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Synopsis 

Drag reduction in the turbulent flow of aqueous solutions of polyacrylamide and poly(ethy1ene 
oxide) was studied in tubes and parallel plates. Friction factors were determined at  Reynolds 
numbers up to 20,000 for polymer concentrations of 0.10 to 400 g/m3 in glass tubes run in a con- 
stant-head, gravity flow system in which the velocity was determined from the horizontal dis- 
tance traveled by the effluent stream while falling a set vertical distance; and in Plexiglas parallel 
plates run in a constant-velocity, machine-driven system in which the pressure drop between two 
points on the plates was measured with a differential pressure transducer. A general method of 
correlating fraction laminarization or drag reduction effectiveness with polymer concentration 
for Reynolds numbers above 6000 was developed in which two master curves, one for very low 
concentrations which was the same for both tubes and parallel plates, and one for higher concen- 
trations which differed for tubes and parallel plates, were found to represent the data very well 
for both polymers and all conduit sizes and Reynolds numbers. Additionally, relationships were 
found between conduit size and maximum fraction laminarization and optimum polymer concen- 
tration. 

INTRODUCTION 

Drag reduction is the decrease of skin friction in turbulent flow due to the 
addition of very small amounts of certain substances to the flowing fluid. In 
spite of the large amount of work in the field, the basic mechanism is not yet 
completely understood. Wells and Spanglerl have shown that it is a wall ef- 
fect. When a drag-reducing polymer was injected into a flowing fluid at  the 
centerline of the conduit, no drag reduction was observed until the polymer 
had diffused to the wall; but when the polymer was injected a t  the wall, the 
effect was immediate. 

Turbulent flow is characterized by streaks or plumes of fluid which burst 
from the viscous sublayer creating eddies in the turbulent core of the flowing 
fluid.2 These streaks, which account for 50% to 70% of the turbulent kinetic 
en erg^,^,^ have been shown to be much more widely spaced in drag-reducing 
 solution^^*^*^ although of the same intensity as those in the pure solvent. Do- 
nohue* and Tingg suggest that the suppression of streaks and bursting in the 
viscous sublayer is a result of the polymer solution’s high resistance to axi- 
symmetic strains. PeterlinlO has shown that the elongational viscosity, the 
resistance to axi-symmetric strains, is as much as four orders of magnitude 
greater than the shear viscosity. This is the cause of filament formation and 
“stringiness” in drag-reducing solutions. 
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TABLE I 

Tubes 

Diameter D, cm Length L ,  cm L/D 

Flow System Dimensions 
0.200 59.8 

6.1 
0.300 91.5 

9.8 
0.476 91.4 

14.4 
0.635 91.5 

19.4 
Parallel Plates 

299 

305 

192 

144 

30.5 

32.7 

30.2 

30.5 

Spacing b ,  cm Width w, cm w/b 
~~ ~~ ~~ 

0.105 1.03 9.8 
0.152 1.54 10.1 
0.200 2.02 10.1 

EXPERIMENTAL 

The object of the experiments was the determination of friction factors for 
flow through tubes or parallel plates. The friction factor for a given fluid and 
conduit depends on the velocity and pressure drop; therefore, an experiment 
consists of setting either one of these variables and measuring the other. 
Both methods were used. The tube experiments were run with a constant- 
head and a gravity flow system." The parallel plate experiments were run 
with a constant-velocity and a machine-driven system. 

Tube Apparatus 

A l-liter Pyrex glass reservoir is connected to the flow tube by a 185-cm 
length of %-in.-I.D. rubber tubing and a short length of 74-in.-I.D. rubber tub- 
ing with a clamp. The reservoir is clamped to a vertical rod so that its height 
can be varied from zero to 200 cm above the flow tube. The flow tube is 
mounted horizontally, 19.6 cm above a collecting trough. 

