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This thesis is a study of drag reduction with 

polymer solutions in tubes using a simple rheometer. The 

drag reduction was studied in five dlfferent small diameter 

tubes at Reynold's number varying from 1000 to 25000. 

A polyacrylamide, MRL-402, manufactured by 

Stein Hall Ltd. was chosen for the above study because 

of its good drag reducing ability and resistance to 

degradation. The concentrations of polymer solutions used 

for the experiment ranged from 1 to 200 wppm. 

An attempt has been made to correlate the drag 

reduction data so that drag can be predicted from a single 

curve. The correlations are given by equations 

~ = S(s'T) and S = S' (s'/s' ) following the work of 0.50 

Astarita (2). 
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CHAPTER I 

INTRODUCTION 

It has been established by numerous experimental 

studies (7,11,13,15,16,22,24,29,31) that small quantities 

of synthetic organic polymers in solution reduce turbulent 

skin friction drag drastically in pipe flow. This property 

of high molecular weight polymer solutions could be used in 

the future to reduce drag in pumping oils, water and other 

liquids. 

The concentrations of polymers in polymer solutions 

are so low that the dilute aqueous polymer solutions are 

assumed to retain the original physical properties of the 

solvent. The polymer solutions are still Newtonian fluids 

in character but contain long coiled chains of molecules 

which alter the flow by some undefined mechanism. There 

appears to be no rigorous satisfactory explanation for this 

flow phenomenon up till now. A widely held view, at present, 

is that the drag reducing solutions thicken the viscous 

sublayer which causes drag reduction. 

This work gives an empirical correlation for pressure 

drop.data for flow of polymer solutions in small diameter 

tubes , based on the Reynold number and concentrations of 

1 
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solutions. However, no attempt has been made to explain 

the actual mechanism of drag reduction by polymer solutions. 



CHAPTER 2 

LITERATURE SURVEY 

2.1 The reduction of pressure drop caused by the intro-

duction of a small quantity of some additive to a solvent in 

turbulent flow as first noticed by Toms(27)*. He observed 

it in 1948 when he was studying the flow of polymethyl metha

crylate in monochlorobenzene through straight tubes. Sub

sequently this anomalous behaviour of certain solutions drew 

the attention of others. 

During the last twelve years, a great deal of 

literature has been published on this subject much of which 

is experimental. 

2.2 Purely Viscous Non-Newtonian Fluids 

The behaviour of drag reducing solutions was suspected 

to be non-Newtonian. The first attempts were, therefore, 

to develop a general theory for non-Newtonian fluids. 

It has been found experimentally that the relationship 

between shear stress and shear rate for a great many fluids 

may be represented by a two constant power function of the 

* Numbers indicate references in reference list 
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form 

2.1 

Dodge and Metzner (5) gave the correlation between 

the friction factors and a generalized Reynolds number for 

such fluids. The velocity in the boundary layer was assumed 

to be a function of two additional parameters k and n as 

compared to a Newtonian fluid. The final expression derived 

was of the form 

1-n 

~ = Ain log[NRe(f) __ 2_] + Cn 2.2 

in which the Reynolds number was defined by the following 

expression 

2.3 

n 
where k' ·= k[ 3n+l] and A. and C are experimental constants 4n 1n n 
as in the case of Prandtl's equation for Newtonian fluids. 

These constants are dependent upon n only. The above 

correlation also includes the Newtonian fluids (n=l). 

Equation 2.2 was verified experimentally from Dodge 

and Metzner's experiments with various solutions. There was, 

however one solution which was an exception; that of 

carboxymethyl cellulose (CMC). It did not fit in equation 2.2 

Shaver and Merril's (21) experiments with pseudo-

plastic fluids showed that the behaviour of these fluids 



fitted the power law very well. They also observed that 

these fluids have poor overall mixing and thicker non tur

bulent boundary layers at the wall than Newtonian fluids. 

5 

The drag, under the same conditions, was found to be reduced • 

With the work of Dodge and Metzner the analysis of 

purely viscous fluids can be said to be complete. 

2.3 Fluids not Conforming to Purely Viscous Behaviour 

As mentioned earlier in Dodge and Metzner's experi

ments CMC was an exception. It did not fit to equation 

2.2 but showed much greater drag reduction. The authors 

suggested that the fluid was not purely viscous but possessed 

viscoelastic properties. There are many other solutions, 

most commonly long chained polymer solutions which show 

similar behaviour. This can be observed from many experiments 

done in this field (7,11,13,15,16,22,24,29,31). 

The following general behaviour of polymer solutions 

can be observed from the different experiments: 

(i) a very dilute polymer solution gives a remarkable 

drag reduction (anywhere up to 60% and even more) 

and the viscosity of the solution could be considered 

the same as that of the solvent. 

(ii) The flow is turbulent in all cases where drag re

duction is observed. 
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(iii) The drag reduces with increase of concentration up 

to a certain limit. After this limit the drag starts 

increasing again. 

(iv) For the same concentration of polymer and Reynold 

number of flow, drag reduction is greater for smaller 

diameter pipes. 

(v) Drag reducing effectiveness reduces as the solution 

is repeatedly used. The phenomenon is known as 

degradation. Some polymer solutions degrade faster 

than others. 

(vi) With very high concentrations drag increases in the 

laminar flow region. 

Hoyt and Fabula (10) performed experiments in pipes 

and rotating discs to relate certain properties of polymers, 

in general, to their drag reducing ability. The best drag 

reducers.were found to possess a) higher molecular weight 

b) higher solubility and c) linear molecular structure as 

compared to other drag reducers. The authors gave a table 

listing various drag reducers such as guar gum, polyhall 27, 

polyox WSR-205 etc. and the concentrations which would give 

the same drag reduction for a particular Reynolds number. 

