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ABSTRACT

Drag reduction caused by dilute, distilled water
soiutions of five polyethylene oxides, molecular weights
from 80,000 to 6,000,000, in turbulent pipe flow was
studied experimentally in 0.292 cm and 3.21 cm ID pipes.
It was found that:

The Onset of drag reductlion occurs at a well-defined wall
shear siress related to the random colling effective
diameter of the polymer by the Onset Hypothesis.

Laminar to turbulent transition is not, in general, delayed.

The extent of drag reduction induced by a homologous series
of polymers in a given pipe is a universal function of
concentration, uniquely related to flow rate and molecular
weight.

The maximum drag reduction possible 1s limlted by a
universal asymptote that 1is independent of polymer and
pipe diameter.

The mean flow structure obtained when drag reductlon is

exhibited follows an "effective slip" model; in this, the
mean velocity profile consists of a "Newtonian plug' con-
vected along at an addltional, Meffective slip" veloclty.

The turbulent flow structure follows the "effective slip"
model towards the pipe wall, put is significantly differ-
ent from Newtonian‘towards the pipe axls; in particular,
the inertial subrange observed in isotropic Newtonlan
turbulence is entirely absent in polymer solution energy
spectra taken on the pipe axis.



In polymer solution,

both the stagnation pressure attained

with Pitot tubes and the heat transfer from cylinders in
cross flow are drastically different from Newtonian; in
general, both are lower. ‘
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CBAPTER I

Summary

1.1 Introduction

It is observed experimentally that, under certain con-
ditions of turbulent pipe flow, dilute polymer solutlions
require a smaller specific energy expenditure than the pure
solvent. Thus, with the polymer solutions, a lower pressure
gradient 1is needed to maintaln the same flow rate, or a
higher flow rate can be attained for the same pressufe
gradient as solvent. This gpecific energy - or drag -
reduction exhibited by dilute polymer solutions in turbulent
pipe flow 1s termed the Toms Phenomenon, after Toms (1), who
was the first to recognize 1t. Compared to the solvent,

Toms typically reported drag reductions of 50% with 0.01 -
wt® solutions of polymethylmethacrylate, molecular weight
2.3 X 106, i{n monochlorobenzene.

The observations of Toms have been confirmed in many
subsequent "gross flow" (pressure gradient vs. flow rate)
studies, (E,§,;z,gg,g§,g2), with several different polymer-
solvent systems in turbulent flow through pipes ranging
from 0.1 to 5.0 cm ID,\ From these, two general aspects
have been recognized. First, that the onset of drag
reduction occurs in a fairly well-defined fashion

(gg,géﬁggjg the Onset Hypothesis developed in the present
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work to relate this to the polymer 1s presented in Section
1.4, following. Second, that, qualitatively;‘the extent
of drag reduction induced increases with increasing flow
rate, increasing polymer molecular weight and, within
1imits, increasing concentration. Also, torque reductions
relative to solvent have been reported in turbulent
couette flow (21,23) and with discs spinning in dilute
polymer solutlons (26,40), indicating that the Toms
Phenomenon occurs generally in any turbulent shear flow.

Four types of explanations, all unconfirmed and
essentially speculative, have been proposed for the Toms
Phenomenon.

(1) nperective" slip (1,2) induced by an abnormally
mobile, oriented, layer of macromolecules near the pipe
wall.

(2) Inherensly delayed 1aminar-to-turbulent
transition (8,20) where, in analogy to dusty gases (11),
the macromolecules in solution are assumed to stabillize
the flow, damping disturbances and thereby restricting
turbulent energy production.

(3) "Anisotroplc viscosity" (21) in which the macro=-
molecules are supposed to elongate in the direction of
flow under shear, thereby impeding the radial ‘transport
of momentum, reducing the turbulent shear stress and thence

the drag.
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() Visco-elasticity; (8,20,29), is by far the most
popular in current literature. Polymer solutions are
known to be visco-elastic, but this explanation vis;a—vis
the Toms Phenomenon, in which case an elastic "interaction"
between the macromolecules and the turbulence is
envisaged, is essentially intuitive.

At present; no consistent, quantitative, set of experi-
mental facts about the Toms Phenomenon can be established,
because the work done to date suffers from:

(1) a lack of adequate polymer characterization;

(2) wunavailability of systematic gross flow data over
a wide enough grid of pipe diameter, flow rate, polymer
molecular weight and concentration,

(3) the total absence of flow structure measurements.

With a view to fulfilling these specific shortcomings,
the object of this thesls was to study the Toms Phenomenon
in pipe flow with respect to:

(1) the gross effect of macromolecular addltive, 1.e.,
the relation of polymer to the drag reductlon induced,

(2) the flow structure, mean and turbulent, prevalil-
ing when the phencmenon was exhibited and how this differed
from that in the solvent.

\

1.2 Apparatus and Procedure

The two experimental pipe flow systems employed are
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shown schematically on Figs. 3.1l.1 and 3.1. 2. The ma jority
of gross flow measurements were made in the one-pass 0.292
cm system in which the wall shear stress (pressure
gradient) could be measured to + 1% of its absolute value
and the flow rate to + 1/2%. critical Reynolds numbers
for both "matural" and artificially "griggered" transition
could also be ascertained. Corroborative gross flow and
all flow structure measurements were made in the recirculat-
ing 3.21 cm system . In this,the wall shear stress was
measured to + 1%, the volumetric flow rate controlled to
+ 1/2% and determined from the positive displacement pump
characteristics. Pitot tubes were used for mean velocity
profiles and a constant temperature anemometer with
cylindrical, quartz coated, hot f£ilm sensors for turbulent
intensity and energy spectrum measurements. The test pipe
was probed at its downstream end with a micrometer traverse
capable of simultaneously holding a Pitot tube and a hot
£11m probe in an "over and under" arrangement; this per-
mitted in situ static calibration of the latter before and
after each set of turbulence measurements, greatly enhanc-
ing their accuracy.

