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Summary
Rules of thumb that are used in the industry for polymer-flooding 
projects tend to limit the distance over which hydrolyzed poly-
acrylamide polymers can be transported in pipelines without under-
going significant degradation. However, in sensitive environments, 
such as offshore facilities where footprint minimization is required, 
centralization of the polymer-hydration process and long-distance 
transport may be desirable. More-reliable rules are required to de-
sign the pipe network and to estimate mechanical degradation of 
polymers during transport in turbulent conditions.

In this work, we present evidence in the form of empirical large-
scale pipeline experiments and theoretical development refuting 
the claim that polymer pipeline transport is limited by mechanical 
degradation. Our work concludes that mechanical degradation oc-
curs at a critical velocity, which increases as a function of pipe di-
ameter. Provided the critical velocity is not reached in a given pipe, 
there is no limit to the distance over which polymer solution can 
be transported. 

In addition, the drag reduction of viscous polymer solutions 
was measured as a function of pipe length, pipe diameter, fluid ve-
locity, and polymer concentration. An envelope was defined to fix 
the minimum and maximum drag reductions expected for a given 
velocity in larger pipes. For pipes with diameters varying between 
14 and 22 in. at a velocity greater than 1 m/s, the drag-reduction 
percentage is anticipated to be between 55 and 80%. A more- 
refined model was developed to predict drag reduction with less 
uncertainty. 

In conclusion, classical design rules applied for water transport 
(fluid velocity < 3 m/s) can be applied to the design of a polymer 
network. Therefore, for tertiary polymer projects, the existing 
water-injection network should be compatible with the mechanical 
requirements of polymer transportation. For secondary polymer 
projects, changing the rules of design by taking into account the 
high level of drag reduction should bring some economy to the pipe 
design and installation. 

Introduction
When designing a polymer-flooding project, the design of the 
piping network for polymer injection can be a serious economic 
issue if the polymer-dissolution process is located far away from 
the injection wells. For tertiary polymer injection, a question likely 
posed is the adaptability of the existing pipe network (initially de-
signed for water) for polymer transport. Rules of thumb have been 
proposed (e.g., < 10 km, maximum velocity of 1.5 m/s) that limit 
the conditions of hydrolyzed polyacrylamide (HPAM) polymer 
transport without undergoing significant degradation.

The objective of this study is to determine if a pipe network 
designed for a waterflood scenario is compatible with a polymer 
injection, or whether, as previously suggested, additional precau-
tions are necessary to prevent mechanical degradation. We will not 
address precautions necessary to prevent oxidative degradation in 
this paper. 

In an oilfield polymer-distribution network, the transport will 
be turbulent on long distances. Two main questions are addressed: 

•   Will the pressure drop while transporting the viscous polymer 
solution be compatible with the pipe design and the pumping 
capacity? 

•   Will it be necessary to overconcentrate the polymer solution 
because of degradation of the polymer during its transport in 
turbulent conditions?

To answer these questions, it is thus necessary to predict if drag-
reducing effect will occur during the transportation of classical 
HPAM solutions that have low shear viscosity ranging from ap-
proximately 4 to 50 times the water viscosity. Moreover, a model 
is required for predicting the polymer degradation during the up-
scaling of the pipe diameter and the transport distance [already ad-
dressed by Osterloh and Law (1998)].

A testing program was launched in 2012 to answer these ques-
tions by performing flow tests at two different scales. A series of 
tests was performed on four different pipes that were 61 m in length 
and had internal diameters (D) varying between 0.5 and 1 in. A 
second series of tests was performed at the pilot scale on a 7-km-
long, 6-in.-diameter pipe.  

For both test campaigns, polymer solutions at different concen-
trations were transported in turbulent conditions. The strategy was 
to obtain trends on the small-scale experiments (D = 0.5 to 1 in.,  
L = 61 m) and to extrapolate to field conditions (D > 14 in.), with 
the extrapolation being validated through the large-scale pilot tests 
(D = 6 in., L = 7 km). 

Drag Reduction, Coil/Stretch Transition, and Polymer 
Degradation 
The drag-reduction phenomenon was first described by Toms 
(1948) and Mysels (1949). They showed that the addition of minute 
quantities of long-chain polymers decreases the pressure drop in 
a pipe at a fixed-flow rate. The experimental work performed by 
Toms led to drag reduction subsequently being referred to as the 
“Toms effect.” 

Drag reduction of very dilute solutions has been studied exten-
sively (Virk 1975; McComb and Rabie 1982; Interthal and Wilski 
1985; Bird et al. 1987; Kulicke et al. 1989; Tiu et al. 1995, 1996; 
Choi et al. 2000; Jovanovic et al. 2006), and it can be as high as 
80%. These “dilute solutions” are characterized by very small 
polymer concentrations (several ppm) and a very small viscosifica-
tion of the water (several %). In this regime, the polymer coils be-
have as a colloidal suspension of hard spheres in solution without 
any interaction. Classical hydrolyzed polyacrylamide solutions 
injected for mobility-control application are, in general, far more 
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concentrated (> 700 ppm), giving rise to a real water viscosification 
(approximately four times the water viscosity at the minimum), and 
the solution can be viewed as a polymeric network with interpen-
etrating coils for which intermolecular interactions and entangle-
ments are of increasing importance with concentration (Bouldin  
et al. 1988). Very few papers deal with drag reduction of these vis-
cous solutions, defined as semidiluted network solutions according 
to Graessley et al. (1967).

Despite the great number of studies, the underlying mechanisms 
of drag reduction are not yet defined clearly, although recent nu-
merical simulations are on the right track to close the gap (White 
and Mungal 2008). It seems clear that drag-reduction effectiveness 
correlates directly with the coupling between the local elongational 
field of the turbulent flow and extensional properties of the drag- 
reducing agent (Lumley 1977; De Gennes 1990). As a simple picture, 
flexible polymer chains have the ability to be extended by flow, 
and thus develop an elongational viscosity that limits the extent 
of turbulence by suppressing the most-energy-dissipating small-
scale eddies (Durst et al. 1982; Jovanovic et al. 2006). However, 
stretching of the polymer chains can lead to chain rupture, which 
in turn decreases the drag-reduction effect. Hence, mechanisms re-
sponsible for polymer degradation by chain rupture and loss of drag 
reduction in turbulent flow have been studied widely (Merrill and 
Horn 1984; Tiu et al. 1996; Brostow 2008; Vanapalli et al. 2005, 
2006; Islam et al. 2004; Elbing et al. 2009). 

As predicted by De Gennes (1974), when the characteristic time 
of the extensional flow 1 / �ε  is lower than the relaxation time of 
the polymer chains τ, polymer coils will experience a sudden coil/
stretch transition (Keller and Odell 1985). In a diluted regime, this 
transition will thus occur at a critical strain rate �εc, such that the 
Deborah number De c= ≈�ε  1. By use of Stoke’s law to estimate 
the friction exerted by the solvent on a stretch chain in an elon-
gational flow field, Odell and Keller (1986) found that the distri-
bution of stresses on the macromolecules is parabolic, with the 
maximum at the center. The force (F) exerted at the chain mid-
point is proportional to the solvent viscosity η, the extensional rate 
�ε, and the square of the chain length l, such that F l∝  �ε 2.  Hence, 
if the time in the elongational field is sufficient, it will lead to the 
complete stretching of the chain because the force increases with 
the extended length of the chain. As a result of the maximum stress 
exerted at the midpoint, one expects chain scission to occur at the 
middle of the chain if the strain rate is sufficient to break the C/C 
bond of the macromolecule backbone. The strain rate for fracture 
�εF should scale with 1/l2 ≈ 1/Mw

2, where Mw is the molecular weight 
of the chain. This scaling was confirmed in stagnation-point-flow 
experiments (Odell and Keller 1986), for which the residence time 
in the flow field is high enough for a complete extension of the 
chain. It was confirmed by size-exclusion chromatography that 
chain scission occurs at the midpoint. In transient elongational 
flows, such as flow through an abrupt contraction, the strain rate for 
fracture was found to scale with 1/Mw (Nguyen and Kausch 1988). 
In this type of flow, the residence time is small and the chains do 
not have sufficient time to extend fully. However, the bond rup-
ture is still a nonrandom process that occurs preferentially at the 
chain midpoint. Vanapalli et al. (2005) proposed a model of chain 
degradation in turbulent flow on the basis of the Kolmogorov cas-
cade that unifies stagnation points and transient experiments. At the 
Kolmogorov scale, the maximum drag force on a chain scales with 
Re3/2Mw

2/ln(Mw), implying that the critical strain rate for fracture 
scales universally with ln(Mw)/(Mw

–2). This model was supported by 
degradation results in turbulent pipe flow at Reynolds numbers up 
to 105 by Elbing et al. (2009).