Sherman (22) tried to relate the molecular struc

ture and concentration of polymers to their drag reducing 

ability. He showed experimentally that the extent of drag 
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reduction can be predicted by knowing the molecular chain 

length to diameter ratio and the concentration of the polymer. 

An effective drag reducing factor defined as 

F = Mol. wt. of Polymer 

M 1 t f a Unl·t x maxm. length of the unit 
0 .w • 0 maxm.diameter of the unit 

could be used to assess the relative drag reducing capability. 

Onset of Drag Reduction 

Virk and Merril (28) studied the onset phenomenon. 

The onset point was defined as the condition where the drag 

reduction started and was characterized by the wave number 

defined as 

2.4 

They concluded that for a certain polymer there is one 

particular wave number for all concentrations whence the wave 

number appeared to vary a little with the tube diameter. 

For some cases there was no distinct wave number. In these 

cases the drag reduction started before the fully developed 

turbulent flow was realized. 

2.5 Suggested Explanations of Drag Reduction 

Dodge and Metzner (5) suggested viscoelastic effects 

as an explanation of the failure of CMC data to fit in their 

general equation. Most of the authors afterwards have sup-

ported this explanation. A brief review of other hypotheses 
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is given below. 

The earliest attempt to explain drag reduction was 

by Oldroyd who offered a wall effect hypothesis for Toms' 

data (27). He proposed the existence of an abnormally 

mobile sublayer whose thickness was comparable to molecular 

dimensions and which caused apparent slip at the wall. Toms 

later showed that this failed to explain his data. Comparison 

of velocity profiles in ordinary fluids with velocity pro

files in drag reducing fluids is the most direct method of 

determining the presence of wall effects. If there were 

slip at the wall, the velocity profiles would have to be 

more blunt. 

Velocity profiles have been reported by Ernst (8), Wells 

(30), and others. Hershey compared Shaver's Newtonian 

and non-Newtonian profiles at similar Reynold's numbers and 

found that there was no significant difference. It must, 

however, be remembered that pitot tube, hot wires and tracer 

particle velocity measurement techniques are subject to certain 

limitations if drag reduction and viscoelasticity occur 

together. Under these conditions it may not be possible to 

measure true local velocities in these solutions (3,25). 

Shaver and Merril (21) proposed that drag reduction 

may b.e a result of the non-Newtonian viscosity gradient. 

Since the shear rate is maximum at the tube wall and zero 
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at the tube centre, a turbulent vortex must encounter an 

ever increasing viscosity in a pseudoplastic fluid. However, 

this fails to explain the absence of drag reduction in 

highly shear thinning carbopol or the presence of drag 

reduction in dilute polymer solutions. 

2.6 Viscoelasticity 

Savins (17) explained drag reduction with visco

elastic solutions as follows. 

A viscoelastic fluid can be considered as a combi

nation of an elastic solid and a purely viscous fluid. 

The elastic part conserves energy while the viscous part 

dissipates energy whenever subjected to oscillating stresses. 

Under laminar conditions the elastic energy stored 

in a viscoelastic fluid is independent of time. Therefore, 

as observed, the pressure drop in a tube is not affected 

by the elasticity. With the onset of turbulence there is 

considerable flexing, stretching and shrinking of 'lumps' of 

fluid. In such a flow the elastic energy is stored and 

released continuously. The viscous part, however, dissipates 

energy continuously. Comparatively the pure viscous 

fluid would dissipate all energy in turbulence. With increa

sing turbulence the motion would be more strongly influenced 

by eiastic energy while the viscosity would contribute a 

second order effect. The various experimental results could 
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be physically explained in the light of this view. 

2.7 Suggested Correlations 

Metzner and Park (13) correlated the normal pressure 

difference to the drag co-efficient ratio defined as 

F = 
f - f pv 

where f - drag co-efficient for the polymer solution 

fpv - drag co-efficient for a purely viscous fluid 

which has the same flow behaviour index as the 

above polymer solution 

ft - laminar friction factor 

It was deduced that at constant generalised Reynolds 

number and flow behaviour index the drag co-efficient is 

directly proportional to Pll-P22 (Normal Pressure Difference) 
~ 12 Shear stress 

or to the ratio of elastic to viscous stresses. 

This relationship was derived from a simplified 

constitutive relation and the equation of motion was veri-

fied experimentally •. The one fluid tested was in quite good 

agreement with the theory. The fluid used had high concen-

trations (3000-20,000 wppm) so that elastic properties 

could be measured. 

Elata and Tirosh (7) concluded from their experiments 

that the drag reduction effects nearly coincided with a 

decrease in the universal mixing length constant. This 
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violates the Reynold's principle of similarity. However, 

later Ernst (9) and Meyer (14) disproved this conclusion. 

Ernst in his experiments found that the major effect of 

the CMC solutions is a linear shift of velocity parameter 

in the universal law of the wall relationship. This indi-

cated that the mixing length constant was not affected by 

viscoelastic properties of the solution. 

Meyer (14) gave a correlation between the friction 

factor f and the generalised Reynold number based on the 

experiment of Elata and Tirosh (7), Ernst (8) and Wells (30). 

