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Characterization of the Drag Reducing Properties of Poly(ethy1ene 
oxide) and Poly(acry1amide) Solutions in External Flows 

Ralph C. Little, Robert L. Patterson, and Robert Y. l ing* 
Naval Research Laboratory, Washington, D. C. 20375 

The drag reduction characteristics of aqueous solutions of 
high molecular weight poly( ethylene oxide) and 
poly(acry1amide) and Its related polymers were studied in 
a rotating disk apparatus. Intrinsic viscosity measurements 
were also made in a multlbulb capillary viscometer. The 
concentration dependence of the percent drag reduction 
was found to obey the universal drag reduction relationship. 
The drag reduction efficiency for each compound was 
determined and compared with those obtained from two 
pipe flow systems. The data show that characterizations 
In the three different apparatus are consistent in rating the 
drag reduction efficiency. It also demonstrated the 
usefulness of the universal drag reduction equation in 
laboratory characterization of the drag reducing properties 
of dilute polymer solutions in both internal and external 
flows. 

The ability of very high molecular weight polymeric additives 
to reduce frictional drag in the turbulent flow of Newtonian fluids 
is well known. Many investigators have verified this drag re- 
duction phenomenon, in pipe flows as well as in rotating disk 
flows, using various combinations of polymer-solvent systems 
(7 ) .  Extensive research in recent years has indicated that the 
factors contributing to the effectiveness of drag reducing poly- 
mers include molecular flexibility, high molecular weight, and 
good solubility, but little has been achieved in the development 
of techniques for quantitative characterization of polymer drag 
reduction effectiveness. Different graphic presentations or 
proposed slope parameters by different authors seemed to have 
so far caused more confusion than leading to a unified basic 
understanding of the phenomenon. Therefore, it is highly de- 
sirable to develop even an empirical function to relate drag re- 
duction to relevant solution properties, particularly one which 
would quantitatively characterize the drag reduction effective- 
ness and greatly reduce the amount of time spent in evaluation 
procedures. 

The most striking feature of the drag reduction phenomenon 
is the low concentration involved in causing a substantial effect. 
For instance, a 60% drag reduction can easily be achieved in 
a turbulent pipe flow by the addition of as little as 5 ppm of 
polymers such as poly(ethy1ene oxide). A compound may be 
considered more effective than a given reference sample if it 
produces a higher percent drag reduction for a fixed concen- 
tration. Alternatively, a more effective agent may be considered 

as one which requires a lower concentration to achieve a certain 
percent drag reduction. Therefore, it seems reasonable to relate 
the effectiveness of a compound to its concentration depen- 
dence of the drag reduction effect. 

Little (5) recently modified Virk's universal drag reduction 
equation (3) to account for the concentration dependence of drag 
reduction in capillary tubes. The equation, for a given Reynolds 
number or flow rate, takes the form 

where DR is the percent drag reduction, c is the polymer con- 
centration, DR, is the maximum drag reduction, and [ c] is the. 
intrinsic concentration. It has been shown that the parameter 
[ c] was useful in superposing all the experimental data onto a 
single universal drag reduction curve (5, 70). The drag reduction 
equation, empirical in nature, involves two adjustable constants 
[ c] and DR,. These parameters, being constants characteristic 
of a given polymer compound, may serve as a measure of the 
drag reduction effectiveness and thus be useful tools for labo- 
ratory characterization of drag-reducing polymers. The physical 
significance of these parameters becomes very clear if the limit 
of (DR/c) at zero concentration is examined. According to eq 
4 

DR DR, DR, lim-= limp=- 
-0 c c-0 c +  [c] [c] 

The parameter, DR,/[c], therefore is a measure of the "effi- 
ciency" of the polymer additives on a unit concentration basis 
at infinite dilution. It may be obtained by plotting the drag re- 
duction data in terms of c/DR vs. c. Equation 1 may be rear- 
ranged as 

Le., a linear relationship exists between c/DR and c. Such a plot, 
i f  linear, shows the validity of eq 1. The intercept at c = 0 yields 
the value of [ c]/DR,, the inverse of which is the drag reduction 
efficiency. The intercept at c/DR = 0 gives the intrinsic con- 
centration [ c], which is the concentration required to reach half 
of DR, at the given flow rate. 