For each polymer, various concentrations were pre-
pared by dilution from a concentrated "master" sclution
which was characterized'before and after each series of

runs.
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1.3 Scope of Investigation

Five homologous polyethylene oxides, which are
linear, random coiling polymers, were used with distllled
water for solvent. All experiments were performed at
25.0 + O.5°C. In all cases polymer solution density were
1dentical with that of the solvent, and the maximum
relative viscosity reached was around two. Table 5.1.1
i1g a summary of the range of variables and the types of

measurements made.
1.4 Results and Discussions

1.4.1 Gross Flow

In both systems, flow rate vs. wall shear stress
results with solvent agreed well with established Newtonian
friction factor relations, Poiseuille's in laminar and
Prandtl's in turbulent flow, and were highly reproducible -
the 99% confidence belt on the wall shear stress was every-
where within + 1% of the absolute value. In the 0.292 cm
system the critical Reynolds number was 3150 + 230 for
"natural® and 2025 + 70 for "triggered" transition.

Figures 5.3.8, 5.3.9 and 5.3.14 show typical polymer
solution gross flow diagrams. Four distinct reglmes are
observed:

(1) the laminar regime,
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(1) ‘the transition region,
(i11) turbulent flow, without drag reduction;
(iv) turbulent flow, with drag reduction.

A striking feature is the sharp division between regions
(111) and (iv). For a given polymer-solvent combination,
the wall shear stress, T;, at this point, which marks the
onset of drag reduction, 1s constant over large ranges or
concentration; further, 1t appears independent of pipe
diameter. T; decreases with increasing polymer molecular
weight. Region (iv) is characteristic of the Toms
Phenomenon; throughout it, polymer solution flow lines lie
to the left of the solvent line; indicative of lower
specific power consumption. At constant concentration,
the flow lines diverge from the solvent line so that drag
reduction increases with flow rate. For a glven polymér
this divergence increases progressively with increasing
concentration until rather high concentrations where it
asymptotes to a constant. Correspondingly, the fractional
drag reduction,RF%= (1 - (Twp/Tws))Q , increases initially
with increasing concentration, but tends to a constant,
maximum value; RF,max’ at high concentrations. Two
asymptotes 1imit the maximum drag reduction that can be
attained. One is the aigh concentration asymptote noted
above; its slope, Np, ié a function of polymer and

approaches unity with increasing molecular weight. The
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other is a polymer independent asymptote beyond which the
wall shear stress could never be reduced; ité‘slope, Nm,
is about 3/2 in both pipes. This latter can be observed
cor 2000 and 3000 ppm N750, Fig. 5.3.8, and 500 ppm W301,
Fig. 5.3.14; in both cases there is a marked change in
slope from Np to Nm as the flow lines switch asymptotes.
The maximum values of R achieved were about 0.65 in the

iy
0.292 cm and 0.80 in the 3,21 cm systems.

1.4.11 The Laminar Regime

All polymer solutions tested were Newtonlan, i.e.,
obeyed Poiseuille's law, in laminar flow. Also, for each
polymer the relative viscositles for various concentra-
tions yielded a "high shear" ( ~ 103 sec'l) intrinsic
viscosity which was the same as that obtained, independently,

in che low shear ( * 10° sec™t) GDM viscometer.
1.4,12 The Onset of Drag Reduction

The observed onset behaviour suggests that a necessary
condition exists, explicilitly connecting the macromolecule
causing the Toms Phenomenon to the turbulent shear flow in
questilon, which must be satisfied for drag reduction to
occur. Thus onset should be ascertained by parameters
characteristic of:

(1) the macromolecule causing drag reduction,
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(2) the turbulence pertaining in the flow.

From two standpoints (42,49), the thermodynamic
"excluded volume" and the hydrodynamic "equivalent
Einsteinian sphere", the effective diameter, Dy, of a random
coiling macromolecule in dilute solution 1s about twice its
rms radius of gyration, RG’ independent of concentration.

So
Dy = 2Rg (1.4.1)

Polymer solutions are considered dllute as long as the con-
formation of an individual macromolecule is unaffected by
its neighbours; this corresponds, roughly, to the volume
fraction of macromolecules based on DM being less than
that for random spherical packing.

Drag reduction is an "energetic" phenomenon, and
Laufer (43) showed that the energy action in a turbulent
pipe flow occurs very close to the pipe wall - all energy
rates reach sharp maxima at y+:¥ 10. 'Therefore, the
parameter chosen to characterize the turbulence was a
"gissipation wave number", Kg» dimensions (length)” L,

This, derived from 2 turbulent energy spectrum close to
the wall, was defined as the wave number where the dis-
sipation, kEE(k), is a maximum; thus kd is a measure of
the "fine" scale of turbulence at which the dissipation of

turbulent energy occurs. By invoking existing turbulence
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theory (44,45) and experiments (43), 1% can be shown that

kg = KuT/v | (1.4.2)

where K is a constant, order 10“1, that depends only on

s*; at y© & 10, the best estimate is K & 0.2.

2

?