In the semidiluted-network regime, in which chain overlapping 
exists and the solution has a network structure, chains will be ex-
tended still, but the network structure will affect the degradation 
mechanism strongly (Cates et al. 1993). If the chains have suffi-
cient time to disentangle, high-molecular-weight chains will be 
degraded preferentially with a cleavage at their center (Clay and 

Koelling 1997). On the other hand, if the chains have no time to 
disentangle during the stretching process, the degradation should 
occur between the junction points corresponding to a random pro-
cess (Müller et al. 1992). In that case, the final state of the chain 
is no longer dependent on the molecular weight, but rather on the 
characteristic of the network, such as the entanglement density c/c* 
(Dupas et al. 2012), where c* is the critical overlap polymer con-
centration at which coils start to overlap and to interpenetrate. 

Whatever the type of flow and the concentration regime, there is a 
kinetic aspect to degradation, for which models have been presented 
(Nguyen and Kausch 1989; Brostow 2008). Indeed, passing once 
through a degrading geometry is not sufficient to reach the final mo-
lecular-weight distribution of the polymer. The elongational flow field 
is not uniform. Hence, at each passage, there is a probability of chain 
scission depending on the position of the coil in the flow field. High-
molecular-weight chains will be preferentially broken. In a given 
geometry, the first passage will have the greatest impact on the deg-
radation level. Degradation on the following passes will continue, but 
to a lesser extent until a steady state is reached, in which all the chains 
have been subjected to the strain rate and are no more breakable by the 
flow field. The kinetics in turbulent conditions often associated with 
a loss of drag-reducing effect have been investigated through several 
devices, including an orifice (Clay and Koelling 1997), a cross-slot 
(Islam et al. 2004), a pipe or capillary (Hunston and Zakin 1980; Rho  
et al. 1996; D’Almeida and Dias 1997; Buchholz et al. 2004; Dupas 
et al. 2012), a rotating-disk apparatus (Choi et al. 2000), a high-shear-
concentric-cylinders viscometer (Yu et al. 1979; Hénaut et al. 2012), 
or a microfluidic channel (Nghe et al. 2010). 

From this nonexhaustive review, we anticipated that the predic-
tion of the drag-reduction effect in a transport pipeline, along with 
the conditions at which mechanical degradation would occur, was 
a difficult task. Moreover, several studies aiming to measure the 
drag reduction and/or the degradation in a given geometry reported 
degradation at the upstream contraction, which dominated the sub-
sequent degradation in the geometry (Islam et al. 2004; Vanapalli  
et al. 2005; Elbing et al. 2009). Thus, for our tests, attention had to 
be paid to the experimental setup, in particular the entrance geom-
etry of the piping, the type of pump, and any singularities on the 
piping (sharp elbows, restrictions) that could perturb the flow by 
promoting turbulence or accelerating the fluid. Moreover, chemical 
degradation had to be prevented, particularly degradation resulting 
from the oxidation of Fe2+ with oxygen. 

Definitions 
A solution is flowing in a pipe of diameter D (in m) at a flow rate Q 
(in m3/s). The average velocity V (in m/s) is given by

V
Q

D
= 4

2
.  ..............................................................................(1)

The Reynolds number Re is defined by 

Re = �

�

VD , .............................................................................(2)

where ρ is the fluid density (in kg/m3) and η is the viscosity of the 
fluid (in Pa∙s). 

For non-Newtonian fluids, a generalized Reynolds number is 
defined by taking into account the power-law viscosity behavior of 
the polymer � �= −K n� 1,  where K is the consistency index (viscosity 
at a shear rate of 1 s–1) and n is the flow-behavior index (< 1 for 
shear-thinning fluid such as hydrolized polyacrylamide):
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The frictional pressure drop ΔP (in Pa) for a length L (in m) of 
pipe is 
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�P
fL V

D
= 2 2� ,  ......................................................................(4)

where f is the Fanning friction coefficient factor. In turbulent flow, 
for smooth pipes, f can be expressed by the Blasius correlation:

f = −0 079 0 25. .Re .  ...................................................................(5)

For rough pipes, f can be expressed by Churchill’s correlation: 
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Drag reduction is defined as the ratio of reduction in the pres-
sure drop with a drag-reducer agent ΔPpolymer to the pressure drop 
of water ΔPwater without any drag reducer at the same flow rate, as 
given by 

DR
P P

P
%( ) =

∆ − ∆
∆

×water polymer

water

100 .  .........................................(7)

The degradation of the polymer solution Deg is calculated ac-
cording to the formula

Deg % deg( ) =
−
−

×
 

 

0

0

100
H2O

,  ...................................................(8)

where η0 is the viscosity of the nondegraded solution, ηdeg is the 
viscosity of the degraded solution, ηH2O is the water viscosity (0.63 
cp at 50°C and 1 cp at 20°C). 

Ideally, it would be better to define the degradation state of the 
polymer by measuring absolute parameters that reflect the state 
of the polymer coils; for example, the average molecular weight 
and the polydispersity. They would be independent from physical-
chemistry parameters such as temperature, salinity, and concentra-
tion. However, with such high-molecular-weight polymers, this 
determination is very difficult, even in the laboratory.

By use of rheological tools, alternatives would be to measure the 
intrinsic viscosity, which is once again tedious, or the Newtonian 
viscosity plateau at very low shear rates. These measurements are 
also very tedious and extremely difficult to perform during a field 
test.

Because polymer solutions are non-Newtonian, the degrada-
tion calculated with Eq. 8 depends on the shear rate at which the 
polymer viscosity is measured. As illustrated in Fig. 1, the deg-

radation values calculated from low-shear Newtonian viscosities 
would be higher than the degradation-index values calculated at 
higher shear.

In our case, for a given polymer grade at constant concentration, 
salinity, and temperature, it is the extent of the variation and its re-
lationship to process parameters that we are interested in. During 
our tests, Brookfield viscometers (DV1 prime) were used for the 
viscosity measurements (several hundreds of samples were mea-
sured). The rheological characterization of our samples was limited 
to the power-law region of the flow curve because the Brookfield 
viscometer is not sensitive enough to determine the zero-shear-rate 
viscosity.

The degradation was calculated with Eq. 8, with viscosity mea-
surements at 73 s–1 (shear rate at which the Brookfield accuracy is 
the best). This value has to be considered as a basis of comparison 
between polymer solutions at different degradation levels. If the 
correlation viscosity at 73 s–1 = f (polymer concentration, salinity, 
temperature, molecular weight) was known, the viscosity measure-
ment could then be converted to molecular weight. 

Experimental
Small-Scale Experiments (PERL Total Research and Development 
Center, Lacq, France): Pipes With Internal Diameter Between 
0.5 and 1 in. and Length of 61 m. Polymer Tested and Water 
Composition. Flopaam 3630S (SNF Floerger, Andrezieux, France), 
a partially-hydrolyzed polyacrylamide (HPAM), with 30% hydro-
lysis and Mw = 18 MDa in powder form, was used for all the ex-
periments. It was dissolved in an aerated synthetic brine at 6 g/L 
(4.7 g/L NaCl, 0.75 g/L CaCl2, 2H2O, 0.56 g/L MgCl2, 6H2O). A 
source solution at 11,000 ppm was first prepared by incorporation 
of the polymer powder in a polymer slicing unit (PSU100, SNF 
Floerger). The maturation was then performed by gentle stirring in 
a 500-L cylindrical tank with marine impellers. The source solution 
was then diluted at the desired concentration in a 4-m3 stirred tank. 
Concentration and viscosity were measured to check that the poly-
mer was not degraded compared with a polymer solution prepared 
in the laboratory.