He defined two new elastic parameters of the viscoelastic 

fluid (u* and a). The co-relation had the form 
cr 

1 

n 
v'2 Du* 

= (4 + ~) log NRel:f- 0.394 - a log v cr 2.5 
12 12 

The mixing length was assumed to be constant. From the 

relation 

u yu* 
= A log -- + B 

u* v 2.6 

a plot between B and u* showed that B remained constant till 

a certain critical value of u* is reached and then starts 

increasing. Thereafter it is represented by the relation 

B = BN + a log 2.7 

It was argued that, as k remains constant, the turbulent 
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portion of the flow is entirely unaffected by viscoelastic 

properties. This indicated that the laminar sublayer became 

less sensitive to disturbances impressed upon it from above 

and thus became thicker. 

Ernst's (9) experiments, later, verified this cor-

relation. His results fitted well to equation 2.7. Experiments 

performed by Elata, Lehrer and Kahanovitz (6) also indicated 

that drag reduction was accompanied by the development of an 

increased laminar sublayer thickness. They concluded that 

frictional drag reduction in turbulent flow of polymer 

dU 
solutions will appear when the time scale (1/dy) of the 

laminar sublayer becomes smaller than the maximum relaxation 

time of the polymer molecules. As in the turbulent region, 

the time scale is much higher than the relaxation time 

of the molecules, that region is not affected at all by the 

polymer solutions. 

Patterson and Zakin (16) gave an approximate theore-

tical derivation for drag reduction based on the assumption 

that energy is conserved in the turbulent core by the visco-

elastic properties of the fluid. They derived the ratio of 

energy dissipated by a purely viscous fluid to that by a 

viscoelastic fluid. The viscoelastic fluid was represented 

by a simple Maxwell model. On the assumption that the relation 

between turbulent energy dissipation and shear stress for · 

purely viscous fluid also holds for viscoelastic fluid, the 
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shear stress ratio was calculated from this energy dissipa-

tion ratio. The experimental results did not show complete 

agreement with the theoretical model. This was attributed 

to the various approximations made in the theory. 

Seyer and Metzner (20) pointed out that the flow of 

polymer solutions depended upon another dimensionless group 

in addition to the Reynolds number. This dimensionless group 

or the Deborah number was defined as the product of relaxation 

time (8) of the fluid and a characteristic frequency of the 

turbulent field S. 

NDeb = se 2.8 

e was measured experimentally. It is not a constant but 

varies with shear rate (19). Hinze (10) gave an estimation 

for S by dimensional analysis 

v 3/4 
S = D (NRe) 

Drag reduction was defined as 

F = 
f . f pv 

and therefore F = ¢(NRe'NDeb) 

for a particular solution. 

2.9 

2.10 

2.11 

In the experiment performed NRe was kept constant and 

the variation of F with NDeb was plotted. A set of eight 

curves were obtained for eight different values of NRe· As e 
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varied with shear rate it had to be found experimentally for 

a certain range of shear rate. 

Recently, in another paper, Seyer and Metzner (19) 

included the relaxation time in their equations in a different 

and more practical way. 

Assuming that the viscous sublayer thickens and the 

mixing length remained constant when polymer solutions were 

used, the logarithmic 1aw was written as 

= A ln --
\) 

+ B(t) - c
3 

Here t was defined as a dimensionless ratio 

t = 

while the friction factor was defined as 

T u* 2 
0 

f = 1 2 = 2 (y-) 
2 pv 

and the average velocity was defined as 

V = 2 Jl uxdx (x = *) 
0 

2.12 

2.13 

2.14 

2.15 

Equation 2.15 was integrated with the aid of equation 2.12 

and the final equation obtained was 

The function B(t), which depends upon t and hence the relaxation 

time of the fluid, was obtained experimentally. A plot be-
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tween B{t) and t showed that there is a single curve for all 

concentrations of a particular fluid. The friction factor 

predicted by equation 2.16 agreed very well with the experi-

mental values. However, to obtain B(t), concentrated solutions 

were used. Also an appropriate value of B(t) had to be 

selected for a particular shear rate. 

Astarita, Greco and Nicodemo (2) carried this work 

further and attempted to avoid the relaxation time of the 

fluid which is difficult to determine experimentally for 

dilute solutions. 

The friction factor was defined as 

s f 2.17 = f-
pv 

It was assumed that s depends only on the Deborah number. 

Thus 

f3 = f3 (ST) 2.18 

where T is the relaxation time and is constant for a par-

ticular solution. According to the above equation S should 

be a unique function of S for a particular solution. Their 

experiment with three different tube diameters showed that 

the results agreed well with equation 2.18. 

Furthermore, it was deduced that 

f3 = 13' (-s-) 
5o.s 

2.19 

where s0 • 5 is the value of S at 50 percent drag reduction. 

According to this relation S and s;s0 • 5 should co-relate 
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with a single smooth curve for different tube diameters 

and different concentrations. This was verified experimentally. 

2.8 Some Studies on Rough Pipes 

There are two important aspects of flow of polymer 

solutions·in rough pipes. 

a) As pointed out by Brandt, McDonald and Boyle (4) many 

surfaces in engineering practice are not hydrodynamically 

smooth. The requirements on smoothness become more 

stringent as Reynold's number increases, and as a result, 

the designer of a large scale system can seldom afford 

to provide a smooth surface. 

b) The concept of a thickened viscous sublayer has been 

accepted by many investigators as an explanation for drag 

reduction by polymer solutions in smooth pipes. Rough 

pipes can be used to verify this statement. There 

should be little or no drag reduction with polymer solutions 

if the size of roughness elements is comparable to the 

thickness of the viscous sublayer. (35) 

White (32) found that guar gum had little significant 

effect on the pressure drop along the rough pipe up to a 

concentration of 480 wppm. The pipe selected had a threaded 

bore of 5/8 inch Whitworth thread form so that the roughness 

height projected well beyond the sublayer thickness. On the 

other hand fresh polyox solutions showed drag reductions for 
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all except the very lowest concentrations. The drag reduc

tion was, however, much reduced when compared to that in a 

smooth pipe. Again, an aged Polyox solution showed no drag 

reduction. It was concluded that only those additives which 

produced measurable elastic effects were successful in re

ducing drag in rough pipes by partially suppressing the core 

turbulence. 

