
scalings for the two polymers are independent of polymer
concentration. In addition, the data shown in the scaling re-
lationship include measurements from all the three longer
tubes (possessing different entrance lengths) and they do not
deviate significantly from the overall established trend. This
suggests that the entrance lengths do not affect our chain
scission-scaling results. We believe Fig. 6 to be the first
quantification of the relationship between polymer molar
mass and turbulent flow intensity (with an upstream tapered
contraction present). The two polymers, PEO and PAM, are
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—2.73+0.18 for PAM, respectively. The error bars are shown for both the
wall shear rate and molar mass as standard deviations of the experimental
data (the error bars for wall shear rates are considerably smaller than that of
the molar mass and are hard to see visually).

widely used in turbulent drag reduction studies. Although
these scalings were developed under conditions where deg-
radation occurs predominantly in the entrance region, they
are still applicable to the prediction of the practical perfor-
mance of drag-reducing polymers (cf. Sec. VI) in turbulent
pipe flows because upstream contractions are inevitably
present in turbulent pipe flow studies.

Now, we reanalyze the Fig. 6 data to evaluate the hy-
pothesis that scission is determined by the characteristic
strain rate, € = U/d, in the upstream contraction. Here, U,
is the mean velocity corresponding to Re,, and we omit from
the definition an O(1) prefactor that depends on the contrac-
tion conical angle.3 " The reanalysis yields the following scal-
ings for PEO and PAM, respectively (Fig. 7): éOCM;,L'BiO‘IZ
and éOCM;L'zho'm. The two scaling exponents are almost
identical to each other and in approximate agreement with
the previously observed scaling exponent for polymer sciss-
ion in contraction flows (& M_* . This remarkable result
implies that the elongational strain rate in the upstream con-
traction dictates the steady-state molar mass in the whole
turbulent flow experiment. This finding further supports our
earlier claim that existing literature on polymer degradation
in turbulent pipe flows must be reevaluated in light of the
profound effect of an upstream contraction on turbulent
scission results. On the practical side, these scission relation-
ships are needed to design components of large-scale poly-
mer drag reduction studies such as injectors, polymer deliv-
ery systems, and sampling ports since these devices all
possess contractions.
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B. Scission-scaling relationship in a purely turbulent
pipe flow

Thus, in turbulent pipe flows entrance effects dominate
scission and any contraction upstream sets a characteristic
strain rate that determines the steady-state scission product
distribution. Although, this finding requires reevaluation of
previous studies of polymer degradation in turbulent pipe
flows,”®'%!" it does not imply that the fluctuating strain rates
in a turbulent flow field are insufficient to break polymer
chains. Indeed, measurements in a rotating apparatus nomi-
nally devoid of entrance effects have shown that polymer
chains do undergo scission in turbulent flows. >4 Note,
however, that the characteristics of the turbulent flow in
these devices could be very different from that in pipe flows
that are of practical relevance.

In seeking to design an experiment that truly addresses
scission in turbulent pipe flows, one possibility is to optimize
the geometry of the upstream contraction to minimize deg-
radation at the entrance. However, studies by Moussa and
Tiu,'" in both tapered and abrupt contractions of several dif-
ferent contraction ratios, have shown that this approach will
not be successful. Furthermore, in a different study, focused
exclusively on contraction flows of various geometries,
Nguyen and Kausch™ (see Fig. 6 in the reference) found that
the mean velocity at the entrance is the sole factor control-
ling the extent of degradation and that degradation is largely
independent of the details of the contraction geometry. These
studies, in conjunction with our own results, suggest that
changing the contraction geometry will not alleviate the en-
trance effect. Instead, we have adopted the alternative ap-
proach of circumventing the upstream contraction to conduct
scission experiments in a purely turbulent pipe flow.

The approach that we adopted to decouple entrance ef-
fects and thereby study true turbulent shear flow-induced
scission involves loading (at low shear rates) a plug of poly-
mer solution into the device so that it is located downstream
of the region in which entrance effects occur. The entrance
region is filled with the solvent plug that adjoins the polymer
plug. The whole assembly is then driven through the device
by the application of a specified inlet pressure. To conduct
this experiment the existing turbulent flow apparatus was
modified with the valve assembly of Fig. 8. To conduct the
polymer-plug experiment we execute five steps.

