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synopsis 

Turbulent drag reduction data were obtained at Re = 9OOO in a 0.62-cm-I.D. pipe 
for five Polyox compounds covering a wide range of molecular weights. The concentra- 
tion dependence of drag reduction was shown to obey an improved form of Virk’s drag 
reduction equation, which was previously applied only to flows in capillary tubes. The 
efficiency of the drag-reducing polymer additives on a unit concentration basis at infinite 
dilution w&s determined by using a characteristic parameter, DR,/[c],  for each com- 
pound. A linear relationship was found to exist between this parameter and polymer 
molecular weight. The polymer degradation data were analyzed through use of a vari- 
able related to the dissipated energy in the wall region. The polymer molecular weight 
was found to decrease &s a hyperbolic function of the dissipated energy function. By 
examining the change of molecular weight with respect to this function, a degradation 
index characteristic of the entire Polyox polymer family was established. This index 
may be of general application and provide a method by which the shear stability of var- 
ious species of drag-reducing polymers may be meaningfully compared. 

INTRODUCTION 

The ability of very high molecular weight polymeric additives to reduce 
frictional drag in the turbulent flow of Newtonian fluids has been known for 
more than two decades. For example, a 60% reduction in the friction of 
pure water in turbulent pipe flow can easily be achieved by the addition of aa 
little as 5 parts per million by weight (ppm) of polymers such as poly(ethy1- 
ene oxide). This phenomenon is of considerable engineering interest be- 
cause of the great potential it offers in increasing the capacities of hydraulic 
pipelines and in the development of new marine systems capable of higher 
speeds and longer range. However, highly effective drag-reducing agehts 
may have only limited technologic applications if they undergo very rapid 
breakdown in the flow field. Therefore, in designing a drag reduction sys- 
tem, the shear stability of a polymer solution is a factor of comparable im- 
portance to its drag-reducing effectiveness and should be carefully charac- 
terized in the laboratory. 

Numerous investigators have observed a rapid decline of drag reduction 
effectiveness upon repeated use of a given polymer solution. Ellis1 found 
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that a shear-treated 10 ppm Polyox [poly(ethylene oxide), Union Carbide 
Corporation] solution had lost a significant degree of drag reduction ability 
when compared with the 54% drag reduction obtained for the untreated 
solution. Paterson and Aberhathy2 made molecular weight analyses to- 
gether with drag reduction measurements using Polyox solutions and con- 
cluded that the degradation process ultimately results in a decrease in 
polymer molecular weight. A similar behavior for polyacrylamidr was also 
reported by Ellis et aLj3 Fisher and Rodriquez14 and Wade and 
While these studies contain an abundance of graphic information on the 
degradation behavior of aqueous polymer solutions, they merely compare 
the shear stability of different species in the specific flow apparatus used 
and do not introduce parameters that are useful for characterizing the 
polymer degradation phenomena. 

It is generally accepted that the high shear field associated with the tur- 
bulence is responsible for polymer degradation. Since chemical and ther- 
mal degradations are negligibly small under ordinary conditions,2 the 
turbulent shear stress presumably induces scission of molecular entangle- 
ments or of individual molecules associated with very high local shear rates. 
On the other hand, White6 proposed that degradation is caused by a rapid 
chemical reaction initiated by turbulence. In this report, the dependence 
of drag reduction on concentration and molecular weight for five samples of 
the Polyox-WSR series is presented and discussed; a new method for the 
laboratory characterization of polymer degradation in turbulent pipe flow 
is also proposed. It is believed that application of this characterization 
technique to other drag-reducing polymer species will shed some light on 
those mechanisms responsible for the degradation process. 