General Layout. The solution was pumped with a volumetric-
membrane high-pressure pump through a 2-in. 316-L stainless-steel 
pipe. Pressure and viscosity measurements were then performed on 
a 61-m-long polyester-reinforced polyvinyl chloride (PVC) tubing 
with intermediate pressure taps and sampling points. Four different 
PVC tubings (TRESS-NOBEL blue 40 bar Tricoflex) were tested, 
with internal diameters given by the supplier as 0.5, 3/5, ¾, and 1 in. 
(1.25, 1.6, 1.9, and 2.5 cm), respectively. 

At the entrance and the exit of the PVC tubing, it was necessary 
to make the connection with the 2-in. stainless-steel pipe. To limit 
the degradation at the pipe entrance (Kulicke et al. 1989; Vanapalli 
et al. 2005; Elbing et al. 2009), a “tapered” contraction was ma-
chined by welding several cones (10° angle) in series (Fig. 2, left). 
However, this precaution was inefficient because high degradation 

Fig. 1—Schematic showing why the degradation value depends on the shear rate at which viscosity is measured. (Left) Flow curves 
of nondegraded (green continuous line) and degraded (red dotted line) polymer solutions. (Right) Plot of the degradation calculated 
from the flow curves on the left showing that degradation value depends on the shear rate at which viscosites are measured and 
compared.
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was measured at the entrance of the 0.5- and 3/5-in. tubings. An-
other identical piece was installed at the exit of the pipe to have a 
tapered enlargement that did not disturb the flow upstream of the 
enlargement.  

Because obstacles to the flow, such as edges, sudden deviations, 
or internal-diameter variations, are a cause of chain breakage and 
local-pressure-drop increase, specific cross fittings (Fig. 2, right) 
were machined to have no internal-diameter variation relative to 
the internal diameter of the tubing at the locations of intermediate 
pressure taps and sampling points. 

The configuration of the pipe-flow test is schematized in Fig. 3. 
Points A, B, C, and D are the locations of the cross fittings for pres-
sure measurements and solution sampling. They were spaced as 
follows: LA = 0 m (tubing entrance, the exit of the tapered contrac-
tion corresponds to the beginning of the tubing), LAB = 1 m, LBC = 
10 m, and LCD = 50 m. 

Differential pressure drops were measured on each section as 
follows: first section of 1 m, DPAB = PA–PB; second section of 10 
m, DPBC = PB–PC; third section of 50 m DPCD = PC–PD; and the 
entire length LAD = 61 m, DPAD = PA–PD.

High-precision pressure transducers (Rosemount 3051S) in the 
range of 0 to 130, 0 to 20, and 0 to 2.5 bar were used depending on 
the value of the measured pressure. 

Pilot-Scale Experiments [Rocky Mountain Oilfield Testing 
Center (RMOTC) Pipe, Casper, Wyoming, USA]: Pipe With 
Internal Diameter of 6 in. and Length of 7 km. Polymer Tested 
and Water Composition. For the field test, an uncertainty existed 
regarding the dissolved-oxygen content in the available water. In 
case of corrosion of the pipe because of salt and oxygen, the oxida-
tion of Fe2+ is known to produce an intermediate hydroxyl radical 
that attacks and disrupts the polymer chains (Levitt et al. 2011), 
which in turn reduces viscosity dramatically. Moreover, the pres-
ence of trivalent cations, such as Fe3+ (dissolved in solution or pre-
cipitated in the hydroxide form), can reticulate the polymer chains 
and thus suppress the drag-reducing effect (Kulicke et al. 1989). 

Many precautions were taken to prevent polymer oxidative deg-
radation and interaction with rust. Before the tests, the pipe was 
carefully cleaned with a rubber pig to remove residues, sediments, 
and pieces of rust. Sodium bicarbonate was added to the water 
to limit the oxidation of Fe2+ and thus the polymer degradation 
(Levitt et al. 2011). It was decided to use DL363 (SNF Floerger) 
in powder, which is a formulation that includes 3630S and a pro-
tection package (5% by mass of oxygen scavenger and sacrificial 
agents) against oxidative degradation. To avoid corrosion, water 
was deoxygenated with Montbrite 1240 (Montgomerry Chemi-
cals) and sodium bisulfite because of handling issues with the use 

Fig. 2—(Left) Specific convergent/divergent at the entrance/exit of the small-scale pilot. (Right) Specific cross fitting, with no internal-
diameter variation relative to the pipe diameter. 

Fig. 3—Drawing of the pipe-flow test configuration. Points A, B, C, and D are cross fittings on which pressure is measured and fluid 
is sampled. 
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of sodium dithionite as an oxygen scavenger. Montbrite is a mix 
of sodium borohydride with sodium hydroxide, whose reaction 
with sodium bisulfite produces dithionite in solution. The mix was 
added to the water at the exit of the storage tank before the addi-
tion of the polymer. 

Deoxygenated water at 3 g/L (0.53 g/L NaCl, 1.3 g/L Na2SO4, 
1 g/L CaCl2, 2H2O, 0.25 g/L MgCl2, 6H2O) at 90°C was pumped 
from an aquifer near the facilities and stored in a 20,000-bbl tank 
equipped with a floating roof to limit exposure to oxygen in the at-
mosphere. However, it proved to be ineffective, and oxygen scav-
enger was needed. Water was recirculated continuously in an air 
cooler to regulate the temperature to approximately 50°C. 

A source solution at 7,000 ppm was prepared with a mobile 
polymer-dissolution unit PU23 (TIORCO/FABTECH, as seen in 
Fig. 4), and stored in 400-bbl (60-m3) tanks. This unit includes 
a rotor/stator for powder incorporation and two batch maturation 
tanks that work in alternating mode. The capacity of this unit was 
48 m3/d (310 B/D) of fully maturated source solution at 7,000 ppm, 
which was equivalent to 420 m3/d (2,700 B/D) of ready-to-use 
polymer solution at 800 ppm. The maximum flow rate tested on the 
pipe was 240 m3/h (40,000 B/D). 

General Layout. The source solution was pumped with a prop-
erly designed high-pressure plunger-piston triplex pump for inline 
dilution with water. Inline mixing was performed through an 8-in. 
static mixer from KENICS, oversized compared with the internal 
pipe diameter of 6 in. to prevent the polymer solution from any me-
chanical degradation before its entrance in the pipe. The pipe con-

nection between the static mixer and the RMOTC pipe inlet had an 
internal diameter equal to that of the RMOTC pipe (6 in. = 15.24 
cm). To ensure a good mixing before entering the RMOTC pipe, 
several elbows were installed on this portion to increase the length 
of the upstream pipe to approximately 100 m, as seen in Fig. 5. Nu-
merous sampling points were located on top of the pipe on this por-
tion to ensure that mechanical degradation did not occur on the first 
100 m downstream of the static mixer. 

Several sampling points (1-in. lines) were installed all along the 
pipe to measure the viscosity of the polymer solution as a function 
of the distance. Low-shear sampling devices with portable capac-
ities were used with eight high-pressure online viscometers (in-
house development within Total). 

Pressure drops on each section of the pipe were measured with 
absolute-pressure transducers located at L1 = 0 m (P1, pipe inlet), 
L2 = 1320 m (P2), L3 = 3459 m (P3), and L4 = 7076 m (P4, pipe 
exit), as seen in Fig. 6. Differential pressure drops were calculated 
on each section as follows: first section of L12 = 1320 m, DP12 = 
P1–P2; second section of L23 = 2139 m, DP23 = P2–P3; and third 
section of L34 = 3617 m, DP34 = P3–P4.

At the exit of the loop, the solution was stored in discharge 
tanks. The solution was circulating through an aeration pump for 
complete reoxygenation before discharging it into a three-stage 
open pit. 

Fig. 4—Picture of the PU23 unit from TIORCO/FABTECH to pre-
pare the polymer source solution. 