First, the pressure vessel is initially filled with the de-
sired amount of solvent (water) and then pressurized (with
valves B and C closed) such that the solvent level is above
valve A. Second, valve A is closed and the excess solvent
above it drained by opening valve B (and keeping valve C
closed). Step two creates a solvent plug of length 0.97 m
(L/D~89). Third, valve B is closed and (with valve A also
closed) a 200-ppm polymer solution is loaded into the pipe
through valve C. Taking care that all air is removed and that
the entire column above valve A is filled with polymer solu-
tion, a polymer plug of length 1.63 m (L/D ~ 150) is created.
Fourth, valve C is closed, the solvent tank is pressurized to
the target value, and valve A is opened. Finally, in a fifth
step, the solenoid valve is released and the pressure drop
measured across a test section of length 0.127 m. The time
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FIG. 7. Scaling relationship between strain rate and molar mass of the
polymer in the entrance region of the turbulent flow. The closed symbols are
for PEO and the open symbols are for PAM. The straight lines are power-
law fits to the experimental data points with scaling exponents of
—1.23+0.12 for PEO and —1.27+0.16 for PAM, respectively. The error bars
are shown for both the strain rate and molar mass as standard deviations of
the experimental data (the error bars for strain rates are considerably smaller
than that of the molar mass and are hard to see visually).

interval between steps 4 and 5 was always less than 5 s.
(Pressure drop measurements made with a solvent-solvent
plug combination differed negligibly from those involving a
polymer-solvent plug combination.) Samples were collected
at the end of each run and freeze-dried for GPC analysis.
Since the polymer plug does not traverse the contraction,
any degradation that occurs must be due to the turbulent
shear flow only. Results of the PEO plug experiments after
one pass through 1.63 m of pipe are reported in Fig. 9. The
scaling exponent is —3.20+0.28. This value is significantly
greater than that measured in the turbulent flow with en-

Polymer
plug
Polymer plug
< injection
A '{ C
B
Solvent l
plug Solvent
drain-off

|

Pressure
vessel

FIG. 8. Schematic diagram of the valve assembly used to perform scission
experiments using the polymer slug approach.

Phys. Fluids 17, 095108 (2005)

108 . .
',-m
o
S
[v]
)]
L
< I ]
©
=
10° | .
@ PEO - wio contraction ]
5 O PEO - contraction E
L L L L M | L

410° 710°  10° 410°
Molar mass, g/mol

FIG. 9. Scaling relationship for scission between wall shear rate and molar
mass of the polymer after one pass through 1.63-m pipe in the PEO
polymer-plug experiment (filled circles). The straight line is a power-law fit
to the experimental data points with scaling exponents of —3.20+0.28. The
scission data for PEO from Fig. 6 in which contraction dominates degrada-
tion are replotted for comparison (open circles).

trance effects (cf. Fig. 6). In addition to a different scaling,
the curves have different prefactors, since the pure turbulent
flow curve is shifted relative to the turbulent flow with con-
traction data. The analogous scaling exponent for PAM is not
available because the pure turbulent shear flow generated in
our device was not sufficiently strong to degrade the chains
to molar masses low enough to be characterized by our GPC
system. We further note that after one pass through the pure
turbulent flow, the mean molar mass (M,=2.1
X 10% g/mol) is higher than that obtained from turbulent
pipe with tapered contraction flow (M, =1.7X 10° g/mol)
under identical experimental conditions (§,=2%103s~!, L
=1.63 m). This observation supports our earlier claim that
the upstream contraction dominates degradation in turbulent
pipe flows.

We acknowledge certain nonidealities possible for these
scission experiments in a pure turbulent shear flow. First,
when the solenoid valve is opened and the turbulent flow is
generated, mixing of the two adjoining plugs may occur.
However, this mixing is likely minimal because the polymer
and solvent plugs at turbulent velocities will have little op-
portunity for axial mixing due to the short duration of the
experiment. Second, the residence time of polymer mol-
ecules in the pipe is not uniform due to the finite length of
the polymer plug. This situation differs from the experiments
of Sec. III where all polymer molecules experienced the
same residence time. Furthermore, since the polymer plug is
not passed through the pipe multiple times, some molecules
may remain unbroken even though their molar mass is great
enough to ultimately break if the plug was repeatedly cycled
through the device.
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FIG. 10. Bounds on polymer drag reduction for PEO due to chain scission
on a wall shear rate basis.

