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Small weight percentages of certain high-molecular-

weight polymers added to liquids in turbulent flow through

conduits can result in dramatic friction reduction.

Although many current and potential uses of the drag

reduction phenomenon exist, there is a fundamental problem:

drag reduction efficacy decreases rapidly with flow time due

to the mechanical degradation in flow of the added polymer.

In this thesis study, dilute aqueous solutions of

polyacrylamide were tested under turbulent flow conditions

in an attempt to determine where mechanical degradation in

flow occurs.

The Results show that the drag reduction is dependent

upon the concentration of solution. A maximum was found in

each curve of the drag reduction efficacy in function of

polymer concentration. Each such curve corresponds to a

constant pipe diameter.
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CHAPTER I

INTRODUCTION

The addition of small amounts of certain polymers to

liquids in turbulent flow through conduits can result in

dramatic friction reduction. Dilute aqueous solutions of

high-molecular-weight polyethylene oxide have been shown to

reduce the pressure drop at a constant flow rate by as much

as 75% as compared to pure water.' Many current and

potential uses of this drag reduction phenomenon exist. For

example, pipeline capacities may be increased, as in the

case of the Alaskan pipeline, where drag reducing agents

have been used for several years. The speed of a ship at

sea can be extended by injection of polymer solutions at the

bow,2 and the capacities of storm sewers can be improved

during temporary overloads by the addition of polymers.

Drag reduction has also been proposed as a means of

lengthening the range of fire hoses. For a given pressure

drop, a smaller diameter hose can transmit the same flow of

water, enabling firemen to drag less weight per unit length.

Fuel misting in aircraft can be inhibited by certain polymer

additives, reducing the danger of fire in the event of a

crash. The drag reduction phenomenon also takes place in

blood flow, and as a result less energy is needed for
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sufficient blood circulation.2 Longer lists of applications

have been made, but unfortunately a fundamental problem

exists: drag reduction decreases with flow time due to

mechanical degradation in flow (MDF) of the added polymer.

Although many studies have been on DR and MDF over the past

twenty years, comprehension of the phenomena are not very

precise, and several different theories have been offered.

Brostow2 has constructed a theoretical model that explains

many of the experimental findings concerning DR add MDF.

The model is based on computer simulations of polymer chain

conformations and on theoretical analysis. That model was

explained later3 so as to include binary drag reducing

agents. This thesis was undertaken to provide some

experimental results to expand the theoretical model.



CHAPTER II

THE NATURE OF DRAG REDUCTION

Drag reduction has a number of applications. My

present work seems to indicate that there are other

potential applications not yet realized in practice. Even

more important, therefore, is the understanding of the

nature of drag reduction: why and how it occurs. While much

effort to achieve this has been expended, Donohue,

Tiederman, and Reischman4 evaluate the situation as follows:

"The mechanism by which this reduction in frictional drag

occurs has been the subject of much discussion; however, as

yet no completely satisfactory explanation has been

offered." In a very detailed review, Virk5 states that "the

mechanism of drag reduction is still rather obscure and our

discussion involves speculation and is likely to contain

some erroneous impressions." Equally honestly, Gramain and

Boreill6 say that "...the basic mechanisms of drag reduction

are still unresolved." Reischman and Tiderman7 . . .conclude

that the mechanism by which the polymer additives make their

presence felt so strongly in the buffer region is still not

the roughly understood." Berman8 reviewed research on drag

reduction and conclude that ".. .a detailed understanding of

the nature of drag reduction is still lacking." Darby9
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said: "The mechanism by which drag reduction occurs

has,likewise, not been firmly established." Kim and his

colleagues" have reached the same conclusion: "However,

molecular understanding of the polymer role in drag

reduction process is still primitive." While various drag-

reducing agents1 2 3 including some surfactant, 24' 25 exist and

give sometimes fairly good results, it is clear from these

quotations that our understanding of drag reduction has to

be improved considerably to achieve a satisfactory level of

boundary layer control.