Fig. 5—Pipe connection between the static mixer and the 6-in. 
RMOTC pipe inlet. 

Fig. 6—General layout of the pilot test, with the location of the pressure measurements P1, P2, P3, and P4 all along the loop. P0 is a 
sampling point 20 m downstream from the static mixer, at approximately 100 m from the pipe inlet P1. 
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Investigated Pipe Diameters, Flow Rates, and Velocities. For 
both test campaigns, there were some limitations on the maximum 
flow velocity because of constraints on maximum allowed pressure 
and maximum flow rate delivered by the pumps. 

On the small-scale tests, the maximum flow-rate and pressure 
limits were 7 m3/h and 40 bar, respectively. The diameters of the 
tubing were determined by matching the water-pressure drops on 
the last section of 50 m (CD portion on Fig. 3) with the Blasius cor-
relation (Eq. 5). 

On the pilot tests, the maximum flow-rate and pressure limits 
were 240 m3/h and 100 bar, respectively. The linear pressure drop 
was the same on the three sections of the loop. Churchill’s corre-
lation (Eq. 6) was used to determine the pipe diameter, assuming 
a roughness of 100 μm. Determined diameters, maximum veloci-
ties, and water Reynolds numbers are summarized for each pipe in 
Table 1.

Viscosity Measurement and Evaluation of the Polymer 
Degradation. For both test campaigns, solutions were sampled 
with low-shear sampling devices to prevent the polymer from me-
chanical degradation. Viscosity was measured at the temperature 
of the experiment with a Brookfield viscometer equipped with an 
ultralow adapter in the shear-rate range of 7.3 to 122 s–1. In this 
domain, all the polymer solutions were in the power-law region 
of the flow curve (viscosity obeys the law = −K n� 1 ). Hence, even 
if the Brookfield viscometer was not sensitive enough to measure 
the low-shear viscosity of low-viscosity solutions, it was always 
possible to determine the power-law parameters K and n. These 
parameters were then used for the calculation of the generalized 
Reynolds number. For all the tests, degradation was calculated 
from viscosity measurements performed at 60 rev/min, which is 
equivalent to a shear rate of 73 s–1. This shear rate was chosen 

because of the good sensitivity of the Brookfield viscometer at this 
rotation speed, whatever the viscosity, in the concentration range 
of 50 to 2,000 ppm.

Results
Drag Reduction vs. Pipe Length, Pipe Diameter, Fluid Velocity, 
and Polymer Concentration. Small-Scale Experiments. There 
was no drag reduction on the first two sections (AB and BC por-
tion of 1 and 10 m, respectively) of the flow loop. This implies that 
some distance was necessary to establish steady-state flow. An ad-
ditional experiment would have involved increasing the length of 
the pipe to check if the steady-state flow is fully established after 
11 m. Nevertheless, we considered that the pressure measurements 
on the third section of 50 m were corresponding to steady-state-
flow measurements.

Pressure measurements on this third section, and corresponding 
drag-reduction percentage, are presented for each polymer concen-
tration tested on the ¾-in. tubing in Fig. 7. Results on other tubings 
are not presented there for the sake of brevity. 

Depending on the concentration, velocity, and pipe diameter, 
the drag reduction varies between 35 and 65%. The drag reduction 
is increasing with the velocity and decreasing with the polymer 
concentration. The concentration effect vanishes at high velocities. 
These observations and trends were the same for the four tubing tests 
(0.49, 0.55, 0.74, and 0.98 in.). The negative polymer dependence 
effect is contrary to what is observed on diluted solutions (Kulicke 
et al. 1989). Indeed, for diluted solutions, the viscosity is very close 
to that of water. Hence, Reynolds numbers are identical for water 
and polymer solutions. For viscous solutions, the Reynolds number 
decreases as a function of the viscosity. Hence, turbulence and drag 
reduction are delayed because of the viscosity of the solution. 

Table 1—Investigated pipe diameters, flow rates, velocities, and water Reynolds number during the 
two flow-test campaigns.

Fig. 7—Small-scale experiments with a 3/4-in. tubing. (Left) Pressure drops of water and polymer solutions on the third section of 50 
m, as a function of the flow rate. The continuous line represents the fit of water pressure drops obtained with the Blasius correlation. 
(Right) Calculated drag reductions for each polymer concentration as a function of the fluid velocity in the tubing. 
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Pilot-Scale Experiments. Pressure measurements on the first 
section of the pipe (L12 = 1320 m, as seen in Fig. 6) and corre-
sponding drag-reduction percentages are presented for each 
polymer concentration tested in Fig. 8. 

Depending on the velocity, drag-reduction percentage varies 
between 30 and 80%, whatever the polymer concentration in the 
range of 50 to 2,000 ppm. Drag reduction is still increasing with 
velocity. The negative concentration effect is still apparent. Indeed, 
at low velocity, drag reduction decreases with increasing polymer 
concentration.

As seen in Fig. 9, pressure measurements and drag-reduction 
percentages were the same on the three sections of the loop. This 
result, especially at 50 ppm, is a first indication that mechanical 
degradation did not occur during the transport in turbulent flow. 
Indeed, at low concentration, polymer degradation should lead to a 
loss of drag reduction. 

Mechanical Degradation vs. Pipe Length, Pipe Diameter, Fluid 
Velocity, and Polymer Concentration. Small-Scale Experiments. 
For each test, the stock solution was sampled in the tank where 
the diluted solution was stored to obtain the viscosity of the non-
degraded solution. Then, solution was sampled while flowing at 
the entrance of the pipe (Sampling Point A, LA = 0 m), after 1 m 

(Sampling Point B, LAB = 1 m), after 11 m (Sampling Point C, LBC = 
10 m), and after 61 m (Sampling Point D, LCD = 50 m). 

For each pipe, the degradation at each sampling location is 
plotted as a function of the fluid velocity in Fig. 10. Results on the 
1,200 ppm polymer solution only are presented. 

•   For the pipe with internal diameter D = 0.49 in., there is no 
degradation up to 2.3 m/s, no matter the distance. For higher 
velocities, there is a significant degradation on the first meter, 
and then, no further degradation over the next 60 m, except for 
the experiment at 9 m/s for which there is a small additional 
degradation because of the transport in turbulent flow.

•   For the pipe with D = 0.55 in., the degradation at the entrance 
is quite low. It increases with the distance traveled over the 
pipe. It means that there is an additional degradation because 
of the turbulent flow. 

•   For the pipe with D = 0.74 in., there is a small degradation at 
the entrance, especially at 6 m/s. It seems that there is a very 
small additional degradation with the distance traveled over 
the pipe. However, measured degradations are very small and 
their evaluation can be erroneous because of the sensitivity of 
the viscometer. 

•   For the pipe with D = 0.98 in., there is no degradation, no 
matter the distance, at flow rates up to 4 m/s, which is the 
highest flow rate that could be achieved with available pumps. 

Fig. 8—Pilot-scale experiments on the 6-in.-internal-diameter pipe. (Left) Pressure drop of water and polymer solutions on the first 
section of the pipe (L12 = 1320 m) as a function of the flow rate. The continuous line represents the fit of water-pressure drops ob-
tained with Churchill’s correlation. (Right) Calculated drag-reduction percentages for each polymer concentration as a function of 
the fluid velocity in the pipe.

Fig. 9—Pilot-scale experiments on the 6-in.-internal-diameter pipe. Drag reduction as a function of fluid velocity on each section of 
the pipe (L12 = 1320 m, L23 = 2139 m, L34 = 3617 m). Each graph corresponds to the tests at a given polymer concentration (50, 300, 
and 800 ppm from left to right). 
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Pilot-Scale Experiments.  For each test, the polymer solution 
was diluted in line through a static mixer. Because of the variability 
on the source-solution concentration and the impossibility to mea-
sure the concentration of each sampled solution, it was not possible 
to compare with a reference solution from the laboratory. Thus, the 
viscosity of the solution 20 m downstream of the static mixer was 

considered as the nondegraded reference solution. This sampling 
point was located at approximately 100 m from the RMOTC pipe 
entrance (as seen in Fig. 6).