The presence of these nonidealities implies that the
scission molar masses reported in Fig. 9, after one pass in the
pipe, may not be steady-state molar masses, or the true criti-
cal scission molar mass that corresponds to the measured
wall shear rate. Therefore the scaling exponent of
—3.20+0.28 extracted from these experiments should be con-
sidered as only a preliminary relationship describing the
scission of polymer molecules in a truly turbulent shear flow.
Nevertheless, the relationship is immediately applicable to
the estimate of scission bounds on maximum drag reduction
as we consider in Sec. VL.

VIi. BOUNDS ON POLYMER DRAG REDUCTION IN
TURBULENT PIPE FLOWS DUE TO CHAIN SCISSION

In this section, we consider the scission-scaling relation-
ships obtained in Sec. V and discuss their implications for
polymer turbulent drag reduction. In particular, we use the
scission relationships to generate upper bounds on the drag
reduction that can be achieved for a given polymer molecular
weight and concentration. In order to achieve these limits,
we apply the Virk’s phenomenological6 correlations linking
polymer molecular parameters to drag reduction.

For flexible polymers, the onset of drag reduction occurs
at a critical wall shear rate (y:) Below 'y:i the Prandtl-
Karman (PK) coordinates follow the PK law for Newtonian
solvents in turbulent flows. From the experimental data of
PEO given by Virk® we deduce the following relationship
relating the onset wall shear rate to molecular weight (see
Fig. 10):

.=3.35 X 10°M. ()

Once this critical shear rate is exceeded, there is a decrease
in friction factor (f=2r,/pU?) with increase in Reynolds
number, which can be represented as
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1N = (4.0 + 8)log,o(Re\f) — 0.4 — Slog,[(ReV)],
(3)

where Re | f = |2u.d/v (i, is the friction velocity at the
onset of drag reduction). The magnitude of the slope incre-
ment depends on the type of polymer used and increases
with molecular weight and concentration of the polymer. For
example, for PEO,

85=1.242 X 107" M,,. 4)

Of course, with further increase in Re, %DR does not
increase indefinitely. The limiting behavior is the maximum
drag reduction asymptote given by

1 fapr = 19.0 log o(ReVfypr — 324 (5)

The MDR asymptote is strikingly insensitive to polymer
concentration, type, and molecular weight.

We now identify upper limits on drag reduction due to
chain scission. Figure 10 reports the onset correlation of drag
reduction [Eq. (2)] along with the measured scission-scaling
relationships. The two scission curves intersect each other at
%,~1000 s=' and M, ~10" g/mol. In addition, Fig. 10
shows three other curves labeled MDR for ¢=10 ppm, MDR
for ¢=100 ppm, and MDR for ¢=10 000 ppm. These curves
represent the locus of intersection of the polymeric regime
lines and the MDR asymptote for a given polymer concen-
tration and pipe diameter (10.9 mm). The locus was obtained
by solving Egs. (3) and (5) for various M,, and a specific
polymer concentration (c, in ppm). As shown in the plot, the
calculated MDR curves for all the three polymer
concentrations—10, 100, and 1000 ppm—intersect the
scission-scaling curves. The intersection of these curves
identifies certain regions in concentration, molar mass, and
wall shear rate space for which drag reduction due to PEO
molecules will be ultimately limited by scission dynamics
rather than the MDR asymptote.

Figure 10 defines the operating window for optimal drag
reduction of PEO molecules of any molar mass. For ex-
ample, consider a PEO solution of M,,=2 X 10% g/mol. At a
concentration of 1000 ppm, Fig. 10 shows that this poly-
meric liquid reaches MDR at ¥~ 2000 s~! (point A in Fig.
11). As the wall shear rate of a turbulent pipe flow is in-
creased, the drag reduction will thus encounter a MDR as-
ymptote limitation before it encounters either scission limi-
tation curve. However, if a concentration of 100 ppm were
instead studied, Fig. 10 shows that the molecules would
break at 7~ 50 000 s~! (point B in Fig. 10). This critical wall
shear rate for breakage would be encountered before MDR
would be attained. That is, at this concentration, the maxi-
mum attainable drag reduction is limited by scission and not
by the MDR. Therefore, Fig. 10 gives quantitative practical
limits on maximum drag reduction achievable for a given
polymer, taking into account the polymer parameters (mo-
lecular weight and concentration) and operating conditions
(pipe diameter, Re, and wall shear rates). This operating re-
gime for drag reduction is one of the principal findings of
this study.