Given the utility of the phenomenon, numerous -

sometimes mutually conflicting - explanations have been

advanced. Often explanations of drag-reducing activity of

polymers are based on the random flight or freely jointed

model of polymer chains. That model assumes that a chain

consists of y bonds, each of fixed length and jointed in

linear succession, the angles at the bond junctions being

free to assume all values with equal probability; see

Flory26 or Forsman.27  Rotations about bonds are likewise

free, what produces virtually full flexibility of the

macromolecule. An example of this approach is the cascade

theory of DR, 28,29 limited from the start to linear flexible

chains in good solvents, with an interesting assumption that

the chains are characterized by an elastic modulus. The

behavior beyond the elastic threshold has not been treated.

The random flight model has explained successfully a number
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of equilibrium chain properties, and this is presumably the

reason why it has been also applied to explain flow

properties. However, several decades ago Debye proved

theoretically30 that a freely jointed polymer chain in a

flowing solution will rotate as a whole - rather than orient

itself in the direction of the flow. Moreover, even for

equilibrium properties Flory31 pointed out in 1956 that

values of configurational dimensions of polymers in dilute

solutions are often twice those calculated assuming free

rotation about all single bonds; this was the starting point

for his statistical-mechanical theory of polymeric systems

involving rigidity.31,32  Hence the assumption of the random

flight chain, its success for some equilibrium properties

notwithstanding, is not sufficient as a basis for

understanding drag reduction or other aspects of flow of

polymer solutions. While various approaches deal for

instance to a certain degree with the excluded volume, there

is none that would account for specific solvent interactions

with the polymer backbone. Further, it should be noted that

not all drag-reducing agents are polymer chains; the

explanation of the drag reduction phenomenon should be

general enough to take these other kinds of drag reducers

into account also.



CAHAPTER III

CONSTRUCTION OF DRAG REDUCTION APPARATUS

General Concepts

Before describing the experimental procedures, a brief

account of DR and MDF is in order. Principal conclusions

drawn form previous experimental data2 will be enumerated

after some important terms are defined and the more vital

points of the above-mentioned theoretical model are

presented.

DR and MDF are necessarily related to the structure and

interactions of the polymer solutions at the molecular

level. A model which successfully describes the structures

and interactions would enable explanations of previously

accumulated experimental observations as well as allowing

predictions to be made. 2 In particular, such a model would

provide the capability to choose an effective and slowly

degrading polymer for a given solvent.3

There are two types of fluid flow which can occur:

laminar and turbulent flow. When the flow velocity is low

and the layers of fluid seem to slide by one another

smoothly without swirls or eddies, it is termed laminar

flow. On the other hand, at higher flow velocities where

6
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eddies are moving in all directions and giving the fluid a

fluctuating nature, it is called turbulent flow.33

The velocity at which flow behavior changes is referred to

as the critical velocity.

In addition to the velocity, the transition form

laminar to turbulent flow is also dependent on the tube

diameter and on the viscosity and density of the fluid.

These variables can be combined to define a dimensionless

number called the Reynolds number:

Re = D p v /ji (1)

where D is the tube diameter in m, p is the fluid density in

kg/m, y is the fluid viscosity in Pa s, and v is the average

fluid velocity in m/sec. In the case of a straight circular

pipe, when Re is less than 2100, the flow is laminar, and

when Re is over 4000, the flow is turbulent, except in

special cases. For the transition region in between, the

flow may be either laminar or turbulent. One cannot predict

in advance which kind of flow will prevail, since this

depends on the apparatus details and also on the polymer +

drag reducer pair.33  In effect, drag reduction can be

said to extend the range of laminar flow into the transition

region (see Figure 1).

There is a mechanical energy loss in flow due to skin

friction at the wall of a flow channel, and a friction

factor that corresponds to it. Figure 1, frequently

referred to as the Moody chart, is an empirically derived
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log-log plot of the friction factor versus Re for pipe flow.

In this experiment, precision-bore glass tubes were used,

which correspond to the smooth pipe curve in the turbulent

flow region of the plot.