EXPERIMENTAL 

Method 

Consider a drag-reducing polymer solution flowing through a very long 
pipe. Downstream, the solution loses part of its drag-reducing ability be- 
cause of the continuous exposure to the turbulent shear field. Laboratory 
simulation of such a case can be achieved by repeatedly running the same 
test sample in a once-through pipe system. By recording the change in 
drag reduction for every pass, the degradation history of the sample can be 
easily obtained. The only complication which might develop in this 
simulation would be from degradation effects which can conceivably take 
place when the liquid jet mixes with the stationary fluid at the exit of the 
pipe. However, it has been experimentally demonstrated? that the con- 
tribution of jet turbulence effects is extremely small and can be neglected. 
By studying drag reduction in pipes with entrances of different shapes, 
Fruman et a1.8 also demonstrated that the degradation effect a t  the entrance 
was negligible. 
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Equipment 

A once-through turbulent pipe flow system, similar to the type previously 
described by Hoytl9 was used in measuring the drag reduction of the poly- 
mer solutions. The device was basically a metal syringe, driven by a 
linear actuator, which directly pushed the test liquid through a 0.62-em- 
I.D. pipe. The actuator was driven by a l/rhp electric motor the delivery 
rate of which was determined by a motor speed controller. The travel 
limits of the actuator were set by microswitches within the actuator gear 
box. A precision electric timer recorded the exact time for each stroke of 
the plunger. The flow rate was monitored by a small d.c. generator coupled 
to the motor drive. At the pipe entrance, a 0.47-em-I.D. orifice was placed 
to ensure fully developed turbulent flow in the test section. Two pressure 
taps were placed at approximately 135 and 175 diameters from the up- 
stream end of the flow. The pressure difference between taps was measured 
by a differential pressure transducer. The outputs from the d.c. generator 
and the transducer were recorded continuously on a dual-channel recorder. 
The flow rate and the pressure drop due to the resulting turbulent flow in 
the pipe were then calculated using the calibrated constants of the appara- 
tus. The per cent drag reduction (DR%) was computed by the following 
relationship : 

DR%= [ 1-- f;;;qx 10% (1) 

where fc ) is the fractional factor, S T ~ / P U * ;  T~ is the wall shear stress; p is 
the liquid density; and u is the mean velocity in the pipe. The viscosity 
and density of water a t  the test temperature were used for calculation pur- 
poses. The total experimental error in evaluating the per cent drag reduc- 
tion was estimated to be less than =k2yo. 

Materials 

Polyox samples were obtained from the Union Carbide Corporation and 
were used as received. The viscosity-average molecular weights were 
determined by the following relationlo: 

[ q ]  = l.25X10-4 M,0*7s at  30°C. (2) 

Physical properties of these Polyox samples are included in Table I. 
Freshly distilled water was used exclusively in preparing all solutions. 
Since irreproducible mixing techniques can cause large variations in solu- 
tion properties, all solutions were prepared carefully by the following 
procedures. The additives in powder form were sprinkled uniformly over 
a large surface of distilled water to avoid clumping of particles. Solution 
was allowed to take place through diffusion at  5°C for a period of several 
days. Occasional gentle stirring with a glass rod ensured adequate dis- 
persion of solute. Visual inspection of the fluid after that period showed 
no inhomogeneities which could be detected through local refractive index 
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TABLE I 
Properties of Polyox Polymers 

Polymer hl, dl/g nCr, X 10- [el, ppm D R ,  % 
WSR-205 4.00 0.60 9.09 58.0 
WSR-1105 6.02 1.00 6.25 67.0 
Coagulant 11.05 2.20 2.10 76.3 
WSR-301 15.30 3.33 1.41 79.0 
FRA 19.60 4.58 1.01 80.5 

differences. When these procedures were instituted, reproducible results 
were obtained if solutions were used within one week of preparation. 