The velocity of the fluid in the tube is indicated by the horizontal distance 
that the effluent stream travels before hitting the top of the collecting trough. 
Since the stream takes 0.2 sec to fall 19.6 cm from the tube to the trough, the 
horizontal velocity of the stream is five times the horizontal distance trav- 
eled, measured in centimeters. The flow tubes are precision-bore, borosili- 
cate glass tubing (Table I). Two lengths of each size flow tube are used to 
determine the losses due to end effects, 

Parallel-Plate Apparatus 

A system using a mechanically driven piston to provide a constant velocity 
flow is used with the parallel plates. An aluminum cylinder and piston, 
sealed with a nitrile rubber O-ring, is driven at  constant speed by the cross 
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arm of an Instron testing machine (Instron Corp., Canton, Mass.). The cyl- 
inder has an inside diameter of 4.875 in. and a capacity of about 1.5 liters. A t  
the maximum cross-arm speed of 20 in./min, the flow rate is 102 mllsec. A 
line of $$-in. copper tubing with a 3/s-in. brass ball valve connects the cylinder 
to the parallel plates. A line of 1/2-in. plastic tubing feeding into this line 
through a %-in. brass globe valve is used to fill the cylinder. A %s-in. hole 
through the center of the piston, sealed at  the top with a Ih-in. machine screw, 
is used to bleed air from the system. 

The parallel plates, whose dimensions are given in Table I, are 1/4-in. acrylic 
plastic with aluminum sides. Three %2-in. pressure taps are spaced 20 cm 
apart along the bottom plate. The first tap is located a distance downstream 
from the entrance equal to about 100 times the spacing between the plates to 
ensure fully developed flow. The pressure drop between any two taps is 
measured with a differential pressure transducer (Validyne Engineering 
Corp., New York, N. Y.) and carrier-demodulator reading out on a strip re- 
corder. 

To make a run, about 1 liter of solution is introduced into the cylinder 
through the fill tube, while the piston is being held up and the bleed hole is 
open. The fill valve is then closed and the piston is lowered until liquid 
comes out of the bleed, which is then closed. The line running from the cyl- 
inder to the plates remains full of liquid from the previous run and is not re- 
bled. 

The cross arm of the Instron machine is then lowered to the top of the pis- 
ton, the main valve is opened, and the run is started at  the highest speed to 
flush the old solution out of the lines. The speeds are selected by pushbut- 
tons on the Instron machine, three speeds generally being run for each liter of 
solution. The speeds used in the turbulent region for these plates are 20,10, 
and 5 in./min, corresponding to flows of 102,51, and 25.5 mllsec. 

Polymer Solutions 

The polyacrylamide used was a partially hydrolyzed, photopolymerized 
sample. The intrinsic viscosity, determined in 1N sodium nitrate solution, 
was 10.2 dllg, corresponding to a viscosity-average molecular weight of 2.1 
million.12 Test solutions were prepared by diluting about 10.5 g of the stock 
solution (1.9%) to 2 liters with distilled water, giving a concentration of about 
100 g/m3 (or ppm). One liter of this solution was used for the run and 1 liter 
was diluted in half to 50 g/m3. The solution was successively diluted in this 
manner down to a concentration of about 0.20 g/m3. 

The poly(ethy1ene oxide) used was Polyox FRA (Union Carbide Corp., 
New York, N. Y.), supplied as a dry powder. The intrinsic viscosity, deter- 
mined in water, was 7.4 dllg, corresponding to a viscosity-average molecular 
weight of 1.3 mi1li0n.l~ Test solutions were prepared by dissolving about 0.8 
g polymer in 1 liter of distilled water by rocking for one day. This was then 
diluted to 2 liters and a concentration of about 400 glm3. Successive dilu- 
tions were made as with the polyacrylamide. Test solutions for both poly- 
mers were made immediately before use as both are subject to degradation in 
very dilute solution. 
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RESULTS AND DISCUSSION 

The friction factor is14 

f = (ApD) / (2Lu2)  (1) 

where Ap is the pressure drop (dynes/cm2) for a length L (cm) of pipe with 
diameter D (cm) in which the average velocity of fluid is u (cmlsec). The 
Reynolds number is 