If mechanical degradation occurs under turbulent flow, it should 
increase with fluid velocity. For this reason, we only present the re-
sults at the highest tested flow rate (242 m3/h), which corresponds 
to a velocity of 3.7 m/s. Viscosity as a function of the distance trav-
eled over the pipe at 240 m3/h is plotted for each polymer con-
centration in Fig. 11. Whatever the concentration, the viscosity 
is stable throughout the entire loop. Results were similar at lower 
flow rates. As a conclusion, there was no degradation for veloci-
ties equal to or lower than 3.7 m/s in the 6-in. pipe, no matter the 
polymer concentration in the range of 300 to 2,000 ppm. For lower 
polymer concentrations (50 and 100 ppm), there was no confidence 
in the viscosity measurements because of the poor sensitivity of the 
viscometer used.  

Chemical Degradation. For both test campaigns, there was no 
issue with chemical degradation during sampling. Indeed, for the 
small-scale tests, the pipes were composed of 316 L stainless steel 
and PVC. Thus, it was not necessary to work with deoxygenated 
water, and solutions were stored at the atmosphere after sampling 
without any degradation because of Fe2+ oxidation. 

For the pilot-scale test on the 6-in. carbon-steel pipe, because of 
the water deoxygenation, the slightly alkaline pH, and the absence 
of dissolved Fe2+ in the aquifer water, it was not necessary to use a 
special sampling procedure to avoid chemical degradation during or 
after sampling, as described in Manichand et al. (2013). To confirm 

Fig. 10—Small-scale experiments with 1,200 ppm polymer solution. Each graph represents the degradation of the sampled solution 
at each sampling location as a function of the fluid velocity in the tubing. The degradation is related to the viscosity of the stock 
solution. Viscosity measurements were performed at 73 s–1.
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this assessment, a first test consisted of flowing the solution at low 
velocity in the pipe and sampling at different locations to have 
solutions with different residence time in the pipe. The viscosity 
was found constant over the entire length of the pipe. Moreover, 
there was no viscosity loss when the solutions were exposed at the 
atmosphere after sampling. At last, the iron content of the polymer 
solutions was measured by titration at the exit of the 7-km pipe, and 
it was found to be close to zero (several parts per billion), indicating 
the absence of corrosion, and thus, the absence of possible sources 
of chemical degradation. 

Discussion
On the Possibility To Predict the Drag Reduction on Larger 
Pipes. Drag-reduction data are plotted for both test campaigns as 
a function of the generalized Reynolds number ReG (Eq. 3) in Fig. 
12. A master curve is not obtained, but there is a general trend. 
Drag reduction in the 6-in. pipe is the highest, no matter the gen-
eralized Reynolds number. An envelope can be defined that will 
fix the minimum and maximum drag reduction expected at a given 
generalized Reynolds number.

For larger pipes, the anticipated generalized Reynolds number is 
calculated in Fig. 13 as a function of the velocity and the pipe di-
ameter. The fluid is assumed to be a solution at 800 ppm, with a vis-
cosity that obeys the power-law behavior η (in cp) = 10 0 2� − . .  Drag 
reduction is then determined from the envelope in Fig. 12. 

•   For pipes with diameters varying between 14 and 22 in. at 
a velocity of 1 m/s, the generalized Reynolds number is be-
tween 70,000 and 90,000. Being conservative, we anticipate 
the drag reduction to be between 45 and 80%. 

•   For velocity greater than 1 m/s, the generalized Reynolds 
number will be greater than 100,000, a drag reduction greater 
than 55% is anticipated. 

A more-refined model was developed on the basis of Virk’s phe-
nomenology (Virk 1975) by GEMICO laboratory (Laboratory of 
Reactions and Process Engineering, ENSIC, Lorraine University, 
France). Predictions are compared with measured drag reductions 
for both test campaigns in Fig. 14. Predictions are within an error 
of +/– 15% for drag reductions less than 60%, and within an error 
of +/– 10% for drag reductions greater than 60%. 

On the basis of this model (not shown in Fig. 14), the drag re-
duction of an 800 ppm polymer solution [hydrolyzed polyacryl-
amide (HPAM) 3630 from SNF, 30% hydrolysis, Mw = 18 MDa] is 
predicted to be even greater than 55% for velocities greater than 1 
m/s on pipes with an internal diameter greater than 14 in. 

The drag-reduction envelope defined in Fig. 12 was determined 
from flow tests on polymer solutions at concentrations ranging 
from 50 to 2,000 ppm. The design criterion being the generalized 
Reynolds number, the envelope should also be valid for more-con-
centrated solutions such as source solutions (generally between 
5,000 and 10,000 ppm). However, drag reduction is not expected 
because the generalized Reynolds number will be quite low as a re-
sult of the high viscosity of the source solutions. Hence, flow will 
be laminar or moderately turbulent (ReG < 5,000). In laminar flow, 
pressure drops can be precisely determined with Eq. 4, in which the 
Fanning friction factor is equal to 16/ReG. 

Finally, drag reduction is a function of polymer nature, polymer 
molecular weight, and solvent quality. The drag-reduction enve-
lope of Fig. 12 is thus valid for HPAM polymers similar to that used 
in our tests (3630 from SNF, 30% hydrolysis, Mw = 18 MDa). Drag 
reduction should be equal to or lower than those values obtained 
when HPAM of lower molecular weight is used. Temperature and 
brine composition should have a second-order effect. 

Mechanical Degradation. Vanapalli et al. (2006) formulated a 
simple scaling theory for chain scission in turbulent flow. They 
considered the interaction of extended polymer chains with turbu-
lent fluctuations from the scaling perspective of the Kolmogorov 
cascade, and obtained the expression of the drag force experienced 
by the extended polymer chains:
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Fig. 12—Drag reduction of all the experiments on small pipes 
(D = 0.5 to 1 in.) and 6-in. pipe as a function of the generalized 
Reynolds number ReG. Black dashed lines define an envelope 
for predicting drag reduction on larger pipes. 

Fig. 13—ReG as a function of the fluid velocity V for different 
pipe diameters. Calculation made with a polymer solution at 800 
ppm. 

Fig. 14—Comparison of the measured drag-reduction percent-
age as a function of the predicted drag reduction for both test 
campaigns. Dash lines are error curves that help define the un-
certainty of the model. 
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where A is a constant, a is the diameter of the chain, η is the vis-
cosity, l is the length of the chain, and D is the pipe diameter.

The force exerted on the chain is scales with Re3/2/D2. From 
this equation, one can calculate the critical velocity VC at which 
mechanical degradation will occur for a given pipe diameter. It is 
found that the critical velocity will increase with the pipe diameter 
(our calculations for an HPAM Mw = 18 MDa gave VC = 3 m/s for 
a D = 0.5-in. pipe and VC = 5 m/s for a D = 1-in. pipe). From these 
results, the following strategy was defined: If a trend on critical ve-
locities was obtained from the small-scale experiments on 0.5- to 
1-in. pipes, it would be thus possible to extrapolate to larger-diam-
eter pipes. 

In the small-scale experiments, an entrance degradation was ex-
perienced for the pipes with D = 0.49 and 0.55 in. Depending on 
the experiment, this entrance degradation occurred at the exit of the 
tapered contraction, as would be anticipated, but also after 1 m. The 
degradation after 1 m is unexpected. From our experience and the 
analysis that will follow, the degradation in turbulent flow is pro-
gressive and not brutal. In other words, it takes some time to reach 
a high degradation. For these reasons, we thought that the polymer 
was elongated in the tapered contraction and then degraded by the 
turbulent flow on the first meter because of the pre-elongation. In 
the absence of pre-elongation, the elongational rate of the turbulent 
flow should not have been sufficient to break the chains. The deg-
radation after 1 m was thus considered an entrance effect because 
of the contraction. 