The validity of the drag reduction equation has been estab- 
lished for data obtained in internal flows of different tube diam- 
eters (5, 9) using many different polymer-solvent combinations 
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Table I. Drag Reduction Efficiency and Intrinsic Viscosity 

Po I y ox- 1 1.7 44.4 2.88 42.0 0.65 57.1 23.9 7.56C 

Po I yacry I a m ide 2.3 33.3 3.88 30.9 0.6 45.5 20.0 7.52d 
Calgon TRO-375 4.5 17.1 7.22 15.6 2.85 17.9 . . .  8 -  1 0 e  

Polyox-2 2.1 36.4 4.23 33.3 0.75 50.0 14.4 3.95c 

Polyacrylic acid 4.45 16.4 8.60 14.7 6.0 11.5 3.59 3.7o.f 

aAt Reynolds number = 9000. bAt 2250 rpm. C [ V ]  = 1.03 x 10-4M,0.78 (dl/g) in H,O a t  25 “C.  d[q] = 6.31 x 
(dl/g) in H,O at 25 “C. eAs claimed by the manufacturer.f[~] = 5.39 x 10-3M,0.43 (dl/g) in 2 N NaOH a t  30 “C.  

M,o.80 

2250 RPM POLYOX WSR-301 

- 0.10 

- 0.05 

C IPPY) 

Figure 1. Percent drag reduction and c/DR as a function of the con- 
centration of Polyox. 

(968). However, such a validity has not yet been demonstrated 
in external flows, where polymer drag reduction was also re- 
ported (2, 4, 7). In this report, the concentration effect in such 
flows is examined in aqueous solutions of poly(ethy1ene oxide), 
poly(acrylamide), hydrolyzed poly(acrylamide), and poly(acry1ic 
acid) using a rotating disk apparatus. 

Experlmentel Section 

Material. Poly(acry1amide) was polymerized by using 12 % 
(by weight) of acrylamide monomer (Eastman Organic Chemi- 
cals) in aqueous solution with ammonium persulfate as the ini- 
tiator to yield a high molecular weight compound. Acrylic acid 
(also from Eastman Organic Chemicals) was polymerized after 
distillation under diminished pressure. Polymerization of the 
monomer (10% aqueous solution) was carried out with am- 
monium persulfate as catalyst under nitrogen atmosphere at 35’ 
overnight. The polymer was then diluted with water and com- 
pletely neutralized with sodium hydroxide to produce a po- 
ly(acrylic acid) sodium salt. Two high molecular weight poly- 
(ethylene oxide) samples of the Polyox-series were obtained 
from Union Carbide Corporation and were used as received. 
Intrinsic viscosities of these compounds were determined in a 
multibulb viscometer. The results and the derived average- 
molecular weights were tabulated in Table I. One hydrolyzed 
poly(acry1amide) sample was also used as received from Calgon 
Corporation (TRO-375). Intrinsic viscosity was not measured on 
this sample because of its electrolyte nature. The average- 
molecular weight for this compound, as given in Table I, was the 
manufacturer’s estimate. Solution preparation was an important 
integral part of the drag reduction experiments, and was carefully 
carried out following the previously reported preparation tech- 
nique (5). 

Apparatus. The rotating disk system consisted of a Lucite 
container, 9 in. in diameter and 5 in. in height, in which a 4.25-in. 
diameter Tefloncoated stainless steel disk rotated. The disk was 

C L M N  TRO-375 4ol 2 2 5 0 R P M  

30 I 
f I  

C (PPMI 

Flgure 2. Percent drag reduction and c/DR as a function of the con- 
centration of Calgon poly(acry1amide). 

driven by a dc electric motor equipped with a constant-speed 
control unit (Cole Palmer Model 4425). The rates of rotation of 
the disk were such that turbulent flow existed over a major 
portion of the disk. The rotation speed of the disk was measured 
using a strobe lamp. The output of a linear torque-sensing meter 
built in the speed control unit was recorded continuously on a 
recorder. In this case, most of the measured torque was near 
the outer edge of the disk. The reduction in torque was propor- 
tional to the reduction in shear stress on the disk surface. 

Two turbulent pipe flow rheometers were also used to test 
the compounds for comparing results with those obtained in the 
rotating disk system. The details of such systems have been 
described elsewhere (3). The tube diameters were 0.1575 and 
0.62 cm, and are designated in Table I as “capillary” and “pipe”, 
respectively. 