A key point to the model developed by Brostow is that

DR and MDF cannot be adequately explained unless incomplete

flexibility of polymer chains in solution is assumed. Each

chain is considered to consist of quasirigid and fully-

flexible regions. 2'3 This assumption was mentioned in

chapter II. The stiffness of a chain is affected by the

sequencing of the two types of regions, and a given chain

can have regions with different quasiflexibility. Also, the

stiffness of a quasirigid region is dependent on the solvent

used. According to the model, a polymer molecule with

various sequences of the two types of regions in solution

could contribute to drag reduction of the flow by means of

"channeling. "2  After flow starts, the stiffer sections of

chain eventually line up in the direction of flow. Consider

two quasirigid chain segment connected by a relatively

freely-jointed region. After the two quasirigid segments

align with the flow, the more flexible segment in between

will assume a curved connection. The domain of solvent

molecules between the stiffer segments can then cause the

formation of a straight channel, and the end effect is to

cause elongation of the chain in the direction of flow.3

This could be a feasible mechanism for what is termed
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elongational viscosity.'

It is known that in turbulent little energy is

dissipated due to the exchange of momentum between fluid

domains or eddies, which are characterized by velocity

fluctuations. If the behavior of the chain segments

described in the last paragraph is applied to the large

number of such segments in a dilute solution, then the

resulting channeling effect should contribute to creating a

more laminar flow in two ways: by decreasing the number of

domains, and by decreasing the momentum exchange between the

domains.2

The same model can be used to describe the mechanism of

MDF. As the fluid flow stretches a polymer molecule, the

flexible regions will respond elastically and also rotate to

relieve stress. More rigid segments have less freedom of

movement, and so are more prone to fracture as time goes by

and shearing forces occur repeatedly.2
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Experimental procedure

The experimental apparatus is loosely modeled after one

suggested by Rodriguez.1 (see Figure 2) The dimensions of

the apparatus were verified using a computer model created

with TK!SolverrM to be sure that the desired range of

Reynolds numbers could be attained.

As already stated, precision-bore glass tubes were used

in the experiment (ID = 0.3 cm, L = 61.5 cm) to give as

smooth a wall as possible. The height of the feed reservoir

(20 liter capacity) was adjustable in order to provide

control over the pressure drop and the feed tube and

Reynolds number. Flexible Tygon tubings (ID = 1.27 cm, ID =

0.64 cm) were used for the feed tube and the barometer tube

in water solution. A ball valve was used to minimize

degradation of the polymer during opening and closing. The

T-connector had an ID just slightly larger than that of the

Tygon tubing.

The glass tube was supported at a fixed height of 7.5

inches above the workbench, and the pressure head was

between 77 and 92 inches for the majority of the testing.

A polyacrylamide (Percol 156) with a weight-average

molecular weight of 1.5 107 million and manufactured by the

Allied Colloids Inc., were used as the non-Newtonian test

solutions.3 "' After the experimental apparatus was set up

and tested, experiments were typically performed in the

following manner:
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1) The solutions were made in 20 liter batches in a large

glass bottle using distilled water. The container was

rinsed first with tap water, then with distilled prior to

dissolution of the polymer. After 7 liters of water were

measured, the carefully weighed polymer was slowly poured

into the swirling water, then the remaining 10 liters were

added. The solutions was aged for at least 24 hours prior to

use to in order to assure full dissolution of the added

polymer. Care was taken to keep the solution from being

exposed to sunlight and extreme conditions, and the data and

time were recorded in a notebook.

2) The apparatus and containers were rinsed at the

conclusion of each test session with warm tap water to

prevent accumulation of polymer. At the start of each

session, the solution was mixed by inverting the container a

few times to eliminate segregation before charging the feed

reservoir. With the feed reservoir at just above the height

of the glass tube, the ball valve was opened to allow the

feed tube to fill with solution, then closed when the air

was fully displaced. At this point the feed reservoir was

hung on a chain at the appropriate height.

3) The experimental date and time were recorded in a

notebook after all necessary implements were set within

reach. Prior to starting each run, a finger was placed over
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the open end of the glass tube, the valved was opened fully,

and the solution was allowed to fill the barometer tube and

level off with the solution in the feed reservoir.