1.%.121 The Onset of Drag Reduction Hypothesils

The onset of drag reduction in the turbulent flow of
dilute polymer solutions occurs at a constant value of the
product DMkz which is a ratio of the dimensions of the
macromolecule and the fine scale of the turbulent shear

flow. Mathematically,

i
Q

DMKZ (1.4.3)

where C is a universal, dimensionless, constant, and the

asterisk, *, indicates a value taken at onset. Using

(1.4.2),
DM(ui/v )y = ¢t ;cC = C/K (1.4.4)

fromywhich, for a glven polymer homologous series and

solvent,
('1';)1/2 = C"/Ry; C" = C" 0Y/2/2

(1.4.5)
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The onset hypothesis has the following consequences
which provide means of testing its validity:'

(1) From (1.%.1), for a given macrcmo}ecule-solvent,
(z* J1/2  should be independent of concentration for dilute
solutions.

(2) From (1.4.2), for a given macromolecule-solvent,
(T:)l/z should be independent of pipe diameter.

(3) In any pipe, from (1.4.4), (u:/v ) should vary as
(l/DM), or, from (1.4.5), for a glven homologous series

and solvent, (T;)1/2

should vary inversely as RG'

(4) The onset constant, €. (and " C'),should be uni-
versally constant, regardless of pipe, solvent and macro-
molecule.

The validity of consequence (1) has already been
noted; error analysis of the present results shows that,
typically, (T;;)l/ 2 4o constant within + 10 to 20% over 100
fold ranges of concentration. Figure 6.6.3 (T:)l/2 vs.
(l/RG), indicates that both consequences (2) and (3) hold;
results from both pipes, differing 11 fold in diameter,
straddle the same straight linve over an 8 fold range of

R. and, within experimental errocr, the line passes through

G
the origin as predicted by (1.4.5). Verification of con-
sequence (U4) requires Sonsiderably mcre data than currently
available in the literature. Adequate existing onset data

is summarized in Table 6.6.1 from which C! = (DMu:/9 ) is
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0.015 i_O,OOS° Considering the diverse polymers, solvents
and pipes, the constancy 1is mildly remarkable. Note that
(1.4.4) is the "engineering" form of the Onset Hypothesils,
and this value of C' is all that is required, empirically,
to predict the onset wall shear stress for any characterized
polymer-solvent pair. Values of ¢' and K give an onseb
constant, C, of 0.003 + 0.001 which would suggest that the
macromolecule is about (1/300) the size of the dissipative
"eddies" at onset. No good physical interpretation can be
given for this low value, but 1t is intuitively disturbing
and indicates that the physical motivation cf the Onset
Hypothesis is still open to question despite its empirical,
experimental, validity.

Note, finally, that the Onset Hypothesls is based on
"length" scales. On entirely analogous grounds, one may
postulate a "t4me" based hypothesls, substituting macro-
molecular relaxation time, Ty for DM and a dissipation
frequency, ®gs for kd. However, application to existing
data shows that the time based hypothesis fails, yielding
"time" onset products (Tmpz) that vary 100 fold over the
ranges that the "length" product (Dykj) is constant
within + 30%.
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1.4.13 Transition

© With and without the trigger, the majority of solutions
tested did not delay transition. Only those polymer
solutions delayed transition for which the wall shear
stress, Tw,T’ corresponding to the normal transition
Reynolds number, exceeded that, T;, for the onset of drag
reduction. In such cases region (111), turbulent flow
without drag reduction, was absent. Thils transitlon
criterion - a delay when T, n > T* - 1is 1llustrated in
Fig. 6.6.5. It is broadly in accord with the Onset
Hypothesis since T; marks the beginning of polymer-
turbulence interaction in a manner that decreases the dis-

sipation.
1.4.14% The Extent of Drag Reductlonh

1.4.141 Polymer Dependent Factors

The fractional drag reduction is defined by

Ry = (1-(Tp/Tys))q (1.4.6)
the specific drag reduction is
R = FF/c (1.4.7)

which, at infinite dilution, ylelds the intrinsic drag

reduction,
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& = mm o(R) (1.4.8)

In region (iv), for a given polymer and flow rate, the
specific drag reduction decreases monotonically with
increasing concentration. These R - ¢ curves have a

characteristic shape bounded by two asymptotesﬁ

R = [R] , ¢ —>0
(1.4.9)

R = RF,max/c , ¢ —>

The intersectlon of these defines a characteristic

intrinsic concentration,

6] = Rp e/ (1.4.10)

Normalization of the coordinates of the R - ¢ curves
obtained in the 0.292 cm pipe by their respective
parameters ﬁﬂ and Eﬂ results, irrespective of polymer
and flow rate, in their superposition on to a single
universal drag reduction curve, Pig. 6.6.6. On it,

a = Bﬂ and B = [ﬁ] respectively, and the universal

coordinates are

y = </l

4.
5 - &[] (1.4.11)
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&ﬂ and Bﬂ are themselves uniquely relateq, and each
can be decomposed into flow rate and polymer'dependent
terms. Invcking the approximate logarithmic linearity of
the flow lines and noting that the onset point (Qf,T;) is
comnon to both the solvent and polymer, 1%t can be shown

that

R = yin(e/Q"); W= - (amp/de)y _, o (1:4.12)

where V' depends only on the polymer, and 1n(Q/Q%)

expresses the "gistance” beyond onset. Also,
6] - (- (an™®7)y/[E (1.4.13)