RESULTS AND DISCUSSION 

Concentration Dependence of Drag Reduction 
Little” has recently introduced a simplified form of Virk’s universal drag 

reduction relation12 to account for the concentration dependence of drag 
reduction in capillary tubes. The equation takes the form 

at a fixed Reynolds number, where c = concentration, DR = per cent drag 
reduction, DR, = the ((maximum” drag reduction as c 4 O D ,  and [ c ]  = in- 
trinsic concentration. Rearrangement of eq. (3) leads to 

Equation (4) indicates that a linear relationship exists between c/DR and c 
when the concentration dependence of drag reduction obeys eq. (3). This 
was tested by applying eq. (3) to the results obtained in the present system, 
and it was found that this relation holds very well for all the Polyox samples 
over a wide range of per cent drag reduction values. As a typical example, 
Figure 1 presents the results of Polyox Coagulant at Reynolds number 
9OOO. While the per cent drag reduction increases up to 66% when the 
polymer concentration increases from 0 to 15 ppm, a plot of c/DR versus c 
is linear and shows the validity of eq. (3). The intercept value at  c/DR = 
0 yields the intrinsic concentration, [ c ] ,  and this quantity divided by the 
intercept at  c = 0 permits evaluation of DR,. The values of [ c ]  and DR, 
for all the Polyox polymers tested are tabulated in Table I. 

It is significant that the present results extend the validity of this drag 
reduction equation from flows in capillary tubes to those in larger pipes, at  
least to the 0.62-cm pipe used here. The parameters [ c ]  and DRm, being 
consiants characteristic of a given polymer compound, may serve as a 
measure of the drag reduction effectiveness and thus are handy tools for 
laboratory characterization of drag-reducing polymers. The physical 
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Fig. 1. Concentration dependence of drag reduction for Polyox Coagulant. 
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Fig. 2. Plot of DR,/[c] vs. molecular weight for Polyox polymers. 

significance of these parameters becomes very clear if the limit of eq. (3) 
at  zero concentration is examined: 

This parameter, DRm/[c], becomes a measure of the “efficiency” of the 
polymer additives on a unit concentration basis at infinite dilution. Figure 
2 shows a correlation between this drag reduction “index” and the polymer 
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Fig. 3. Plot of I/[c] vs. molecular weight for Polyox polymers. 

molecular weight. The plot is surprisingly linear over a wide range of 
molecular weights. A least-squares fit of the data yields a slope of 18.35X 

and an intercept value of M ,  = 2.46X105, suggesting a cutoff point 
in molecular weight below which no drag reduction takes place at  this 
Reynolds number (9000). 

Little” has successfully normalized the drag reduction data of t,hree 
Polyox compounds by using [c]. He also found, while considering DR, as 
approximately a constant, that the reciprocal of intrinsic concentration is a 
linear function of the molecular weight of these compounds. Such a linear 
relationship is also established for the present results as shown in Figure 3, 
represented by 

4.57 
M ,  X 10+ = - + 0.23. 

[c 1 
A cutoff molecular weight of approximately 2.3X105 was observed in this 
case, higher than the values reported by Little” and Hoyt and S01i.l~ The 
difference in the values of cutoff molecular weight is believed to be related 
to  the difference in tube diameters and will be discussed in a separate 
article. DR, has also been correlated with the molecular weight as shown 
in Figure 4 and a good approximation is 

85.84 M ,  
M ,  + (2.8~105) 

DR, = (7) 

as evidenced by the linear plot of Mw/DRm versus M,. It is clear that. DR, 
has a much weaker dependence on M ,  than [c 1. It should be added at  this 
point that although DR, is the “maximum” drag reduction to be obtained 
at higher concentrations, it is not really a value attainable in the experiment. 
As in the case of any empirical correlation, the validity of the equation de- 
pends on proper application. Equation (3) successfully describes the drag 
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Fig. 4. Plot of DR, vs. molecular weight for Polyox polymers. 

reduction results up to concentrations below that needed to produce a 
saturation drag reduction effect. In other words, it only accounts for dilute 
solution behavior. Further increases in concentration cause substantial 
increases in solution viscosity and, therefore, decreases in drag reduction 
ability; hence the equation will fail. 