4) When the finger was removed, the barometer tube height

was observed to drop (reflecting a pressure drop across the

system) [If the solution was to be tested more than once, it

was caught in another Tygon tube and collected in a bucket

on the floor instead of letting it flow into the sink during

periods of unmeasured flow rate]. After a few seconds to

allow the flow to become fully developed, the solution was

caught in a flask for a period of 30 s. Then, while flow

continued, I climbed the ladder and marked the pressure head

on the wall next to the barometer tube (For the first or

second run of every data set, I marked the head before and

after measuring the flow rate, so that I could measure the

change in head during the run and use it to approximate the

mean head for each successive run, in order to avoid

excessive flow of unmeasured solution and extra ladder

climbs).

5) After marking the head, I descended the ladder and closed

the valve. This was followed by recording the temperature

and volume of the measured solution, then climbing the

ladder, measuring (or correcting for a close approximation

of) the mean head, and recording it in a notebook. Later
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on, the measured values of volumetric flow rate,

temperature, and head would be entered into a Microsoft

ExcelTM model to automatically calculate the Reynolds number

from viscocity (assumed equal to that of water at a given

temperature and the parameters of the text).

6) All equipment was rinsed with warm tap water at the close

of each session.



BAROMETER TUBE

0 'OW 9,

differ 

"

f "

"

" "
"

"

" r

f M

"

M

"

r "

" "

r "

"

i f

r "

f "

r r

x "

f "

" f

" "

r "

r "

r r

f r

r "

" r

" r

" a

" i

. "

" " . a r " s . " " . . f" ass " . f ... " . " "

TUBING

nt diameter used

15

RESERVOIR

see text

".".f......."...f.......".."f ..f" .. r""f "f..." .."""...... """ "...." ""......""r"""rf....f f

Ball Valve Precision Bore Glass Tube
ID = 3 mm

FIGURE 2 : Schematic of The Experimental Apparatus

s " . * *

" . .r .. ,*4

-.

"..

. .
.

". ,

"
. .

V

fs

+r

" aw

"

"

" "

r"

r

" .

"
a

i aMi

"

1 '

.'



CHAPTER IV

STUDIES OF AQUEOUS SOLUTIONS

Tygon tubing with 0.64 cm of internal diameter (ID) was

used first in aqueous solution experiments (table 1A-1D).

Some equilibrium time (aging time) was given to aid the

complete dissolution of polyacrylamide, but it was assumed

that the equilibrium time was not a factor for changing

Reynolds number due to the degradation of the polymer.

The concentration of polyacrylamide was increased gradually

up to 30 ppm: the results are discussed below.

In runs 1-9, deionized water with no polyacrylamide was

used to give 4.38 inches of head changes and the Reynolds

number on the average (=4892). With 5 ppm of polyacrylamide

solutions (Runs 10-18) head change was 3.32 inches and the

average of the Reynolds number was 4849 (Table 1A). No drag

reduction effect was observed from the change of

concentration from 0 to 5 ppm. Two 10 ppm solutions with

different equilibration time were used to see the effect of

the aging time, but the obtained values were almost

identical. Again no drag reduction effect was observed

(table 1B). Up to the concentration of 30 ppm, experiments

with 15 ppm solution showed the highest the Reynolds number

16
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of 5427 with head change of 3.88 inches. The Reynolds

number began to decrease when concentration was increased to

20 ppm (average Reynolds 4946 from 5427). With 30 ppm

solution of polyacrylamide, the lowest Reynolds value was

obtained at 4476 (table 1D). Some experiments were

performed with Tygon tubing of 1.27 cm internal diameter.

The value of head change with 1.27 cm ID tubing, 1.55

inches, was significantly less than that with 6.4 cm ID

tubing, which is presumably due to the change in flow rate.

Table 2A show head change and Reynolds number for pure

solution without the polymer. When the concentration was

increased to 20 ppm (run 82-90), the value of head change

was increased from 1.5 inches to 1.75 inches and also the

Reynolds value was increased from 4700 to 5066. As the

concentration was increased to 100 ppm in run 91-99.