The two polymeric extent-of -drag-reduction parameters in
(L.4.12 and 13) are Y , characteristic of low, and Np,
characteristic of high concentrations, respectively.
Experimental values of both correlate well with polymer
intrinsic viscosity,{ﬂ] , as shown on Figs. 6.6.9 (a)

and (b), though no physical significance can be attributed
to either of the relations. The correlation camnnot, at
present, be extended to include the effect of pipe diameter,
D; but it 1is suspected that the numerical constants in the
tﬂ vs. Y and Np relations are functions of D. In
general, at flow rates corresponding to equal solvent wall

shear stress, it was found that the fractional drag reduction
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induced by a given concentration of polymer depreased with
increasing pipe diameter. ‘

For region {iv), the foregoing permits the entire
drag reducing behaviour of a homologous geries and solvent
1in a given pipe to be synthesized from a universal B vs. ¥
curve, such as Fig. 6.6.6, {ﬁ] VS, %’ and Np relations,
such as on Fig. 6.6.9, and a knowledge of the onset point,
available from Section 1.4,121. No adequate literature

data exist to test the correlations developed.
1.4,142 Polymer Independent Limitations

The maximum drag reduction asymptote, slope Nm =~ 3/2,
noted in both pipes 1s shown plotted in the Prandtl form
on Fig. 6.6.10; its universality, independent of pipe,
polymer and concentrasion, 1s evident. Figure 6.6.10 sets
the 1imits within which the Toms Phenomenon is exhlbited -
the solvent line prior to onset and the asymptote which
supercedes all flow lines eventually - both of which are
independent of polymer and universal in Newtonian coordi-
nates, £ and NRe' Between these limits the flow lines
depend on £, Np, and the polymer. The equivalent "power
1aw" form of the asymptote 1s

' - 0.55

f = O.42N (1.4.14)
Re

which, on comparison with laminar and turbulent friction

factors
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£ = 16 Nﬁi , laminar (Poiseuille)
- 1 - '
£ = 0.08 NReE-’ turbulent (Blasius)

establishes that the ultimate condition of drag reduction
in the Toms Phenomenon is definitely not laminar flow.

The maximum drag reduction asymptote has not hitherto
been reported, and positive 1iterature confirmation is lack-
ing, though both Toms (1) and Metzner and Park (20) appear

to have attalned it.
1.4.143 Degradation

Drag reduction by dilute polymer solutions is invaril-
ably acccmpanied by a decrease in polymer molecular weight -
termed degradation. In the 0.292 cm pilpe without the
trigger - from which most gross flow data were derived -
polymer degradation was found, by intrinsic viscosity
méasurements, to be negligible. In the 3.21 cm system
degradation was slight before onset, (Q/Q¥) < 1, and very
severe for (Q/@¥) > 10; thus onset data Qere essentially
unaffected, butAextent of drag reductlon data vere not
entirely suitable for correlation. Degradation does not
affect asymptote data as long as the concentration of
undegraded polymer remains high enough for the asymptote
to be followed; further, departure from this condltion 1s
readily discerned - see the } highest flow rate polnts for
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500 ppm W30l on Fig. 5,3.14%.
1.4.15 The Newtonian Solvent

_ Onset and extent of drag reduction relations were
developed with respect to the pure solvent. So long as the
polymer solutions remain dilute, 1t 1s found that the vis-
cosity bulldup with increasing concentration can be
accounted for by referring all relations to the "Newtonian"
rather than the pure solvent. The Newtonian solvent 1is
defined as having the same viscosity as the polymer solution
in question, but obeying Newtonian flow relations. Its

relative viscosity is, from the Flory-Huggins expansion,

o = 1+ c[vl] + k'(c‘_"]] )2 . .
(1.%.15)

1.4.2 Flow Structure

1.4.,21 Mean Flow

Mean velocity profiles were measured in polymer
solution at two flow rates: the "low" flow rate was at
onset, (@/Q*) =1, Rp x> O, while the "high" flow rate was
well into region {(iv), (Q/Q*\ =5, Rp® 0.35. The results,
compared with identical”measurements in solvent,are shown
in Figs. 5.%.7 and 5.4.8. Flow rates obtained by integra-
tion of the velocity profiles, Qi’ are compared with those
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from the independent pump calibration, Q (with both solvent
and polymer solution, the pump calibration waé the same),

4n Table 1l.4%.1. A% both flow rates, Q4 and Q check com-
parably in polymer solution and solvent. A larger Pitot
tube was experimentally necessary at the "high" flow rate
for reasons given in Section 1.4.4; with 1% the results

were less precise; 1 to 2% lower, than wilth the 0.025 cm
Pitot but, more importantly, the error was the same in
polymer solution and solvent so comparisons are not
impaired.

At the low flow rate the solvent veloclty defect and
wall laws are obeyed quite precisely in polymer solution.
At the high flow rate the solvent defect law 1s obeyed
closely, but the law of the wall is not - polymer
solution results are "parallel-shifted“ upwards such that
the slope (i.e.; the mixing length constant) 1is essentially
unchanged. Obedlence of the defect law is surprising since
u, in polymer solution is about 20% lower, which indicates
that values of (U - UCL) must everywhere be 20% lower than
4n solvent, and therefore that a distinetly “"blunter" pro-
file prevalls when drag reduction 1s exhibited. Further,
this shows that u, 1s a velocity scale in polymer solution
also which, ccmbined with the constancy of the mixing
length constant, indicates that the profile is Newtonian

when considered relative to UCL - crudely speaking, when
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1ooked at from the top. Thils motivates the "effectilve

slip" model.
1.4.211 The "Effective Slip" Model

At any point (Q’Tw) in fully developed turbulent flow,
the mean velocity profile; U(j%), in dilute polymer solution
coneists of two additive portions or "plugs":

(1) The profile, V(ﬁ'), that would exist in the
Newtonlan solvent at the prevalling wall shear stress,

Ty = pui.