Subsequently, for all experiments for each pipe diameter, the 
critical velocity at which mechanical degradation occurs because of 
the turbulent flow was determined. For this, only the experiments 
for which there was an additional degradation after the first meter 
were used. In the 0.49-in. pipe, the critical velocity was found to be 
less than or equal to 2 m/s. By extrapolating the results of the 0.55-
in. pipe, the critical velocity was found to be 2 m/s. For the 0.74-in. 
pipe, we found 6 m/s, with some reserve (because of the small mea-
sured degradation). At last, for the 1-in. pipe, no degradation was 
observed at rates up to and including 4 m/s. The critical velocity 
was thus higher than 4 m/s. 

As a conclusion, the trend is not perfect, but the critical velocity 
at which mechanical degradation occurs clearly increases with pipe 
diameter. From this trend, we anticipated that the critical velocity 
would be higher than 4 m/s on a pipe with an internal diameter 
greater than 1 in. It was confirmed by the pilot test on the 6-in. pipe 
that mechanical degradation does not occur at a velocity less than 
or equal to 3.7 m/s. This result validated our approach. It is thus 
anticipated (quite conservatively) that the critical velocity will be 
greater than 3.7 m/s on pipes with internal diameters equal to or 

greater than 6 in. This conclusion is valid for polymers similar to 
those used in the tests (3630 from SNF, 30% hydrolysis, Mw = 18 
MDa). Solvent quality through temperature and salinity should also 
have an effect on the degradation. Polymers with equal or better 
shear resistance evaluated through adequate laboratory tests should 
have a critical velocity greater than 3.7 m/s.

Finally, for the experiments in which turbulence in the pipe 
led to polymer degradation, it seems that degradation evolves lin-
early with the logarithm of the distance until reaching a plateau 
corresponding to the steady-state degradation, as seen in Fig. 15. 
This result is coherent with numerous laboratory degradation ex-
periments in which the same trend was observed. The degrada-
tion varies linearly with the logarithm of the number of degrading 
events, whatever the degrading geometry. A parallel can be drawn 
with the correlation proposed by Hénaut et al. (2012) for which the 
loss of drag reduction (equivalent to an increasing degradation) in a 
rheometer varies with the logarithm of the dissipated energy. These 
results are also very coherent with the universal scaling law from 
Vanapalli et al. (2006) which is quite insensitive to the flow geom-
etry because it has been validated on experiments with various de-
grading geometries, such as contraction, cross-slot, and rotational 
turbulent devices. All these results indicate that degradation will 
vary linearly with the logarithm of distance. Hence, if degradation 
does not occur over a distance of 100 m, it can be anticipated that, 
similarly, no degradation will occur over a distance of 1000 m.

Polymer and Water Transportation: Single vs. Twin Pipeline. 
Both strategies have advantages and drawbacks. Transporting the 
ready-to-use polymer solution takes full advantage of the drag-
reduction effect, which occurs with polymer concentration ranging 
from 50 to 2,000 ppm, as demonstrated in the preceding. A single 
pipe with high potential-flow rate is indeed economically advanta-
geous. The drawback is that there is no flexibility at the wellhead 
to adjust the polymer concentration according to the injectivity of 
each well.

Alternatively, this flexibility can be obtained by transporting 
water and polymer source solution separately and by performing 
the dilution at the wellhead or well pad. However, it must be rec-
ognized that neither pipes can benefit from the drag-reducing ef-
fect, which results in designing large pipe diameters, making this 
strategy economically less attractive. If this last option is chosen, 
transporting a noninverted “emulsion” polymer (30 to 50% active 
polymer, water droplets containing a gelled polymer dispersed in 
oil) should be more attractive because of the lower viscosity and 
the structuration under flow (plug flow) that should decrease the 
pressure drop and lead to a simplification of the surface facilities.

Conclusions
Drag reduction and polymer mechanical degradation were inves-
tigated as functions of polymer concentration (ranging from 50 to 
2,000 ppm), pipe diameter (ranging from 0.5 to 6 in.), and fluid 
velocity. 

Drag Reduction. At all pipe diameters, a high level of drag reduc-
tion was measured (as high as 70 to 80% on a 6-in. pipe for veloci-
ties greater than 2 m/s). This level increases with fluid velocity and 
decreases with polymer concentration. The concentration effect 
vanishes at high velocities. A general trend is obtained when the 
drag reduction is plotted as a function of the generalized Reynolds 
number. It defines an envelope that fixes the minimum and maxi-
mum drag reduction expected for a given velocity on larger pipes. 
For pipes with diameters varying between 14 and 22 in., at a ve-
locity greater than 1 m/s, the drag reduction is anticipated to be 
between 45 and 80%. 

Mechanical Degradation. The critical velocity at which mechani-
cal degradation occurs in turbulent flow increases with the pipe di-
ameter. According to small-scale and pilot-test results, mechanical 

Fig. 15—Small-scale experiment with 1,200 ppm polymer solu-
tion on a 0.55-in. pipe. Evolution of the degradation with the dis-
tance L traveled over the pipe. The degradation is related to the 
viscosity at the entrance of the pipe. Viscosity measurements 
were performed at 73 s–1.
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degradation will not be an issue up to at least 3.7 m/s for pipes with 
a diameter larger than 6 in., whatever the length of the pipe pro-
vided, and other degradation mechanisms are avoided (especially 
chemical degradation).  

As a conclusion, design guidelines for water transport will suf-
fice for polymer. A water-injection network can be converted to 
a polymer-injection network for tertiary polymer projects. Al-
though polymer solutions are more viscous than water, frictional 
pressure drops are divided by a factor of up to five compared with 
water. 

For secondary polymer projects, it could be interesting to 
change the rules of design. Indeed, taking into account the high 
level of drag reduction should bring some economy to the pipe de-
sign and the installation. 

For waterflooded fields on which a polymer pilot is evaluated, 
it should be very interesting to inject several parts per million (ap-
proximately 10 ppm, for example) of polymer in the water-injec-
tion lines to take advantage of this drag-reducing effect. 

Nomenclature
 c = polymer concentration, ppm
 c* = critical overlap polymer concentration (concentration 

at which polymer coils overlap and interpenetrate), 
ppm

 D = pipe diameter, in. [cm]
 De = Deborah number (comparison of fluid characteristic 

time and polymer relaxation time)
 DR(%) = drag-reduction percentage (pressure-drop decrease 

because of the presence of polymer), %
 e = roughness of the pipe, mm
 f = Fanning friction coefficient factor 
 F = force exerted on a strectched polymer chain in 

elongational flow, lbf [N]
 K = consistency index, viscosity at a shear rate of 1 s–1, 

[Pa∙sn]
 l = length of a stretched polymer chain, ft [m]
 L = length of the pipe
 Lxy = pipe length between points x and y, ft [m]
 Mw = polymer molecular weight, Da [g/mol]
 n = flow-behavior index
 Px = pressure at point x, psi [Pa]
 Q = flow rate in the pipe, B/D [m3/s]
 Re = Reynolds number, comparison of inertia over viscous 

forces
 ReG = generalized Reynolds number (Reynolds number for 

power-law fluids)
 V = average fluid velocity in the pipe, ft/sec [m/s]
 VC =  critical fluid velocity at which polymer degradation 

occurs in a pipe of diameter D, ft/sed [m/s]
 �  = shear rate, 1/sec [s–1]
  ΔPxy = frictional pressure drop between points x and y, psi 

[Pa] 
ΔPpolymer = frictional pressure drop with polymer solution, psi 

[Pa]
  ΔPwater = frictional pressure drop with water, psi [Pa]
	 �ε	= strain rate in elongational field, 1/s
 �εC = critical strain rate at which coil-stretch transition 

occurs, 1/s
 �εF = critical strain rate at which stretched coil is broken 

because of elongational field, 1/s
	 η = fluid viscosity, cp [Pa∙s]
	 η0 = viscosity of the nondegraded polymer solution, cp 

[Pa∙s]
	 ηdeg = viscosity of the degraded polymer solution, cp [Pa∙s]
	 ηH2O = water viscosity, cp [Pa∙s]
	 ρ = fluid density, lbm/ft3 [kg/m3]
	 τ = relaxation time of the polymer chains, seconds
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degradation will not be an issue up to at least 3.7 m/s for pipes with 
a diameter larger than 6 in., whatever the length of the pipe pro-
vided, and other degradation mechanisms are avoided (especially 
chemical degradation).  