Reynolds value began to drop to 4215. This trend continued

with 500 ppm solution of polyacrylamide (run 100-109 in

Table 2C). Finally, 1000 ppm of solution of polyacrylamide

was used to confirm this trend, and as expected, an average

value of 2770 was obtained (table 2C).
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Run Con. Q Temp. Head Re

(cc/30sec) ( C) (inches)

1 0 ppm 312 26 86.13 5082

2 0 ppm 310 26 85.12 5047

3 0 ppm 294 26 84.11 4789

4 0 ppm 308 26 84.06 4981

5 0 ppm 305 26 83.75 4983

6 0 ppm 301 26 83.00 4853

7 0 ppm 294 26 82.62 4771

8 0 ppm 297 26 82.25 4836

9 0 ppm 289 26 81.75 4690

10 5 ppm 302 26 83.36 4584

11 5 ppm 301 26 85.31 5003

12 5 ppm 303 26 84.81 4968

13 5 ppm 299 26 84.38 4887

14 5ppm --- 26 83.81 ----

15 5 ppm 296 26 83.50 4838

16 5 ppm 293 26 83.06 4771

17 5 ppm 293 26 82.75 4786

18 5 ppm 304 26 82.31 4951

Table 1A : Measured and Calculated Data
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Run Con. Q Temp. Head Re

(cc/30sec) (0C) (inches)

19 10 ppm 309 25 85.94 5438

20 10 ppm 297 25 85.44 4712

21 10 ppm 326 25 84.94 5139

22 10 ppm 324 25 83.94 5124

23 10 ppm 287 25 83.50 4570

24 10 ppm 333 25 83.06 5285

25 10 ppm 321 25 82.63 5092

26 10 ppm 315 25 82.25 5049

27 10 ppm 323 25 81.75 5109

28 10 ppm 327 25 86.31 5188

29 10 ppm 319 25 85.88 5062

30 10 ppm 325 25 85.38 5159

31 10 ppm 319 25 85.00 5062

32 10 ppm 322 25 84.44 5092

33 10 ppm 309 25 84.06 4904

34 10 ppm 322 25 83.63 5092

35 10 ppm 325 25 83.19 5176

36 10 ppm 320 25 82.69 5077

Table 1B Measured and Calculated Data



20

Run Con. Q Temp. Head Re

(cc/30sec) (*C) (inches)

37 15 ppm 331 26 85.63 5328

38 15 ppm 338 26 85.19 5590

39 15 ppm 338 26 84.69 5507

40 15 ppm 335 26 84.19 5460

41 15 ppm 333 26 83.69 5424

42 15 ppm 333 26 83.19 5381

43 15 ppm 334 26 82.75 5383

44 15 ppm 330 26 82.31 5328

45 15 ppm 333 26 81.75 5439

46 20 ppm 273 25 85.19 4320

47 20 ppm 317 25 84.81 5062

48 20 ppm 320 25 84.44 5073

49 20 ppm 317 25 83.94 5047

50 20 ppm 311 25 83.44 4947

51 20 ppm 320 25 82.94 5118

52 20 ppm 309 25 82.44 4919

53 20 ppm 316 25 82.13 5011

54 20 ppm 319 25 81.63 5017

Table 1C : Measured and Calculated Data



21

Run Con. Q Temp. Head Re

(cc/30sec) ( C) (inches)

55 30 ppm 266 25 91.14 4197

56 30 ppm 286 25 91.13 4544

57 30 ppm 274 25 91.08 4310

58 30 ppm 289 25 91.04 4551

59 30 ppm 278 25 91.01 4357

60 30 ppm 283 25 90.13 4486

61 30 ppm 294 25 90.08 4656

62 30 ppm 289 25 90.05 4539

63 30 ppm 295 25 90.01 4644

Table 1D : Measured and Calculated data
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Run Con. Q Temp. Head Re

(cc/30sec) ( C) (inches)