(2) The constant "effective slip" velocity, Vg
required to make up the difference between the actual
average velocity, U,. (or flow rate, Q), and that,'VAQ
(or flow rate, QN)’ obtained from integration of the
Newtonian plug.

Thus at any radial position,‘f s

U(j) = v(f‘) + Vg (1.%.16)
where
Vg = Upy - Vay (1.%4.17)

and average velocitles are defined in the usual way,
1 \
U = va(1 - % )2 = so/nD° (1.%.18)
Av j o L]
0
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In the present case, U(%), and u,_ are known, 80O
if the model holds, V( j,) should obey all Newtonian (1.e..
solvent) laws. By definition, (1. 4 16), V(?) will
identically obey the same defect law as U(ﬁ) which has
already been noted to be Newtonian. Obedlence of the wall
1aw is tested as follows. if V(j,) is Newtonian, then V,/
is avallable from u_ via the Prandtl frictlon factor
relation. From V, ., {1.4.17) and (1.4.16), the V(j,) pro-
file is obtained, point by point, from the U(j) profile,
and vT (= V/u,t) VS, y+ (= jDuT/29) should be the same as
for solvent. At the 1ow flow rate, in general before on-
set, Vg = 0 80 V(j}») = U(*y ), and a purely Newtonian pro-
file is predicted - as observed. v+ vs. y at the high
flow rate is shown on Fig. 6.8.2 (compare Fig. 5.4.8) -
the polymer solution points come within 1% of the solvent,
indicating good agreement with the model.

Physically, an actual slip at the wall is, by dint of
precedence, highly unlikely. The "effective slip" is best
considered the net result of processes occurring extremely
close to the pipe wall, an interpretation made in direct
analogy to Clauser's "two layer" concept for turbulent
poundary layers (57). BY this, the mean flow consists of
an "inner" region, say ‘0 £ }( 0.15, which is directly
governed by the wall processes and an "outer" region, say

0.05 < f7< 1.00, which is controlled only by conditions
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at its boundaries and is, therefore, only “1oqgely" coupled
to the wall processes in as much as they determine its
inner boundary condition. In a fully developed pipe flow,
the shear stress profile is linear in radlus, 8O the shear
stress "seen" by the ouber region at its lnner edge is very
close to the wall shear stress; Tw’ hence, in 1%¢, U is
the velocity scale. Obedience of the "effective slip"
model indicates, therefore, that the outer region remains
Newtonian even in flows exhibiting drag reduction. The
outer region typically extends down to y+cz 50 so, by
inference, the central differences between drag reducing
Toms Phenomenon flows and honest-to-goodness Newtbonlan
flows must lie in a region 0 < yﬁﬂ( 50, extremely close to
the pipe wall. This is also the region one would expect,
intuitively, to be altered when drag reduction oceurs
since it is where most of the energy action in a pipe
occurs (43).

Observe finally that the outer region comprises the
entire flow save for a thin wall region; thus the "effectlive
glip" model 1s very satisfactory for practical mean velocity

profile prediction.
1.4.22 Turbulence Structure

Turbulence measurements in polymer solution were made

only at the "high" flow rate; their absolute accuracy is



37

poorer than in solvent, because the Newtonian heat trans-
fer laws that the anemometer was designed for do not hold

in polymer solutio - see Section l.h4.4%.
1.4.221 Intensity Profiles

In solvent, the rms axial turbulent velocity, u, could
pe measured to + 10% and intensity profiles, (u/ur) vs. f s
agreed within that with the results of Laufer (43). In
polymer solution, Fig. 6.8.3, intensities (absolute value
good to + 20%) are essentially the same as solvent for
f} { 0.4, but are higher for O.4 <j < 1.0, a maximum differ-
ence of +40% on the pipe axis; also, there is a "plateau"
for 0.4 < 7< 0.7

From the integrated momentum equation in a Newtonian

flow,

p(1 —j,)'l‘w = pu'v! + (QQ/D)(dU/dj’) (1.4.19)

so the local shear stress (IHS) is composed of turbulent,
pw, and direct viscous components. From the mean flow,
for y' > 50, the viscous term, (2 V,/D)(dU/dj«), 1s that
which would prevall in the Newtonian solvent at the same
T3 therefore, pﬁTR}T must also be. Thus both (u/u,r)

and pu'v' in polymer solution follow Newtonian rules for

vt 50, 4 < 0.4, In the central core, 0.4 < jf< 1.0, which

ig relatively isotropic, one would expect v*! to behave as
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u'! so that, since pu‘v' is still the same but u' conslder-
ably higher, the correlation coefficient between u! and v¢
in polymer solution must be reduced relative to the
Newtonlan plug - 1.€.s u' and v'! are more "out of phase".
The physical significance of the intensity plateau observed
from 0.4 <‘f < 0.7 is uncertain.

1.4.222 Energy Spectra

Axial, one-dimensional turbulent energy spectra'in
solvent and polymer solution are shown on Figs. 5.5.7 and
5.5.8, Considefable confidence can be placed in spectra
shapes - the distortlon is about + 5% - but the absolute
value of the ordinate 1s + 25% in solvent and + 50% in
polymer (this latter must be compared, however, with the
8 deddde range spanned). Spectrum parameters are listed
in Table 1.4.2; Np is the macroscale, characteristic of
the large "energy containing" eddies; 6j'~(= 151‘£k§E1(k1)dk1)
is the dissipation rate assuming isotropy, and kd is the
dissipation wave number defined in connection with the
Onset Hypothesis.