As a conclusion, design guidelines for water transport will suf-
fice for polymer. A water-injection network can be converted to 
a polymer-injection network for tertiary polymer projects. Al-
though polymer solutions are more viscous than water, frictional 
pressure drops are divided by a factor of up to five compared with 
water. 

For secondary polymer projects, it could be interesting to 
change the rules of design. Indeed, taking into account the high 
level of drag reduction should bring some economy to the pipe de-
sign and the installation. 

For waterflooded fields on which a polymer pilot is evaluated, 
it should be very interesting to inject several parts per million (ap-
proximately 10 ppm, for example) of polymer in the water-injec-
tion lines to take advantage of this drag-reducing effect. 

Nomenclature
 c = polymer concentration, ppm
 c* = critical overlap polymer concentration (concentration 

at which polymer coils overlap and interpenetrate), 
ppm

 D = pipe diameter, in. [cm]
 De = Deborah number (comparison of fluid characteristic 

time and polymer relaxation time)
 DR(%) = drag-reduction percentage (pressure-drop decrease 

because of the presence of polymer), %
 e = roughness of the pipe, mm
 f = Fanning friction coefficient factor 
 F = force exerted on a strectched polymer chain in 

elongational flow, lbf [N]
 K = consistency index, viscosity at a shear rate of 1 s–1, 

[Pa∙sn]
 l = length of a stretched polymer chain, ft [m]
 L = length of the pipe
 Lxy = pipe length between points x and y, ft [m]
 Mw = polymer molecular weight, Da [g/mol]
 n = flow-behavior index
 Px = pressure at point x, psi [Pa]
 Q = flow rate in the pipe, B/D [m3/s]
 Re = Reynolds number, comparison of inertia over viscous 

forces
 ReG = generalized Reynolds number (Reynolds number for 

power-law fluids)
 V = average fluid velocity in the pipe, ft/sec [m/s]
 VC =  critical fluid velocity at which polymer degradation 

occurs in a pipe of diameter D, ft/sed [m/s]
 �  = shear rate, 1/sec [s–1]
  ΔPxy = frictional pressure drop between points x and y, psi 

[Pa] 
ΔPpolymer = frictional pressure drop with polymer solution, psi 

[Pa]
  ΔPwater = frictional pressure drop with water, psi [Pa]
	 �ε	= strain rate in elongational field, 1/s
 �εC = critical strain rate at which coil-stretch transition 

occurs, 1/s
 �εF = critical strain rate at which stretched coil is broken 

because of elongational field, 1/s
	 η = fluid viscosity, cp [Pa∙s]
	 η0 = viscosity of the nondegraded polymer solution, cp 

[Pa∙s]
	 ηdeg = viscosity of the degraded polymer solution, cp [Pa∙s]
	 ηH2O = water viscosity, cp [Pa∙s]
	 ρ = fluid density, lbm/ft3 [kg/m3]
	 τ = relaxation time of the polymer chains, seconds

Acknowledgments 
The authors would like to extend their appreciation to all the people 
involved in the two test campaigns presented in the paper (A. 
Mitchell, Total E&P Houston; G. Salabert, V. Loustalot, J. Lafour-
cade, J.-L. Daudrix, J.-C. Aka, P. Fortane, S. Nowé, M. Questel, 
G.Heurteux, M. Joly, C. Hourcq, N. Passade-Boupat, M. Bourrel, 
A. Goulois, O. Garnier, S. Venes, L. Badaire, and E. Lasailly, Total 
E&P France; and J. Foy, P.J. Whittle, C. Hor, J. Martinez, A. Si-
manton, A. Sinclair, J. Holder, S. Tubbs, R. Marnell, S. Lair, Z. 
Walsh, B. Turner, R. Kevwitch, H. Selchert, C. Samples, C. Van 
Campen, and J.  Fuqua, NALCO/TIORCO FABTECH), with spe-
cial thanks to Total E&P management for the permission to pub-
lish this work. 

References
Bird, R.B., Armstrong, R.C., and Hassager, O. 1987. Dynamics of Poly-

meric Liquids, second edition. Vol.1: Fluid Mechanics. New York 
City: John Wiley & Sons.

Bouldin, M., Kulicke, W.-M., and Kehler, H. 1988. Prediction of the Non-
Newtonian Viscosity and Shear Stability of Polymer Solutions. Col-
loid and Polymer Science 266 (9): 793–805. http://dx.doi.org/10.1007/
BF01417863. 

Brostow, W. 2008. Drag Reduction in Flow: Review of Applications. Mech-
anism and Prediction. Journal of Industrial and Engineering Chem-
istry. 14 (4): 409–416. http://dx.doi.org/10.1016/j.jiec.2008.07.001.  

Buchholz, B.A., Zahn, J.M., Kenward, M. et al. 2004. Flow-Induced 
Chain Scission as a Physical Route to Narrowly Distributed High 
Molar Mass Polymers. Polymer 45 (4): 1223–1234. http://dx.doi.
org/10.1016/j.polymer.2003.11.051. 

Cates, M., McLeish, T.C.B., and Marrucci, G. 1993. The Rheology of En-
tangled Polymers at Very High Shear Rates. Europhys. Lett. 21 (4): 
451–456. http://dx.doi.org/10.1209/0295-5075/21/4/012. 

Choi, H.J., Chul, A.K., Sohn, J.-I. et al. 2000. An Exponential Decay Func-
tion for Polymer Degradation in Turbulent Drag Reduction. Polymer 
Degradation and Stability 69 (3): 341–346. http://dx.doi.org/10.1016/
S0141-3910(00)00080-X. 

Clay, J.D. and Koelling, K.W. 1997. Molecular Degradation of Concen-
trated Polystyrene Solutions in a Fast Transient Extensional Flow. 
Polymer Engineering and Science 37 (5): 789–800. http://dx.doi.
org/10.1002/pen.11722. 

D’Almeida, A.R. and Dias, M.L. 1997. Comparative Study of Shear Deg-
radation of Carboxymethyl Cellulose and Poly(Ethylene Oxide) in 
Aqueous Solution. Polymer Degradation and Stability 56 (3): 331–
337. http://dx.doi.org/10.1016/S0141-3910(96)00187-5. 

De Gennes, P.G. 1974. Coil-Stretch Transition of Dilute Flexible Polymers 
Under Ultrahigh Velocity Gradients. J. Chem. Phys. 60: 5030. http://
dx.doi.org/10.1063/1.1681018. 

De Gennes, P.G. 1990. Introduction to Polymer Dynamics. Cambridge, 
England: Cambridge University Press.  

Dupas, A., Henaut, I., Argillier, J.-F. et al. 2012. Mechanical Degradation 
Onset of Polyethylene Oxide Used as a Hydrosoluble Model Polymer 
for Enhanced Oil Recovery. Oil & Gas Science and Technology – Rev. 
IFP Energies nouvelles 67 (6): 931–940. http://dx.doi.org/10.2516/
ogst/2012028. 

Durst, F., Haas, R., and Interthal, W. 1982. Laminar and Turbulent Flows of 
Dilute Polymer Solutions: a Physical Model. Rheologica Acta 21 (4–
5): 572–577. http://dx.doi.org/10.1007/BF01534350. 

Elbing, B.R., Winkel, E.S., Solomon, M.J. et al. 2009. Degradation of Ho-
mogeneous Polymer Solutions in High Shear Turbulent Pipe Flow. 
Exp Fluids 47 (6): 1033–1044. http://dx.doi.org/10.1007/s00348-009-
0693-7. 

Graessley, W., Hazelton. R.L., and Lindeman, R. 1967. The Shear-Rate De-
pendence of Viscosity in Concentrated Solutions of Narrow-Distri-
bution Polystyrene. Trans. Soc. Rheol. 11 (3): 267–286. http://dx.doi.
org/10.1122/1.549089. 