The percent drag reduction in these systems was computed 
by using the following relationship: 

] x 100% 
rw-polymer 
rw-water (4) 

where r w  is the wall shear stress. 

Result and Discussion 

The drag reduction data obtained in the rotating disk system 
show that percent drag reduction increases very rapidly with 
polymer concentration and reaches a saturation level at only a 
few parts per million. The concentration dependence of drag 
reduction in this external flow condition was also found to follow 
eq 1 very well. This was examined by plotting the data in terms 
of c/DR vs. c. The plots normally give a linear correlation, which 
for a least-squares fit has a correlation coefficient of 0.983 or 
better. Figures 1 and 2 are typical plots for poly(ethy1ene oxide) 
and poly(acry1amide) solutions, respectively. The disk rotation 
speed was at 2250 rpm. 

The fact that a universal drag reduction relationship exists for 
both the pipe flow and the disk flow is of some interest. First of 
all, it suggests that the interaction of polymers with turbulence 

282 Journal of Chemicaland Engineering Data, Vol. 21, No. 3. 1976 



60 

55 

50 

45 

40 

E- el” 35- 

30 

25 

20 

I S  

4 0  is io 25 30 3; a0 45 

- 

- 

- 

- 
- 

- 

- 

- 

- 

Flgure 3. Comparison of the drag reduction ratings from different flow 
systems. 

field in reducing the frictional drag is similar in both internal and 
external flows. Specifically, it shows that polymer affects the 
turbulence in the wall layer adjacent to the solid surface. This 
rules out the possibility of the formation of plug flows in pipe 
systems at these dilute polymer concentrations. The drag re- 
duction effect, as readily seen from eq 1, increases on a unit 
concentration basis as the concentration decreases, and 
eventually for c/ [c]  I 0.01 it approaches a constant value of 
DR,/ [ c], the designated “efficiency”. This seems to indicate 
that in drag reduction the interaction of single polymer molecules 
with the solvent system perhaps dominates the effect of poly- 
mer-polymer interaction. It also suggests, as pointed out earlier 
(9), that eq 1 only accounts for dilute solution behavior and 
predicts drag reduction results up to concentrations below that 
needed to produce a saturation drag reduction effect. The 

maximum drag reduction, DR,, is the theoretical DR value as 
c -+ 03; therefore it is not really attainable in the experiments. 
In fact, at higher solution concentrations substantial increase 
in solution viscosity is observable and often causes a decrease 
in the drag reduction ability of the solutions. 

The drag reduction efficiency, DR,/[c], of each compound 
in the rotating disk system was therefore derived as described 
above. The intrinsic concentration [c] was also obtained, for 
the inverse of which may be considered as a measure of the 
influence of single macromolecules on turbulent flow, just as 
the intrinsic viscosity [17] is for laminar flows. These results are 
given in Table I. Similar results obtained from data in the pipe 
and the capillary systems are also presented for comparison. 
For reference purposes the viscosity-average molecular weight 
for each compound is also included. 

One may estimate the shear rates involved in each of the three 
flow systems. For the disk system a rotation speed of 2250 rpm 
leads to a shear rate of the order of 236 s-’. For the pipe and 
capillary tube systems at 9000 Reynolds number, the shear rates 
(approximated by the ratio flow velocity/tube radius) are 468 and 
7230 s-’, respectively. Although this represents a wide range 
of shear rates, it is interesting to note that the ratings of drag 
reduction efficiencies are totally consistent among the three 
laboratory systems used. This consistency is demonstrated in 
Figure 3, where DR,/[c] obtained in one system is plotted 
against DR,/[c] in another. Least-squares fits of the data seem 
to indicate that the drag reduction efficiency follows a linear 
scaling relationship from one system to another. The correlation 
of the disk and the pipe results has a slope of 1.63 in this plot. 
The correlation between the disk and the capillary data has a 
similar slope of 1.69, for the slope of the pipecapillary tube data 
correlation is nearly unity. These correlations show the useful- 
ness of the universal drag reduction equation in laboratory 
characterizations of the polymer drag reduction effect. Thus, 
whether an internal or external flow system is used, meaningful 
drag reduction indices may still be evolved and the efficiencies 
of various drag reducing materials thereby routinely cataloged. 
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