On the pipe axis, §, = 1.00, there 1s a distinct
difference in spectra shapes; in particular, the “inertial
subrange" with slope -5/3 that occurs for 2 < kl<< 20 cm'l
in solvent Is entirely absent in polymer solution in which,

instead, there 1is an abrupt change in slope from -2/3 to
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4 at ky = 6 em-}. TIdeally, the inertial subrange is

observed when the regions of turbulent energy'broduction
(predominantly 1ow wave numbers) and dissipation (pre-
dominantly high wave numbers) are far enough geparated, =0
1ts absence 1s indicative 'of smaller separation or stronger
"coupling" between these regions. From the experimental
equality of the macroscales; ﬁ\f, the lower, energetic,
wave numbers are the same in polymer solution so the
stronger coupling must result in the dissipative wave
numbers moving towards them = 1.€., towards the Qrigin -
which, since dissipation varies as k?_, must result in
1ower dissipation. Roth these consequences are observed:
crom Table 1.4.2, kg decreases from 16 to 6 ecm~* and the
dissipation in polymer solution is %0% lower despite the
turbulent kinetic energy, u2, being 40% higher than solvent.

Near the pipe wall, % = 0.033, there 1s essentially
no difference in the spectra; the shapes are rémarkably
similar, the ordinates only slightly different, and the
dissipation about 10% less in polymer solution. Thils
radial location corresponds to yﬁix 100 which is still in
the "outer region", relatively remote from the energy acticon
(y+ ~ 10).

Both intensity profiles and spectra present the same
picture. Near the wall (but still in the outer region),
yﬁ'> 50,;? < 0.4, the intensity, (u/uT), turbulent shear
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stress, 95737, and axial spectra indicate a Newtonian
turbulence gstructure in polymer solution, stréngly reinforc-
ing the notlon of a Newtonian plug convected along intact
at an additional, neffective slip," velocity. Towards the
pipe axis, O.4 <‘j'< 1,0, the turbulence structure is
distinctly different from Newtonian. Note, however, that
the Newtonian scaling fails only at the highest echelon
of detail - turbulence structure - and then only in the
central core,which region is the most independent of
(strictly, the Jeast dominated by) the energy processes
occurring near the wall. Thus it is entirely possible
that the turbulence structure in the central core is due
to causes not directly related to those causing the Toms
Phenomenon; though both must, eventually, be traced to the
addition of macromolecules.

Flow structure measurements, nean and turbulent, have
not hitherto been reported in the literature, so no cam-

parisons can be made.
1.4.3 The Over-all Picture

1.%4.31 Evaluation of Earlier Explanations

The four types of explanations cited in Section 1.1
‘

were:
(1) "effective slip"
(2) inherently delayed transition
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(3) anisotropic viscosity
(4) visco-elasticity .

of these, (2) is definitely not valid since transition
is delayed only in certain specific cases dictated by the
Oonset Hypothesis. (1) is well obeyed, which shows that
the significant differences between Toms Phenomenon and
plain Newtonian flows lie in the ilmmediate vicinity of the
wall, 0 < y*li 50, but "effective glip" remains an "engineer-
ing"notion, and its causes are likely encompassed within the
pemaining two explanations, (3) and (4). Because experi-
mental measurements were not made in the immediate wall
region, 0 < y+V( 50, no conclusive distinction can be mede
between the anisotropic viscosity and viso-elasticity
explanations, but some peripheral evidence is avallable.

(a) On the pipe axis, roughly isotropic conditions pre-
yail so a mechanism llke (3) cannot be operative. Thus in
the central core of the pipe, the observed differences in
‘turbulence structure - notably the energy spectrum - are
almost certainly due to a visco-elastilc "ynteraction”.

(b) Macromolecular elongation in (3) depends only on
the mean shear rate; in the 1imit this should result in
effectively laminar flow as all radial turbulent momentum
transport is blocked by\the extended macromolecules. But
a visco-elastic mechanism would imply excitation of the

macromolecules by the turbulence which, in the 1imit, would
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result in a standoff at some turbulent condition where the
turbulence was reduced to the extent that 1t failed to
excite the macromolecules. The observed 1imiting case -
the maximum drag reduction asymptote - is definitely not
a laminar flow.

(¢) If radial momentum transport were indeed impeded
ae in (3), one would expect the mixing length constant 1n

the law of the wall to be altered which is not so.
(a) to (¢) all tend to favour the visco-elastic viewpoint.
1.4.32 Prediction of the Toms Phenomenon

The present findings are gummarized in the form of a
generalized Toms Phenomenon flow diagram, Fig. 6.10.1.

1. The three limlting lines are:

AB Poiseuille's law
-1
£ = 16 Npg (1.4.20)
DG Prandtl's universal turbulent friction
factor law
1 1
-5 1
£ = 4.0 LoglO(NRefg) - o0.b  (1.4.21
EH The maximum drag reduction asymptote
1
- = 1

2 fec
£ = 23 Loglo(NRefe) -3 (1.h.22)
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The most general flow path 1s ATFOMH with

segments: g

AT laminar f£low (1.4.20)

TF transition region with T, the transition

\ t N. t.

point, at he same Npg p as solven

FO fully developed turbulent flow, without
drag reduction, (1.%.21).