Brandt, McDonald and Boyle (4} used CMC solutions 

in their experiment with pipes roughened with silicon carbide 

particles. They found that CMC was more effective in 

reducing turbulent skin friction on smooth surfaces than on 

rough surfaces. Also CMC had little or no effect on flow 

in the fully rough regime. (The regime where the rough 

particles protruded out of the sublayer}. However, the onset 

of this regime was considerably delayed. 

~pangler (26) used P-295 (a polyacrylamide) in rough 

pipes and found similar effects as above. He also found that 

the onset of roughness was the same for Newtonian and drag 

reducing fluids, if the onset of roughness preceded the onset 

of drag reduction. Also, the drag reduction onset was the 

same in smooth and rough pipes if flowwasnot in the fully 

rough regime. He defined a roughness function for a drag 

reducing fluid which could be used to predict friction 

factors in rough pipes. The roughness function was defined 

to account for the deviation between the law of the wall 
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velocity profiles in smooth and rough pipes. The equations 

2.5 and 2.7 given by Meyer were used for drag reducing 

fluids and the roughness function was determined experimen

tally. The definition of roughness was similar to that of 

Newtonian fluids that accounts for deviation in the law of 

the wall for smooth and rough pipes in Newtonian flow. 

The studies in rough pipes supports the view of a 

thickened viscous sublayer as an explanation for drag reduction 

in smooth pipes with polymer solutions. 

A review on reduction of skin friction drag was 

made by Lumley (12). It was a survey of the various principles 

which have been suggested to reduce the skin friction drag. 

Despite intensive efforts made by many researchers, 

an overall explanation for the drag reduction mechanism 

is still difficult over the completed range of concentration. 

Even if the study is restricted to very dilute polymer 

solutions in which the viscosity is but little affected by 

the additive, the problem is complicated by the fact that 

various additives can behave differently in different systems. 

Certainly, the method of mixing, shear rate, the age of the 

solution can all play a part in the effectiveness of an 

additive. 



CHAPTER 3 

EXPERIMENTAL APPARATUS AND PROCEDURES 

3.1 The apparatus is essentially a simple rheometer, 

the design of which was obtained by private communication 

between Dr. A. Millward, of the Department of Aeronautics 

and Astronautics, University of Southampton, and Dr. J.H.T. 

Wade of McMaster University. 

The experimental apparatus used is shown in 

figures 1 and 2. The solution was passed through the tube 

from a calibrated glass reservoir of capacity 500 c.c. 

The calibration on the reservoir served as a measure of 

volume flow through the tube. The tube was fixed vertically 

below the reservoir. A valve was fitted at the bottom of 

the tube for starting or stopping the flow. Five tubes 

(Table 3.1) of different diameters were used in the experi-

ment. 

Flow rate through the tube was varied by means of 

air pressure on the top of the solution in the reservoir. 

A compressed air cylinder was connected to the top of 

the glass reservoir through an air filter and a pressure 

regulator. The air pressure in the reservoir could be 

maintained to any desired value by the regulator. A pressure 

gauge was used to measure the air pressure. The entire 

19 
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TABLE 3.1 

DESCRIPTION OF TUBES 

Mean Internal Length 
No. Diameter Material of Tube Remarks 

(inches) (inches) 

I 

1. .0264 Stainless Steel 15.0 Hypodermic 
Tubing 

2 . .0410 Stainless s·teel 15.0 Hypodermic 
Tubing 

3. .0628 Stainless Steel 15.0 Hypodermic 
Tubing 

4. .0372 Glass 15.0 Capillary 
Tube 

5. .0799 Glass 15.0 Capillary 
Tube 

apparatus was mounted on a wooden frame. 

The apparatus was designed to cover both laminar 

and turbulent regimes by simply varying the air pressure and 

the size of the tube. Also it is completely portable when 

supplied with an air cylinder. Use of air avoided any degradation 

of polymer solution before it reached the tube. (Comparatively, 

when a pump is used, the polymer solution degrades due to 

shear force exerted by the pump.) 

3.2 Calibration of Apparatus 

The tube diameters were determined by filling the 

experimental tubes with mercury and then weighing the mercury 
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(Appendix V). As the mercury was visible in the glass tub~s, 

it could be made sure that there was no air gap in the 

whole length of the tube. The absence of an air gap in 

the steel tubes was insured by taking repeated measurements 

of the weight of mercury:. The measurements which showed 

a maximum constant weight were finally chosen to calculate 

the diameter. This method of measurement gave a mean 

value of the internal diameter along the whole length 

of the tube. 

The pressure gauge was calibrated using a precision 

dial manometer (Appendix I) . The calibration was found to 

be linear with the maximum percentage gauge error at the 

low pressure end of the scale. 

The calibrated reservoir was checked before star

ting the experiment. 200 c.c. of water as indicated 

in reservoir, was weighed and its volume was calculated. 

This was repeated five times using different volumes. There 

was no significant error in the calibration and hence 

the reservoir did not need any further calibration. 

3.3 Preparation of Polymer Solution 

The polymer was obtained from Stein Hall Ltd. It was 
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a polyacrylamide (MRL-402) in general. The general chemical 

formula for a monomer of polyacrylamide is as follows: 

- CH2 - CH -
I 

NH2 - C = 0. 