To illustrate these limitations of scission in the Prandtl-
Karman coordinate notation that is common in the literature,
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FIG. 11. Bounds on polymer drag reduction for PEO due to chain scission
on a Prandtl-Karman plot. The scission curves are drawn for polymer con-
centrations of 10 ppm. The unit M denotes 1 X 10° g/mol.

the data shown in Fig. 10 have been translated into these
coordinates in Fig. 11. The plot shows the drag reduction
curves for hypothetical PEO solutions with M, =(1-5)
X 10° g/mol and concentration c=10 ppm. These curves
were generated by using Egs. (2)—(4). Here the curves have
been drawn for a pipe i.d.=10.9 mm (which corresponds to
the pipe used in our turbulent flow setup). The plot also
shows the scission-scaling curves redrawn on these coordi-
nates. Figure 11 clearly demonstrates that the drag reduction
for 10-ppm PEO solutions of commercially available molar
mass is scission limited below the MDR. Note that in PK
coordinates, the scission curves are a function of polymer
concentration. With increasing polymer concentration they
shift to the right. Therefore, as is intuitively plausible, it is
possible to reach MDR before becoming scission limited by
increasing the polymer concentration. Also note that the drag
reduction curves on PK coordinates are a function of pipe
diameter. For those seeking to apply Fig. 11 to other pipe
flow geometries of differing diameter, Fig. 11 may be res-
caled accordingly, i.e., since Re,f= |/2u.d/v, for a fixed
friction velocity (or wall shear stress), the curves shift to the
right in an amount proportional to the increase in pipe diam-
eter.

To test if the scission limits proposed in Fig. 11 are
indeed obeyed by practically relevant drag-reducing agents
we used a PEO of M, ~2 X 10° g/mol (WSR-N60K, Dow
Chemical Co., Midland, MI) at a concentration of 20 ppm.
This polymer solution was tested in the turbulent flow appa-
ratus with the upstream tapered contraction (described in
Sec. II B). The skin-friction data are shown in Fig. 12 and
each datum point represents a fresh polymer solution. Also
shown is the expected drag reduction curve for this polymer
(at 20 ppm) using Virk’s literature correlation. First, note that
the experimental data are in good agreement with the Virk
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FIG. 12. Experimental verification of the bounds on PEO drag reduction due
to chain scission on a Prandtl-Karman plot. The hollow circles represent
friction data collected for 20 ppm of WSR-N60K (Dow Chemical Co., Mid-
land, MI; M,,~2 > 10° g/mol) in the turbulent flow setup with the upstream
contraction. The dotted line represents the estimated slope increment from
Virk’s phenomenology. The scission curves are drawn for polymer concen-
trations of 20 ppm.

correlation in the polymeric regime. However, the drag re-
duction curve for this polymer increasingly deviates from its
predicted slope increment for Re/f> ~3000. This point of
departure coincides very well with the scission limit inde-
pendently generated using the scaling relationship developed
for turbulent flows with an upstream tapered contraction. The
correspondence suggests that scission-limited bounds are in-
deed encountered under conditions relevant to polymer tur-
bulent drag reduction.

Taken together, Figs. 10-12 indicate that Virk’s phenom-
enological correlations are not capable of predicting drag re-
duction at high wall shear rates. However, the scission scal-
ings reported in this study can be used to assess the upper
limits to which they will be predictive. Further Figs. 10 and
11 may be used by practitioners to predict and mitigate sciss-
ion effects in situations where polymers are used for friction
drag reduction.

VIl. CONCLUSIONS

The degradation experiments reported here, in turbulent
pipe flows with a gradual upstream contraction, demonstrate
that entrance effects dominate polymer chain scission in typi-
cal turbulent pipe flow devices. Measured scaling relation-
ships have been used to generate upper bounds on polymer
turbulent drag reduction that are due to chain scission. The
availability of these limits on polymer drag reduction will
allow the pragmatic selection of operating conditions for
friction drag reduction. On the theoretical side, the scission
scalings may be incorporated into direct numerical simula-
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tions of turbulent flows*** to obtain accurate and quantita-

tive estimates of polymer drag reduction.
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