0 onset point (Q,*,'l‘:) at which T, 1s
related to the polymer by the Onset
Hypothesls

* -
(/v ) = ©.015 (1.%.23)
oM turbulent flow, with drag reduction,
controlled by polymer parameters -
concentration, molecular welght, specles -
as described in Section 14,14,
MH

turbulent flow along maximum drag
reduction asymptote, (1.4.22),
independen?t of polymer

Special Cases

(a)

()

e —» 0, ATFG (the solvent line) 1s
followed.

¢ —»> m, ATFOKH 1s followed, the polymer
solution flow line OM tending to asymptote
0K, the slope of which, Np, depends on



4y

polymer, (Note: ¢ —>0 implies con-
centrated solutions)

() T < Ty,p > tpansition is delayed to T'
and segment TF is apbsent, drag reduction
peing attained as soon as turbulent flow
15 established. The path 1s AT F'MH,

(a) TW(M) < Tw(c), if the point M 1s pre-
dicted to lie to the left of point C,
1.e., in a "virtual® region, then
gpransition will be delayed to C and the
maximum drag reduction asymptote followed
immediately thereafter - path ACH.

Mean Velocity Profiles. At any point P(Q,Tw) in

fully developed turbulent flow, the corresponding

Newtonian "plug" refers o point N(QN,TW) on the

Newtonian solvent line. The "effective slip"

velocity is

Vg = Uy - Vay - M@/ (1.4.24)

Equally, V,, 18 available from T, and (1.4.21).
The Newtonian "plug" profile, V(j%), at N is
obtained from standard u+ vs. y+ relations (see,

e.g., (44)). THe required velocity profile 1is

U(j) given by

u(4) = v(j,) + Vg gyt >50  (1.4.25)
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1.4.4 Anomalous pitot Tube and Hot Film Measurements

Two previously unreported phenomena were observed 1in

the course of flow structure measurements.

1.4.41 Pitot Tube

In polymer solutions the Pitot tube ceases to be the
nghsolute" instrument it is in Newtonian fluid flow. The
stagnation pressure attained - hence the apparent velocity,
U, indicated - is a furction of:

(a) absolute velocity, Uy
(b) Pitot tube diameter, d
(¢) polymer molecular weight

(d) polymer concentration .

The 13iscrepancy’ between apparent and true velocities
jncreases with increasing (a), (c) and (d) and with decreas-
ing (b). The effects of velocity and Pitot tuvbe diameter
are shown on Fig. 5,4.5 on which apparent velocities in
polymer solution are referred to jdentical solvent measure=
ments. This is why the 0.025 c¢m tube was adequate at the
"1ow", but a 0.168 cm Pitot had %o be employed at the "high"
flow rate, Section 1.4.21. If the Pitot face is modelled
as a small disc normal to the flow, the discrepancy can
qualitatively be explained by an energy argument whereby

the macromolecules elongate according to the shear rate;
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(2U /d), at the stagnation point, thereby abstracting energy
from the mean flow and detracting from the stagnation

pressure attained.
1.4.42 Hot Film

The heat transfer from cylinders in cross filow in
polymer solutions 1s a function of:
(a) absolute velocity, Uy
(b) ambient strain rate, (dUl/dr)
(¢c) polymer molecular weight
{d) polymer concentration

(e) cylinder diameter, 4 -

The (polymer solution/solvent) heat transfer coefficient
ratio; (h /h ), at essentially zero strain rate 1s shown vs.
U, in Fig. 6.7.2. In terms of the cylinder Reynolds number,
NRe,d’ three regions exist:
(1) NRe,d< ko (U, < 100 cm/s=c) the ratio 1s
essentially unity.
(2) ¥0< N e,d < 300, the ratio decreases sharply to
= minimum of about O. 3 before increasing back to
about unity. Since h, o€ Ui/ 2 4n the initial
stage of this region, hp is relatively insensitive
to mean velocity, U1

(3) Np d.> 300, the ratio drops abruptly to about 1/3

and becomes fairly insensitive to velocity.
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Regions (2) and (3) overlap for 250 Nhe,d.< 350 where
the heat transfer 1s unstable, and hp mey fluétuate by
threefold.

The heat transfer improves with polymer degradation -
i.e., decreasing molecular weight - and with increasing
ambient strain rate.

Experimental turbulence results in polymer solution -
which are always obtained via a mean velocity calibration -
were independent of the heat transfer regime the sensor
was operating in. But, since Newtonian laws were not obeyed,
the calibrations were appreciably curved, which resulted in

poorer absolute accuracy than in solvent.
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Table 1.4.1

Comparison of Flow Rates

Flow Pitot Solvent Polymer
Rate tube; Selution
cm Qi Q Qi Q
"Low" 0.025 +.158 1.151 1.137 1,128
"High" 0.168 5.45 5.71 5.55 5.71

A1l flow rates in litres/sec.

Qi - Tlow rate from integration of mean velocity
profile
Q - Flow rate from pump calibration
Table 1.4.2
Spectrum Paremeters
Spectrum ; u, Y /\f 51 Ky
cm/sec cmz/sec cm cmz/sec3 —
Solvent 1.00 28.4 0.0089% | 0.73 8100 16
Polymer 1.00 26.5 0.0127 0.77 4800 6
Yy
Solvent 0.033 28.4 0.00894 | 1.15 26000 16
Polymer 0.033 26.5 0.0127 1.50 23000 21
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Chapter IX

INTRODUCTION

5.1 The Toms Phenomenon

The Toms Phenomenon concerns the reduction of gpeciflc
power consumption obtained by the addition of minute amounts
of macromolecular solute to a micromolecular golvent in
turbulent flow. For a pure, Newtonian, solvent in a
turbulent shear flow, for example 1in a pipe, & certain
energy expenditure, reflected by the pressure gradient, is
required to maintain a given flow rate. It 1s observed
experimentally that very small amounts, of the order of
parts per million;of gsoluble high polymer zdded to the
solvent result in drastic reductions of the speciflc energy
expenditure; thus a lower pressure gradient 1s required to
maintain the same flow rate, or a higher flow rate can be
attained for the same pressure gradient as the solvent.