MRL-402 is in a fine granular form and is hyqroscopic. 

Therefore care was taken that the sample was not unduly ex-

posed to moisture from the environment. 

The solution was prepared in water in a zinc coated 

can which had a capacity of 140 lbs. A polyethylene bag 

was used to cover the inside of the can. Every time a new 

solution was prepared the bag was replaced. A sample of the 

polymer was baked in a refractory furnace at a temperature 

of ll0°C for two to three hours till the moisture was 

driven out. The moisture content was found to be 4.5 percent. 

The baked polymer, however, was not used to prepare the 

solution (Appendix II) but the percentage error was taken 

into accoupt during the preparation of the aqueous solution. 

A solution of concentration 200 wppm (parts per 

million by weight) was prepared in the container. This was 

done by weighing an appropriate quantity of polymer in a 

crucible and adding it gradually to the water in the can. (The 

polymer should not be added to water all at once because 

then it does not disperse and becomes hard to dissolve). 

The residue left in the crucible was washed with water into 

the bulk of the solution. The mixture was then stirred with 
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a pneumatic stirrer placed on the top of the can. All other 

concentrations (1,2,5,10,20,50 and 100 wppm) were prepared 

by diluting the 200 ppm solution with water. 

3.4 Degradation of Polymer Solutions 

The chains of polymer molecules are known to break 

up in solution under certain conditions. This results in a 

reduction of the molecular weight of the polymer. The 

phenomenon is known as degradation. Degradation causes a 

reduction in their effectiveness as drag reducers. The fol

lowing main parameters cause degradation. 

a) Exposure to sunlight 

b) Shear forces 

c) Temperature 

d) Time • 

MRL-402 (a polyacrylamide) was selected because of its good 

drag reducing ability and greater resistance to degradation 

as compared to other polymers such as polyox. Polyox 

degrades much faster than MRL-402 due to factors (a) , (b) 

and (d). In general the first factor is not very important 

unless the solution is exposed to sunlight over long periods 

of time. 

The only shear force that was exerted on the solutions 

prepared for the experiment was that by the stirrer which 

could not be avoided. To obtain repeatability all solutions 
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prepared were stirred for approximately the same time. 

As an indication of how temperature may degrade the 

polymer solutions, a sample set of solutions was heated to 

various temperatures between 75°F to 100°F and passed through 

the .0628" diameter ·tube. The results are shown as a plot 

between Reynolds number and friction factor for 81, 90 and 

95°F (Fig. 3). It was found that a solution showed no 

significant degradation up to 95°F. All solutions prepared 

for the experiment were kept at room temperature which varied 

between 70 and 82°F. 

Degradatio~ of solutions with time was examined in 

the same way as with temperature. The solutions used were 

stored for 27, 48 and 120 hours before tests were made. It 

was found that the solutions degraded continuously with time. 

The degradation was faster in the beginning and then slowed 

down with time (Fig. 4). It was decided that a period of 

65 to 75 hours preparation time would give satisfactory 

repeatability. 

3.5 Procedure 

The solution was poured in the calibrated reservoir 

and filled up to the 500 c.c mark. The pressure in the 

reservoir was then adjusted with the regulator. The solution 

was passed through the tube by opening the valve at the 
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bottom. Time for a certain volume through the tube was 

measured by a stop watch. Care was taken to maintain the 

temperature constant during one particular run. This was 

done by preparing the solution at room temperature. The 

pressure was varied from·2 to 26 psig in steps to vary the 

Reynolds number of flow. The procedure was repeated 

for different concentrations. The tube was then replaced. 

by another one and the same procedure repeated. The following 

were the variables in the experiment. 

a) Tube diameter 

Internal diameters used were .0264", .0372 11
, .0410", 

.0628" and .0799". 

b) Concentration of solutions. 

1, 2, 5, 10, 20,. 50, 100 and 200 ppm. 

c) Reynolds number range as a function of cylinder pressure 

1000 to 25,000 • 



CHAPTER 4 

RESULTS AND DISCUSSION 

The Reynold's number and friction factor for water 

and polymer solutions both were calculated using the 

following equations: 

R -
VD - 4.1 
\) 

f = 
'[ 

0 

1 v2 -p 2 

2 
= [~p-(l+k) pV ] Dg (Appendix III) 4.2 

2g ;pLV2 

The results are presented as a plot between 

Reynold's number and friction factor (Figs. 5 to 9). The 

curves for pure water for all tubes show good agreement 

with the Blasius curve (15) given by the equation 

ft - ~6 
(laminar) 4.3 

and f 
.0794 = Ro.is (turbulent) 4.4 

A review of the exp~rimental friction factor curves (Figs. 

5-9) shows that the friction factor decreases as the concen-

tration increases. This trend is followed till a certain 

optimum concentration is reached. Further increase of con-

centration results in an increase of friction factor. 
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The curves in the graphs for various concentrations 

do not intersect at one point on the turbulent curve for water 

for any of the tubes used. In other words there is no 

critical shear stress or a characteristic wave number observed 

in the results. Virk (28) showed an existence of a critical 

shear stress for the onset of drag reduction for drag re-

ducing fluids in general. This was true only when the drag 

reduction started in the turbulent region. For small diameter 

tubes the drag reduction starts at lower Reynold's number. 

In this experiment the tube diameters were small enough for 

drag reduction to start in the transition region for which 

Virk (28) co~~ented that there was no onset point observed 

or can be reliably estimated. 