Re = Du/u ( 2 )  

where v is the kinematic viscosity in cm2/sec. 
The most common means of quantifying drag reduction effectiveness has 

been a friction factor ratio, that is, the ratio of the friction factor of the drag- 
reducing solution to that of the pure solvent. This is an appropriate quantity 
for engineering studies relating to decreases in pumping power requirements 
or increases in flow rates, but a better quantity for phenomenological studies 
is the fraction laminarization: 

F = -  f t  - f  
f t  -f1 

(3) 

where f is the fraction of the drag-reducing solution, ft is the friction factor of 
the pure solvent in turbulent flow, and f l  is the theoretical friction factor of 
the pure solvent if it were in laminar flow at  the same Reynolds number, f l  = 
16IRe. This method is more in line with the theory that drag reduction re- 
sults from the suppression of turbulence,6-1° with laminar flow being the min- 
imum friction situation. Whenever a conventional friction factor plot (log f ,  
log Re) for a given concentration of polymer gives a straight line between the 
turbulent and laminar extremes with an appropriate slope, F will be indepen- 
dent of Re. This is the case, for example, for the data of WhiteI5 in smooth 
pipes. It is obviously not the case for some of the data of Hand and Wil- 
liams16 where laminar flow is extended beyond the usual transition (Re = 

Fig. 1. Fraction laminarization F vs. concentration c for polyacrylamide solutions in tube with 
diameter = 0.300 cm; Re = 2500 (O), 3300 (A), 4200 (O), and 5000 (0).  
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2100) and then breaks into 8 region of higher friction, though still lower than 
the turbulent value. 

A t  extremely high Reynolds numbers where the laminar friction factor be- 
comes insignificant compared to the turbulent friction factor, the fraction 
laminarization reduces to 

f 
ft 

F ‘ =  1 -- (4) 

and the two methods are equivalent. However, even at  a Reynolds number 
of 20,000, the highest in this study, the laminar friction factor is still 12% of 
the turbulent friction factor. The fraction laminarization, under these cir- 
cumstances, appears to give better correlation with other variables. 

Tubes 

The behavior of fraction laminarization F in tubes at  various concentra- 
tions of polyacrylamide (Figs. 1 and 2) shows that above a Reynolds number 
of about 6000, the drag reduction effectiveness of a given concentration of 
polymer in a given tube becomes independent of the Reynolds number. 
Moreover, the change of F with N R ~  a t  a fixed concentration c is greater a t  
high values of c than at  low values. In the remaining work reported here, 
only data for the higher Reynolds numbers are used. The ranges employed 
are summarized in Table 11. 

In order to correlate the behavior of each system, one can select any num- 
ber of characteristic parameters. Those chosen here are the maximum value 
of F, Fma,, and the concentration CO, corresponding to that maximum. 
Values are listed in Table 11. 

When the tube diameter is increased (Fig. 3), there is a small decrease in 
the maximum fraction laminarization F,,,. Also, there is a well-defined 
shift to higher “optimum” concentration CO, at which F,,, and increase in CO, 

seem more pronounced when the polymer is poly(ethy1ene oxide) (Fig. 4). 

Fig. 2. Fraction laminarization as in Fig. I: Re = 5800 (O), 6700 (A), and 8300 (0). Solid 
lines correspond to “master curves” of Figs. 9 and 10. 