64 0 ppm 311 24 85.87 4800

65 0 ppm 310 24 85.69 4775

66 0 ppm 309 24 85.50 4813

67 0 ppm 307 24 85.34 4758

68 0 ppm 292 24 85.22 4579

69 0 ppm 309 24 85.00 4758

70 0 ppm 296 24 84.88 4664

71 0 ppm 304 24 84.72 4753

72 0 ppm 295 24 84.44 4596

73 0 ppm 300 24 85.87 4668

74 0 ppm 308 24 85.75 4494

75 0 ppm 297 24 85.50 4634

76 0 ppm 300 24 85.20 4762

77 0 ppm 297 24 85.10 4609

78 0 ppm 300 24 85.00 4499

79 0 ppm 297 24 84.69 4622

80 0 ppm 300 24 84.44 4762

81 0 ppm 297 24 84.37 4609

Table 2A : Measured and Calculated Data
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Run Con. Q Temp. Head Re

(cc/30sec) (*C) (inches)

82 20 ppm 323.3 25 84.97 5148

83 20 ppm 317.0 25 84.63 5063

84 20 ppm 322.5 25 84.07 5127

85 20 ppm 314.2 25 84.22 5004

86 20 ppm 319.2 25 84.10 5063

87 20 ppm 309.0 25 83.88 4936

88 20 ppm 318.0 25 83.75 5063

89 20 ppm 320.0 25 83.41 5046

90 20 ppm 322.0 25 83.22 5144

91 100 ppm 280.8 23 85.93 4257

92 100 ppm 283.7 23 85.50 4299

93 100 ppm 278.5 23 85.31 4193

94 100 ppm 280.8 23 85.06 4257

95 100 ppm 269.7 23 84.75 4117

96 100 ppm 280.5 23 84.50 4278

97 100 ppm 273.9 23 84.44 4138

98 100 ppm 281.6 23 84.25 4269

99 100 ppm 274.2 23 84.12 4129

Table 2B : Measured and Calculated Data
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Run Con. Q Temp. Head Re

(cc/30sec) (*C) (inches)

100 500 ppm 209.8 22 84.88 3136

101 500 ppm 198.3 22 84.56 2907

102 500 ppm 207.5 22 84.50 3051

103 500 ppm 198.3 22 84.06 2967

104 500 ppm 205.2 22 84.00 3034

105 500 ppm 199.0 22 84.00 2933

106 500 ppm 207.2 22 84.06 3094

107 500 ppm 199.4 22 83.88 2950

108 500 ppm 206.6 22 83.63 3068

109 1000 ppm 169 25 92.06 2661

110 1000 ppm 181 25 92.04 2771

111 1000 ppm 168 25 92.03 2625

112 1000 ppm 187 25 92.00 2828

113 1000 ppm 175 25 91.14 2789

114 1000 ppm 176 25 91.11 2772

115 1000 ppm 182 25 91.10 2786

116 1000 ppm 185 25 91.08 2851

117 1000 ppm 180 25 91.06 2814

Table 2C : Measured and Calculated Data
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Viscocity lookup table [ f (T ( C) ) ]

18 0.0106

19 0.0103

20 0.010050

21 0.009810

22 0.009579

23 0.009358

24 0.009142

25 0.008937

26 0.008737

27 0.008545

28 0.008360

29 0.00818

30 0.00801

TABLE 3 : Viscosity Look-up Table



CHAPTER V

CONCLUSIONS

The results of research described in the preceding

chapters can be summarized as follows:

1. The relationship between the Reynolds number and the

polymer concentration(c) shows a maximum. Hence both

solution velocity vs. concentration and drag efficacy vs,

curves exhibit maximum also. We find that initially gradual

addition of the polymer initially increases DR efficacy, At

higher concentrations, however, the domains defined in the

Brostow model2 ' 3 apparently become too small, since there are

too many polymer chains around; this lowers the DR efficacy.

2. The location of the maxima depends on the internal

diameter (ID) of the tube. For ID=0.64 cm the highest

Reynolds number was observed at conc.=l5ppm. For the longer

diameter, ID=:1.27 cm, the maximum is observed at 20 ppm.

This constitute, another confirmation of the model: at

higher diameters large amounts of the polymer can be

accommodated before the domain size becomes smaller.

28
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