The drag reduction data was analysed with the aid 

of Astarita's paper (2). It was assumed that S, the ratio 

of friction factor of polymer solution to water was a function 

of Deborah number only. The Deborah number was taken as 

s'T 4.5 

Therefore 

~ = S(s'T) 4.6 

·The value of x (Equation 4.5) was take~ as 0.5 by 

Astarita (1). Seyer and Metzner (19) in their derivation 

showed x equal to 0.75. Astarita (2) in another recent 
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paper analysed his drag reduction data with x equal to 0.75 

in equation 4.5. 

Three different values of x were chosen in this work. 

l3 was plot ted against & R2 • 0 (Fig. 10} , & R2 · 2 5 (Fig. 11) 

and ~ R2 · 50 (Fig. 12) for concentrations 20, 50, 100 and 200 
D 

wppm. It would be difficult to choose an exact value of x 

(Equation 4.5) from these figures as the scatter points is 

insensitive to small variations in x. It is expected that 

further increase or decrease in the value of x would slmvly 

increase the scatter of points. 

Equation 4 o 61 which was assumed, is justified as 

the data for different tubes lies on the same curve. The 

four curves for the four concentrations have a maximum 

scatter of s'to 7 percent. Equation 4.5 thus gives the 

diameter correlation. 

If different solutions are to be compared, the value 

of T should be known according to equation 4.6. It has been 

difficult to determine values ofT for dilute solutions. Seyer 

and Metzner (20) defined relaxation time in a different way 

and determined its values experimentally for concentrated 

solutions only (2000-6000 wppm). The relaxation time varied 

with shear rate and·therefore was not consistent for a par-

ticular solution. There has been no success in determining 

the relaxation time for dilute solutions. In the present 

work T has been avoided. 



Let s 0.50 be the value of s at a friction fac t or 

ratio 13 = 0.50. 

Then for different concentrations 

0.50 = 13(s' 0 . 5T) = 13 (K l) 

0.50 = S(s' 0 . 5T) = 13(K2 ) 

0.50 = f3 ( s I ·0 • 5 T) = f3 (K3) 

0.50 = S(s' 0 . 5T) = [3 (K 4) 

29 

From the above equation it can be seen that K=K =K =K =K 1 2 3 4 

o.5o = s<s 0.50T> = s<K> 4.7 

or 

where K = s• 0 .~T is a constant for all concentrations. Then 

f3 = (3'(~·) 
s0.50 

4.8 

The b e h aviour of diffe rent solutions can thus be compared 

with the aid of equation 4.8. 

If equation 4.8 is valid drag reduction data for 

different concentrations should be correlated by a single 

s' This plot is shown in fig. so.so . curve in the form of f3 vs 

13, and figs. 14 and 15. The scatter in figs. 10, 11 and 12 

would be inherent in figs. 13 and 14 and 15 r e spectively 

because the s ame data is represented in the l a tter figures 

e x c e pt for dividing the x - coordinate by a constant (s 0 • 50 >. 
The maximum dispersion in figs. 13, 14 and 15 is about 6-7 

percent from the mean line. 

The correlation (Equation 4.8) has an obvious draw-

b a ck. The dra g r e duction cannot be predicted without knowing 
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the value of s~.so· It is necessary to obtain enough experi

mental pressure drop data to evaluate the value of s~.so· 

Equation 4.7 can be further analysed for a possible 

method of determining relaxation times of dilute solutions 

if relaxation time of concentrated solutions are known. As 

K = s~.ST is a constant, a relationship between s~.S and 

concentration can be used to determine T for various concen-

trations. 1/~ R
2

·
0 

at S = 0.5 or 1/s~.S was plotted against 

concentration on a log log scale (fig. 16). A straight line 

seemed to connect the four points for the concentrations 

20, 50, 100 and 200 wppm. 'The equation to the straight line 

can be written as 

1 B2 
~- = B C 4.9 
so.s 1 

where C is the concentration and B1 and B2 are constants. 

B1 and B2 were found from fig. 16 as 

Bl = 5.8 X l0-11 

B2 = - 0.44 

If equation 4.9 extends over to higher concentrations, 

relaxation times for lower concentrations could be calculated 

if relaxation time for a high concentration is known. 

The above analysis is confined to small diameter tubes 

only. It may or may not be valid for large diameters. 

Attempts to use the correlation (Eq. 4.6) for concentratibns 

lower than 20 wppm. were unsuccessful because of the large 
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scatter and it was considered that much more experimental 

evidence was required in the lower concentration range 

before further correlation can be attempted. 

It is fortunate that optimum polymer concentrations 

for drag reduction generally lie in the range from 20 to 200 wppm 

so that for industrial use the correlation given by equation 

4.6 and 4.8 are in the useful range. 

The data has been presented in a different manner in 

figs. 20 to 28. Reynolds number was plotted against 

friction factor for all diameters and one particular concen

tration. Fig. 21 and fig. 22 show the plots for 1 and 2 

wppm concentration solutions. The points for different 

diameters seem to lie on a straight line for low concentra

tions. However, as the concentration increases the data 

for different diameters disperses as seen in the later figures. 



CHAPTER 5 

DISCUSSION OF ERRORS 

The following assumptions were made in the experi

ment and calculations: 

a) The viscosity and density of all polymer solutions were 

assumed to be the same as that of pure water. 

b) The flow behaviour index for all polymer solutions was 

assumed to be unity (n=l). The generalized Reynold 

number for a po"lymer solution for n not equal to unity 

would be given by equation 2.3. The solutions being 

dilute, the above two assumptions were reasonable. 

c) The average velocity in the tube was assumed constant 

during one particular run. 