Hénaut, I., Cassar, C., Gainville, M. et al. 2012. Mechanical Degradation 
Kinetics of Polymeric DRAs. Paper presented at the 8th North Amer-

12 Oil and Gas Facilities  •  February 2015 February 2015  •  Oil and Gas Facilities 13

ican Conference on Multiphase Technology, Banff, Alberta, 20–22 
June. BHR-2012-A004. 

Hunston, D.L. and Zakin. J.L. 1980. Flow-Assisted Degradation in Dilute 
Polystyrene Solutions. Polym Eng Sci 20 (7): 517–523. http://dx.doi.
org/10.1002/pen.760200713. 

Interthal, W. and Wilski, H. 1985. Drag Reduction Experiments with Very 
Large Pipes. Colloid & Polymer Sci 263 (3): 217–229. http://dx.doi.
org/10.1007/BF01415508. 

Islam, M.T., Vanapalli, S.A., and Solomon, M.J. 2004. Inertial Effects 
on Polymer Chain Scission in Planar Elongational Cross-Slot Flow. 
Macromolecules 37 (3): 1023–1030. http://dx.doi.org/10.1021/
ma035254u.

Jovanovic, J., Pashtrapanska, M., and Frohnapfel, B. et al. 2006. On the 
Mechanism Responsible for Turbulent Drag Reduction by Dilute 
Addition of High Polymers: Theory, Experiments, Simulations, 
and Predictions. J. Fluids Eng. 128 (1): 118–130. http://dx.doi.
org/10.1115/1.2073227. 

Keller, A. and Odell, J.A. 1985. The Extensibility of Macromolecules in So-
lution; a New Focus for Macromolecular Science. Colloid & Polymer 
Sci 263 (3): 181 –201. http://dx.doi.org/10.1007/BF01415506. 

Kulicke, W.-M., Köetter, M., and Gräeger. H. 1989. Drag Reduction Phe-
nomenon with Special Emphasis on Homogeneous Polymer Solu- 
tions. Advances in Polymer Science 89: 1–68. http://dx.doi.org/ 
10.1007/BFb0032288.  

Levitt, D.B., Slaughter, W., Pope, G.A. et al. 2011. The Effect of Redox 
Potential and Metal Solubility on Oxidative Polymer Degradation. 
SPE Res Eval & Eng 14 (3): 287–298. SPE-129890-PA. http://dx.doi.
org/10.2118/129890-PA. 

Lumley, J.L. 1977. Drag Reduction in Two Phase and Polymer Flows. 
Phys Fluids 20 (10): S64–S71. http://dx.doi.org/doi/10.1063/1.861 
760. 

Manichand, R.N., Moe Soe Let, K.P., Seright, R.S. et al. 2013. Effec-
tive Propagation of HPAM Solutions Through the Tambaredjo Field 
During a Polymer Flood. Presented at the SPE International Sympo-
sium on Oilfield Chemistry, The Woodlands, Texas, 8–10 April. SPE-
164121-MS. http://dx.doi.org/10.2118/164121-MS. 

McComb, W.D. and Rabie, L.H. 1982. Local Drag Reduction Due to Injec-
tion of Polymer Solutions into Turbulent Flow in a Pipe. AIChE J. 28 
(4): 547–565. http://dx.doi.org/10.1002/aic.690280405. 

Merrill, E.W. and Horn, A.F. 1984. Scission of Macromolecules in Dilute 
Solution: Extensional and Turbulent Flows. Polymer Communica-
tions 25 (5): 144–146.

Müller, A.J., Odell, J.A., and Carrington, S. 1992. Degradation of Semidi-
lute Polymer Solutions in Elongational Flows. Polymer 33 (12): 2598–
2604. http://dx.doi.org/10.1016/0032-3861(92)91143-P. 

Mysels, K.J. 1949. Flow of Thickened Fluids. US Patent Number 2,492,173.
Nghe, P., Tabeling, P., and Ajdari, A. 2010. Flow-Induced Polymer Degra-

dation Probed by a High Throughput Microfluidic Set-Up. Journal of 
Non-Newtonian Fluid Mechanics 165 (7–8): 313–322. http://dx.doi.
org/10.1016/j.jnnfm.2010.01.006.  

Nguyen, T.Q. and Kausch. H. 1988. Chain Scission in Transient Exten-
sional Flow Kinetics and Molecular Weight Dependence. Journal of 
Non-Newtonian Fluid Mechanics 30 (2–3): 125–140. http://dx.doi.
org/10.1016/0377-0257(88)85020-1.

Nguyen, T.Q. and Kausch. H. 1989. Kinetics of Polymer Degradation in 
Transient Elongational Flow. Die Makromolekulare Chemie 190 
(6): 1389–1406. http://dx.doi.org/10.1002/macp.1989.021900619. 

Odell, J.A. and Keller, A. 1986. Flow-Induced Chain Fracture of Isolated 
Linear Macromolecules in Solution. Journal of Polymer Science Part 
B: Polymer Physics 24 (9): 1889–1916. http://dx.doi.org/10.1002/
polb.1986.090240901. 

Osterloh, W.T. and Law, E.J. 1998. Polymer Transport and Rheological 
Properties for Polymer Flooding in the North Sea. Presented at the 
SPE/DOE Improved Oil Recovery Symposium, Tulsa, 19–22 April. 
SPE-39694-MS. http://dx.doi.org/10.2118/39694-MS. 

Rho, T., Park, J., Kim, C. et al. 1996. Degradation of Polyacrylamide in 
Dilute Solution. Polymer Degradation and Stability 51 (3): 287–293. 
http://dx.doi.org/10.1016/0141-3910(95)00182-4. 

Tiu, C., Moussa, T., and Carreau, P. J. 1995. Steady and Dynamic Shear 
Properties of Non-Aqueous Drag-Reducing Polymer Solutions. Rheo-
logica Acta 34 (6): 586–600. http://dx.doi.org/10.1007/BF00712318. 

Tiu, C., Moussa, T., and Tam, K. C. 1996. Degradation in Turbulent Pipe 
Flow. In Handbook	of	Applied	Polymer	Processing	Technology, ed. 
N.P. Cheremisinoff and P.N. Cheremisinoff, Chap. 5, 189–215. New 
York City: Plastic Engineering Series, Marcel Dekker, Inc. 

Toms, B. 1948. Observation on the flow of linear polymer solutions through 
straight tubes at large Reynolds numbers. Proc. Int’l Rheological 
Congress 2, 135–141.

Vanapalli, S.A., Ceccio, S.L., and Solomon, M.J. 2006. Universal 
Scaling for Polymer Chain Scission in Turbulence. Proc of the Natl 
Acad Sci USA 103 (45): 16660–16665. http://dx.doi.org/10.1073/
pnas.0607933103. 

Vanapalli, S.A., Islam, M.T., and Solomon, M.J. 2005. Scission-In-
duced Bounds on Maximum Polymer Drag Reduction in Turbu-
lent Flow. Phys. Fluids 17 (9): 095108-1–095108-11. http://dx.doi.
org/10.1063/1.2042489. 

Virk, P.S. 1975. Drag Reduction Fundamentals. AIChE Journal. 21 
(4): 625–656. http://dx.doi.org/10.1002/aic.690210402. 

White, C.M. and Mungal, M.G. 2008. Mechanics and Prediction of Tur-
bulent Drag Reduction with Polymer Additives. Annual Review of 
Fluid Mechanics 40: 235–256. http://dx.doi.org/10.1146/annurev.
fluid.40.111406.102156. 

Yu, J.F.S., Zakin, J.L., and Patterson, G.K. 1979. Mechanical Degra-
dation of High Molecular Weight Polymers in Dilute Solution. J. 
Appl. Polym. Sci 23 (8): 2493–2512. http://dx.doi.org/10.1002/app. 
1979.070230826. 

SI Metric Conversion Factors
  bbl × 1.589 873  E−01 = m3 
   cp × 1.0*   E−03 = Pa∙s
     ft × 3.048*  E–01 = m
    °F    (°F−32)/1.8            =  °C
   in. × 2.54*  E+00 = cm
  lbf × 4.448 222  E+00 = N
mile × 1.609 344*  E+00 = km
   psi × 6.894 757  E+00 = kPa
*Conversion factor is exact.
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