Analysis of Polymer Degradation 
Repeated passes of the same sample solution through the pipe system 

produced continuing decreases in the observed drag reduction. The deg- 
radation of the Polyox (Coagulant) solutions is shown in Figure 5 at 
several different concentrations where the per cent drag reduction is plotted 
against the number of passes through the pipe. Such plots are useful only 
in a qualitative sense and contribute little to the characterization of deg- 
radation effects. In an attempt to analyze the degradation data, a new 
function, El will be introduced as the time integral 

Here +, taken to be U / T ,  may be considered as a mean shear rate in the flow 
if r is the pipe radius; rw is the turbulent wall shear stress experienced by 
the polymer sample in the pipe. Based on the data as shown in Figure 5, 
rw can be calculated as a function of the number of paeees by using eq. (l), 
in which the frictional factor for the Newtonian fluid is known through the 
Blasius relation14: 

0.3164 
fwnter = -* ReO, 25 (9) 
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Fig. 5. Degradation history of Polyox Coagulant at different concentrations. 

Since the degradation history obtained by the present procedures is con- 
sidered to be a laboratory simulation of flows through a very long pipe, 
the variation in T~ can then be viewed as a continuous function of time, t ,  
by knowing the flow time of each pass. Consequcntly by performing the 
time integral in eq. (8), the new variable E becomes a measure of the dissipa- 
tion energy near the pipe wall, which is involved in the degradation of thc 
polymer solutions, since degradation mainly occurs in the viscous sublayer 
adjacent to the wall.' The function E could thus relate the degradation 
behavior of the polymer solutions more directly and closely to its basic 
mechanisms. 

For a given concentration, the variations of [c] and DR, as the number 
of passes increases can be obtained in a similar way by using eq. (3). Since 
the polymer degradation process produces a decrease in molecular weight, it 
was necessary to find methods to characterize these molecular weight 
changes. This was accomplished by following the simple procedures illus- 
trated in Table 11, where the relationships of eqs. (6)  and (7) have becn 
applied. When the calculation was performed on a CDC-3600 computer, 
the iterative process involved in deriving DR, converged in no more than 
three iterations. Thc molecular weights derived were correlatcd with the 
dissipated energy function E.  Figure 6 shows how the degradation data 
for Polyox Coagulant solutions at  selected concentrations are rcduced to a 
single curve when this function E is applied. Hence, this result suggests 
that the energy dissipation function is the relevant variable to be considered 
in characterizing the degradation effects of Polyox family. 

As shown in Figurc 6,  the initial change in polymer molecular weight is 
very rapid. This rate of molecular weight decrease becomes less with in- 
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TABLE I1 
Degradation Data Reduction Procedures 
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Fig. 6. Plot of molecular weight vs. dissipated energy function for Polyox Coagulant. 
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creasing E as the result of further viscous dissipation. This effect is con- 
sistent with the expected change in the drag-reducing ability of polymer 
solutions. Initially, the high molecular weight molecules, being of large 
molecular dimensions, are able to interact with the turbulent eddies very 
effectively as indicated by the high drag reduction values. However, they 
are at the same time more vulnerable to chain scission resulting from this 
intense interaction with the turbulent field. As the molecular weight de- 
creases, polymer-turbulence interactions also decrease and the observed 
drug reduction falls to lower values. 

The degradation data for all the Polyox samples studied are presented 
in Figure 7, where a normalized molecular weight M ,  is plotted against the 
energy function E. M E  is obtained by dividing the observed molecular 
weight by the initial molecular weight of each compound, Mwo, determined 
before the degradation treatment: 

It can be seen that for each compound, the degradation data are now repre- 
sented by a single curve. The initial rate of decrease strongly depends on 
the initial molecular weight of the compound. For example, high molec- 
ular weight samples suffer more rapid decreases than samples of lower 
molecular weight. Least-squares plots of the Polyox degradation data in- 
dicate that the decrease in molecular weight with increasing energy is best 
described by a hyperbolic curve of the form 

1 M -  
- 1 + KIE 

where KI determines the rate of decay and is expected to be related to the 
initial molecular size; that is to say, upon application of a given shear 
field, the force tending to rupture polymer coils will be higher for larger 
molecules than smaller ones. Analysis of the variation of KI with the 
initial molecular weight leads to the result 

where [ q ]  is the initial intrinsic viscosity of the Polyox polymer. If [ v ]  is 
in units of dl/g, the parameter Kd has a constant value of 0.13 in the present 
studies and will be termed the “degradation index” of the Polyox family. 