The pressure difference across the tube was taken as 

the air pressure plus the average vertical head of water 

above the bottom of the tube. The height of solution in 

the reservoir varied during a particular run. The variation 

was 2 11 for the three smaller tubes, 6 11 for .0628" diameter 

and 8 11 for .0799 11 diameter tubes. Mean pressures were 

therefore used in the calculations. The pressure variation 

gave rise to velocity variation in the tube. The variation 

of velocity for the three small tubes is estimated as 

about 1% and about 3% for the larger diameter tubes at a 

32 
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pressure of 6 psi. At higher pressures the errors reduce 

to much lower values. The pressures used to obtain the 

co-relations were above 6 psi. 

d) The flow was assumed as fully developed at the entrance 

of the tube. 

The flow fully develops only after a certain development 

length. The development length can be estimated from 

different expressions given by various investigators. 

An estimation showed that the development lengths could 

be neglected without significant error in the results 

(Appendix IV) . 'rhere was no need of estimating development 

lengths accurately and hence only one of the many 

expressions was used for estimation. 

5.2 Human Errors 

Human errors were mainly in observing the solution 

level in the reservoir and reading the pressure gauge for 

a particular adjustment. 'rhe percentage error in reading 

the gauge is greater at lower pressures. These errors were 

examined by repeating the experiment with one par~icular 

solution under the same conditions. Fig. (18) shows the 

repeatability of the experiment for the two runs with the 

same solution. The maximum error is of the order of 2% at 

low pressures. 

The concentration of solutions vary with the methbd 
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of preparation, the way the solutions are handled and the 

grade of polymer. The repeatability of concentrations has 

been one of the factors creating difficulty in comparison 

of results of two independent investigators. The concen

trations prepared for this experiment could involve personal 

errors and other errors because all concentrations were not 

prepared from the same solution. The percentage error would 

be greater for low concentrations. Fig. (19) shows the 

variation of friction factor with the same concentration 

(20 wppm) prepared from two different solutions. The higher 

concentrations were finally used in correlating the drag 

reduction data. 

Tube Diameter 

The accuracy in calculating the tube diameter 

depends upon 

a) The accuracy of measurement of weight of mercury 

and length of the tube 

b) Human errors involved in the above measurements. 

The microscope used to measure the length of the tubes could mea-

sure to a minimum of .001 em. However, the observations made 

are e xpected to be accurate to .01 em as the vernier scale 

on the microscope could not be read accurately beyond .01 

em. As the tube length was of the order of 38 em, the 
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percentage error would be of the order of .025. 

The precision balance used to weigh the mercury 

could weigh a minimum of .0005 gms. The weight of mercury 

varied from 1.8 gms, for the smallest tube to 16 gms 

for the largest diameter tube. Repeated weight measurements 

reflected upon the extent of hwnan errors involved in the 

weight (Appendix V) . The values of weight varied from 

approximately 2.0 percent for the smallest tube to 0.4 percent 

for the largest tube. However this variation should not 

be confused with the error in weight. The error in 

weight could be judged as half of the variation in weight. 

As the diamete r is proportional to square root of the weight 

of mercury the maximum error in diameter was expected to be 

less than l percent for the smallest diameter tube and 

even less for the other tubes. 

The friction factor calculated in the results is 

roughly proportional to the fifth power of diameter. It is 

thus important to examine the change in value of the 

friction factor for a small change in the diameter. The 

change in friction factor for 1 p ercent change in 

diameter is shown in Table 5.1. 
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TABLE 5.1 

Effect of Small Error in Tube Diameter on Friction Factor 

s. Gauge Tube Original f f 
No. Pressure diameter value of (For 0.5% (For-0.5% 

(psi) . d(in) f X J03 change in. D) change in D} 

1 25.0 .0264 10 .·11 10.39 9.86 

2 25.0 .0372 9.42 9.68 9.18 

3 25.0 .0410 8.96 9.16 8.72 

4 24.0 .0628 7.36 7.61 7.14 

5 26.0 .0799 6.52 6.76 6.32 

The error in friction factor for one percent error in tube 

diameter is about 4.5 · - 5% for all the diameters used. In 

the experiment this error is expected to vary from one percent 

for the largest diameter tube to 4% for the smallest diameter 

tube. 



CHAPTER 6 

CONCLUSIONS 

1. There was an optimum concentration for which the 

friction factor was a minimum. It varied with the 

tube diameter. 

2. No characteristic wave number values were observed 

for the onset of drag reduction. 

3. The drag reduction data for small diameter tubes was 

correlated for a particular concentration for all the 

tubes used by the correlationS= S(s'T). 

4. The drag reduction data for small diameter tubes was 

correlated for various concentrations and all tube 

diameters used by the correlationS= B' (s'/s&.so>. 

The simple apparatus gives very satisfactory re

results. A large amount of data can be obtained in a 

relatively short time. Another advantage is the portability 

of the apparatus. However, at very low pressures (~ 4 psi 

and lower) the results would not be quite satisfactory because 

of the variation of the vertical height of fluid in the 

reservoir. 
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CHAPTER 7 

RECOMMANDATIONS 

1. A future suitable work would be to make an experimental 

set up for larger tube diameters than used presently. 

The correlations (equations 4.6 and 4.8) could then be 

examined for larger tube diameters. 

2. Other polymers may or may not fit into the correlations 

given by equations 4.6 and 4.8. Further similar work is 

recommended for other drag reducing polymer solutions. 

3. The instrument allows simple shea.r degradation to take 

place in, say, one pass. It would be useful to examine 

shear degradation of the polymer over a number of passes. 