320 

1.0 

F -  

0.5 

CLARK AND RODRIGUEZ 

- 

- 

TABLE I1 
Drag Reduction Parameters 

(PAM, Polyacrylamide, PEO, Poly(ethy1ene Oxide)) 

Tubes 

D, cm Polymer 

0.22 PAM 
0.300 PAM 

PEO 
0.476 PAM 

PEO 
0.635 PAM 

PEO 

C,, g/m3 

6.1 
12.5 
12.5 
17 
20 
25 
50 

FWX 

1.01 
0.93 
0.92 
0.87 
0.91 
0.85 
0.80 

Parallel Plates 

c,, g/m3 
- 
0.51 
1 .o 
0.61 
1.3 
0.39 
0.45 

Reynolds number 
Re X 

Minimum Maximum 
applicable investigated 

4.5 6.1 
5.8 9.2 
5.8 9.2 
6.6 14.5 
6.6 14.5 

12.3 19.4 
7.1 19.4 

Reynolds number 
b ,  cm Polymer C, ,  g/m’ FmaX c,, g/m’ R e x  

0.105 PAM 30 0.75 1.3 10.95 
PEO 18 0.77 0.84 10.95 

0.152 PAM 60 0.68 1.2 14.8 
PEO 100 0.67 2.1 14.8 

0.200 PAM 80  0.64 1.7 11.2 
PEO 100 0.65 1.2 11.2 

Parallel Plates 

Although the parallel-plate geometry is quite convenient for many pur- 
poses, few data have been published in recent years, even for Newtonian 
fluids.17Js A t  a reasonably high Reynolds number, the data for polyacrylam- 
ide (Fig. 5) and poly(ethy1ene oxide) (Fig. 6) in plates bear a qualitative re- 
semblance to the data in tubes. The two trends observed in tubes, a decrease 

Curve Tube 0, crn. 

I 0.20 
2 0.30 
3 0.48 
4 0.63 

I I I 

I 10 I02 C, g/m3 
O ‘d .1  

Fig. 3. Average F vs. concentration for polyacrylamide solutions in four tubes at high Reyn- 
olds numbers. 
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in FmaX and an increase in co with increased diameter, D, occur also with in- 
creasing plate spacing b. In comparing plates with tubes, the equivalent ex- 
pression replacing D in the Reynolds number is 2b. 

F 

0.5 

0 
I 10 

C , g/m3 
10‘ 

Fig. Average F vs. concentration for poly(ethy1ene oxide) solutions in three tL-3s at  high 
Reynolds numbers. Solid lines correspond to “master curves” of Figs. 9 and 10. 

Fig. 5. Fraction laminarization for polyacrylamide solutions flowing between plates with spac- 
ing b; b = 1.05 mm (A), 1.52 mm ( O ) ,  2.00 mm (0). Solid lines correspond to  “master curves” of 
Figs. 9 and 10. 

Fig. 6. Fraction laminarization for poly(ethy1ene oxide) solutions flowing between plates. 
Symbols have some significance as in Fig. 5. 
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Id 

The co data for polyacrylamide and poly(ethy1ene oxide) were selected to 
be effective a t  about the same concentration. The data could be interpreted 
as showing a larger exponent, say, 2.0, for dependence of co on D or b with 
poly(ethy1ene oxide), but it would be hazardous to justify an exact value on 
the basis of the present work. In the case of F,,,, the data again more clear- 
ly support an exponential dependence on diameter for polyacrylamide than 
for the second polymer (Fig. 8): 
Tubes: 

F,,, -D-0.15 (6) 

F,,, - b-0.25. (7) 

Plates: 

Some idea of the success in fitting experimental data with the two constant 
system is indicated in Figure 9 for values of C/CO between 0.2 and 10. There 
is a definite difference in the shape of the curves, the data for plates showing 
much less change in F/F,,, with C/CO than the data for tubes. 

A t  the low-concentration end, a second parameter is selected, c2, the con- 
centration at  which F = 0.2. For both plates and tubes, a reasonable general- 
ization seems possible (Fig. 10). The “master curves,” that is, the solid lines 
in Figures 9 and 10, appear also in Figures 2,4,5, and 6. There appears to be 
no easily discerned dependence of c2 on D or b (Fig. 11). As might be expect- 

, Plates 
- A /+&- 

0- 

l o -  
g/m3 

I I I I 
0.4 0.6 J;f’2 D uf 2b, cm. 