Although eq. (12) generally fits the data very well as seen in Figure 7, 
a few remarks are fitting in regard to its general application. It is well 
known that a certain critical wall shear stress is to be exceeded before the 
drag reduction effect occurs. It is believed that there also exists a critical 
shear stress below which no degradation takes place. Virk et a1.I2 found 
that degradation became severe once the wall shear stress exceeded the onset 
wall shear stress for drag reduction. However, because of the complica- 
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Fig. 7. Plot of normalized molecular weight vs. dissipated energy function for Polyox 
family. 

tions accompanied with the turbulent flow in which the present degradation 
effect was observed, it is difficult to quantitatively determine the critical 
shear stress for degradation. This critical shear stress, as suggested by 
Patterson and Abernathy,2 may also depend on the pipe diameter and the 
Reynolds number of the flow. It should be pointed out that the applica- 
tion of eq. (12) implicity assumes the flow to be in the range where the wall 
shear stress is above the critical value for degradation. 

Furthermore, eq. (12) indicates that as E + O D ,  the molecular weight 
approaches zero. This result is in contrast to the generally known fact 
that a limiting final molecular weight exists16 and suggests that eq. (12) 
should more correctly bear the form 

where MaL = MmL/MWo is the normalized limiting molecular weight. Since 
the present characterization uses the per cent drag reduction as a probe to 
determine the degree of degradation, the technique fails below the cut-off 
molecular weight for drag reduction; hence, it is difficult to determine the 
limiting molecular weight precisely. It does not suffice to approximate 
MwL by the cut-off molecular weight for drag reduction because the degrada- 
tion process is likely to continue even below this molecular weight, especially 
when the wall shear stress is very high. Harrington and Zimm*6 have ob- 
served a limiting molecular weight as low as 40,000, depending on the in- 
tensity of the shear field. The present study is concerned with turbulent 
drag reduction and degradation effects in the initial molecular weight range 
of l,OOO,OOO and above. Consequently, for such cases the quantity MaL 
which appears in eq. (13) will be only several per cent of the lowest M R  
value observed and can be effectively neglected; eq. (12) thus serves as a 
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very satisfactory approximation. However, when the molecular weight is 
less than 350,000 or so, the MRL correction term becomes important and the 
deviation of eq. (12) from eq. (13) is noticeable. This can be seen from 
Figure 7 for the cases of low molecular weight compounds such as Polyox- 
WSR 205. As E increases, the experimental data tend to level off and 
deviate from the prediction of eq. (12) shown by the solid curve. Never- 
theless, for degradation of very high molecular weight polymers taking 
place in flows of very high Reynolds number where turbulent drag reduction 
is observed, eq. (12) is very useful for the characterization of degradation 
effects because the shear stress will be high and the limiting molecular 
weight which results will be small. 

It should be noted that the inverse of Ka has the dimension of energy 
per unit weight of polymer, suggesting that this is a measure of the energy 
involved in degrading a unit weight of the polymeric additive in the flow. 
If, as suspected, Ka is characteristic of a given polymer species, values of Kd 
may be profitably used to compare the shear stability of various families of 
drag-reducing polymers. The relation of Ka to other parameters such as 
the bond energy or an activation energy for certain turbulence-initiated 
chemical reactions is unknown at  the present time. At any rate, the 
analysis presented here should represent a substantial improvement over 
the graphic methods presently used to characterize polymer degradation. 
Studies in determining Kd for other drag-reducing polymers may also lead 
to the resolution of the mechanisms responsible for polymer degradation in 
turbulent pipe flows. 
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