4. Since only one length of tube has been used, it would 

seem logical to repeat the experiment for tubes of dif

ferent lengths to obtain a possible L/D correlation. 
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Fig. 17 Calibration of Pressure Gauge. 
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APPENDIX I 

CALIBRATION OF PRESSURE GAUGE 

The pressure gauge was calibrated with the aid of a precision 

dial manometer (Wallace and Tiernan, Type FA-145). 

The observations recorded are given below. 

OBSERVATIONS 

Pressure Dial Manometer 
s. No. Gauge Reading Reading 

(psi) Inches of psi 
Mercury 

1 2 3.4 1. 67 

2 4 - 7.45 3.75 

3 6 11.55 5.67 

4 8 7.66 

5 10 19.75 9.73 

6 12 24.0 11.79 

7 14 28.1 13.80 

8 16 32.2 15.82 

9 18 36.45 17.91 

10 20 40.55 19.92 

A calibration curve drawn with the aid of the above data 

is shown in Fig. (17). 
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APPENDIX II 

MOISTURE CONTENT IN MRL-402 

A small quantity of polymer was weighed in a crucible 

and heated in a refrac-tory furnace. The temperature of the 

furnace was maintained at approximately ll0°C, The polymer 

was weighed again and again at certain intervals of time till 

a constant reading was obtained. A sample observation is 

recorded below. 

1. Initial Weight of polymer = 4.69 gms 

2. Weight of polymer after heating 

a) 30 minutes = 4.60 gms 

b) 1 hour = 4.55 gms 

c) 90 minutes = 4.53 gms 

d) 2 hours = 4.50 gms 

e) 3 hours = 4.50 gms 

= (4,69 -4 . 50) X 100 4.69 Percentage moisture in the sample 

= 4.51 

It was suspected that the properties of the polymer no longer 

remained the same after heating at high temperatures. Thus a 

fresh sample was used to prepare solutions for the experiment. 



APPENDIX III 

DERIVATION OF EQUATION .4.2 

Equation 4.2 rela tes the friction factor (f) 

to the pre s s ure di f f e r ent (~p) across the tube for a 

flow of an incompress ible fluid in the tube. 

Applyin~ Bernouli's equation at the top level of 

the fluid in the re s ervoir and to the bottom of the tube 

(Fig. III) 

pl v2 p2 v2 kV2 2fV~L 1 +. H = 2 
+ H2 + 2 + (33) -+ 2g - + 2g 2g Dg p 1 p 

where subscript 1 is used fo r top section ~nd 2 for the 

bottom section and 

kV 2 
2 is the head loss at the 2g 

inlet of the tube 

f is the friction factor 
To 

defined as l2 
2pV2 

Dg is the head loss due to 

skin friction 

H2 is zero and v 1 is assume d 

to be negligible. 
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The veloclty in the tube or v2 was calculated from the mass 

flow knowing the size of the tube and the time of flow. 

Let v2 = v 

arid 

Equation III.l can be rewritten as 

or 

. v2 2fV 2L 
lip = (1 + k) ~ + 2g Dg 

2 
f = [lip - (1 + k) ~] Dg 

2g 2pLV 2 III.2 

The value of k or the factor for irilet losses was taken 

· as 0.78 (34) 

lip for the experiment was evaluated from the following 

equation 

where - gauge pressure 

Patm - atmospher ic pressure 

pe correction for gauge pressure 

H1 - height of the fluid above the exit 

end of the tube. 
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APPENDIX IV 

ESTIMATION OF DEVELOPMENT LENGTH 

An expression given in Hinze (10) was used to estimate 

the developmentlengths in the various tubes. The expression 

is 

~ = 0.693 Rl/ 4 

where t is the development length. The following table 

gives the calculated results. 

Reynold's Number= 15,000 
Length of all Tubes = 15 inches 

Tube Tube De velopment 

No. Diameter Length t 
D(inches) (inches) 

1 • 0264 C.20 

2 . 0372 0.28 

3 . 0410 0.31 

4 • 0628 0.47 

5 . 0779 0.59 

The above are the values for maximum development lengths in 

the different tube s. Norma lly, in the experiments, they 

would be shorter than these values. 
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APPENDIX V 

DETERMINATION OF TUBE DIAMETERS 

' The tube diameters were determined by filling 

the whole lengths of tubes with mercury with the aid of 

a hypodermic needle. The mercury was taken out and 

weighed on a precision balance. The length of the tube 

was measured with a microscope. 

where W was the weight of mercury, t the length of the 

tube and p the density of mercury. 

The observations are shown in Table V. 

TABLE V 

Obs. Weight of Length of Tube Dia- Mean Dia-
No. Mercury Tube meter meter 

(gms) (em) (inches) (inches) 

1 1.8225 38.085 .02640 

2 1.8350 38.085 .02649 
.0264 

3 1.8200 38.085 .02639 

4 1. 8145 38.085 .02634 .. .. .. 

1 3.6210 37.983 .03727 

2 3.5995 37.983 .03716 .0372 

3 3.6100 37.983 .03720 
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Obs. Weight of Length of Tube Dia- Mean Dia-
No. Mercury Tube meter meter 

(gms) (em) (inches) (inches) 

1 4.3250 37.365 .04107 

2 4.3100 37.365 .04100 
.0410 

3 4.2950 37.365 .04093 

4 4.3125 37.365 .04100 

1 10.3150 38.080 .06282 

2 10.2855 38.080 .06274 
.0628 

3 10.3305 38.080 .06287 

4 10.3010 38.080 .06278 

1 16.7055 38.070 .07995 

2 16.6810 38.070 .07990 .0799 

3 16.6525 38.070 .07983 
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