I ’ Tubes A 
Q/ 

-O 

Fig. 7. Dependence of concentration at maximum laminarization co on tube diameter D or 
plate spacing b.  Triangles are for poly(ethy1ene oxide), circles are for polyacrylamide. 

4 
’ * D or Zb, cm. 

8 

Fig. 8. Dependence of maximum laminarization F,, on tube diameter D or plate spacing b. 
Triangles are for poly(ethy1ene oxide), circles are for polyacrylamide. 
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F -  

ed, typical data points begin to deviate from superposition when C/CO exceeds 
about 0.3. 

The same data at  the low-concentration end can be treated according to 
the equation of Virk19 as simplified by Little.20>21 Using F as defined by eq. 
(1) rather than drag reduction defined by eq. (2) as used by Little, the rela- 
tionship is 

( c / F )  = ([c]/DRm) + (c/DRrn) (8) 

where [c] is the “intrinsic concentration” and DR, is interpreted to be the 
“maximum drag reduction.” It  can be shown that [c] should be four times c2. 

Assume first a value of unity for DR, in eq. (8) .  Then, a t  F = 0.2, c = c2 = 
[c]/4. The smooth curve in Figure 11 corresponds to eq. (8) with DR, = 1 
and [ c ]  = 4 c2. It  is also possible to derive DR, from individual plots accord- 
ing to eq. (8). However, since they are derived from low-concentration data, 
often well removed from the actual maximum, it is not surprising that the 
values are not always realistic. 

All of the fraction laminarization-versus-concentration curves seem to have 
the same basic shape in both the tail section at  very low concentrations and 
the hump section around the optimum concentration. They differ only in 
the low-concentration fall-off region, which becomes steeper as tube diameter 
decreases. This suggests that the overall curve is a superposition of two 
curves, the tail and the hump, with the steepness of the fall-off region being 

t 
0.5 I 1 I I I L 
0.2 0.5 I 2 5 10 c/c, 

Fig. 9. Normalized fraction laminarization vs. reduced concentration in the vicinity of cg. 

0.5 

0 

0 

0.2 0.5 
c /C* 

Fig. 10. Fraction laminarization vs. reduced concentration in the vicinity of c2 for tubes (0) 
and plates (0).  
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C e  I 

-8- I uues 

0.1 1 
I I I I 

0.4 0.6 o.2 D g Zb, cm. 

Fig. 11. Dependence of concentration at F = 0.2, C Z ,  on tube diameter D or plate spacing b. 
Triangles are for poly(ethy1ene oxide), circles are for polyacrylamide. 

determined by the point at  which the two curves intersect. The reality of 
these two sections, the tail and the hump, suggests further that there may be 
also two separate effects in the drag reduction mechanism depending on con- 
centration of polymer. 

In the hump section of the curve, the polymer is at  a high enough concen- 
tration that the molecules do not act independently. The molecular entan- 
glements may cause a thickening of the viscous sublayer, with the resulting 
decrease in the generation of turbulent eddies discussed in the introduction. 

At the low concentrations in the tail section of the curve, the polymer mol- 
ecules probably act independently, and a small amount of drag reduction pro- 
duced may be the result of the interference of individual molecules with the 
energy dissipation process in turbulent eddies. Peterlin22 suggests that a 
macromolecular coil encountering the large velocity gradient between an 
eddy and the surrounding fluid is deformed and that the resulting expanded 
coil produces a larger local relative viscosity tending to damp out the eddy. 

Both effects, the modification of the viscous sublayer and the interference 
with the eddies, occur a t  higher concentrations, leading to the superposition 
of the two curves. The wall effect predominates in the vicinity of the opti- 
mum concentration because up to 70% of the turbulent kinetic energy is con- 
tained in the streaks and bursts from the viscous ~ u b l a y e r . ~ > ~  These effects 
may also explain the steeper transition between tail and hump for the smaller 
conduits. In a small conduit, the area near the wall is a larger fraction of the 
total area; therefore, the wall effect becomes an important part of the total ef- 
fect at  a lower concentration. 
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