This effect 1s pbest illustrated by a hydraullc flow
diagram, a plot of flow rate, @, versus wall shear stress,
Tw; the latter 1s directly proportional to the pressure
gradient in a pipe flow. Figure 2,1,1 is such a plot of
the data of Toms (1) for solutions of poly-methylmethacrylate
in monochlorobenzene. No difference can be observed in the
laminar regilme, but in turbulent flow the flow lines for

polymer golutions lie to the left of the golvent line,
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ve of a specific power (or drag) reduction. The

indicati
RF’ at a given floﬁ rate, Q, is

fractional drag reduction,
defined by

Rp.q = (1-'.\?wp/‘rws)Q (2.1.1)

on Fig. 2.1.1 the fractional drag reduction increases

with flow rate and concentration, a maximum value of about

60% being attained.
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2,2 Object of Thesis

™wo factors are essential to the occurrenbe of the
Toms Phenomenon: the addition of a macromolecular solute
and the turbulent flow of the solvent. The object of this
thesis was to study the Toms Phenomenon in pipe flow with
‘ respect to:

(1) The gross effect of macromolecular additive as
regards the relation of polymer to the drag reduction
induced.

(2) The flow structure, mean and turbulent, prevailing
when the phenomenon was exhibited and how it differed from

that in the pure golvent.
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2,3 Significance of the Problem
An understanding of the Toms Phenomenon 1s of interest
from both practical and theoretical gtandpoints.
Practically 1% might be employed for:
(1) Reduction of nydrodynamic drag for both surface
and submersible vessels, with consequent gains in gspeed and
economy.
(2) More economic pumping of liqulds, €.8-» petroleum
and petroleum products.
(3) Increasing the capacity of existing pipelines.
Theoretically, the interaction between the polymeric
additive and the turbulence involves two fields of intense
current interest:
(1) The rheology of dilute polymer solutions.
(2) Turbulent shear flow.
The experimental observations are stimulating also, because
they run quite contrary to expectation; the addition of
polymeric soclute increases the solution viscosity whence
one would expect a corresponding increase in gpecific power

consumption.
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0.4 Previous Work

A brief review of previous work 1is presented in approxi-
mately chronologlcal sequence.

The work of Toms (1), for whom the phenomenon is named,
was reported in 1948, He was the first to recognize clearly
~the drag reduction induced in turbulent flow by the addition
of polymer. The flow of golutions of one linear, random
coiling polymer, poly—methylmethacrylate, molecular weight
about 2 X 106, in monochloronenzene was studied in two
pipes, 0.404 cm and O. 128 em internal diameter. The only
minor shortcoming of this work was that the highest Reynolds
Numbers attalned were modest = 10,000 in the O. 404 em. pilpe
and 3,000 in the 0.128 cm. pipe - which cast some doubt on
the establishment of fully turbulent flow. 1In a companlon
work, Oldroyd (2) proposed a hywall effect" explanation for
the drag reduction observed. Thils envisaged an abnormally
mobile layer of macromolecules near the pipe wall, oriented
by the prevalling shear rate, which caused an "effective
siip". It is fairly oovious that 2 slip at the wall would
yield qualitatively the same results as obgerved experi-
mentally.

The phenomenon had Qrobably been encountered earllier
during World War II work on the flow of "Napalm", which was
noted (;) to be easier to punp than the solvent, gasoline.

In these cases the effect observed was probably much less
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pronounced, because the aluminium socaps then uged in Napalm
were relatively low molecular weight compared to polymers.

Further work was a by-product of investigations of the
turbulent flow of "pseudoplastic" fluids (&,ggg). These
studies, of which the work of Shaver and Merrill (&) is
» typlcal, were conducted with rather concentrated solutions
of low molecular weight polymers. Pseudoplastic fluids
obey the so-called "power law" rheological model over
1imited ranges of shear rate. On the basis of this model,
a generalized "power law" Reynolds Number can be derived (7))
and the object of these studies was the generation of
generalized friction factor charts based on 1% with the
power law index as a parameter. These studles encountered
the Toms Phenomenon only inadvertently and did not pursue
it, even though Shaver (7) foresaw increasing flow rate by
the "Judiclous addition of polymer". The correlations
obtained failed entirely to predict drag reduction in
dilute, and therefore negligibly pseudoplastic, polymer
solutions.

A paper by Savins (8) in 1963 was notable in many
respects. In it the Toms Phenomenon was differentiated
clearly from the "Non-Neronian" flows of the preceding
paragraph. Two new types of explanations were advanced as
to its cause. First, in analogy to dusty gases, it was

suggested that drag reduction might be a result of delayed
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laminar to turbulent transition. Second, that’drag
reduction might result from the visco;elasticity intro-
duced by the addition of polymer. While the mechanism of
the visco-elastic hypothesis 1s unclear, it is perhaps the
most popular hypothesis to date. In addition to the
theorizing, experiments covering a wide range of laminar
and turbulent flow rates in three pipes were reported;
{11lustrating differences in the drag reducing ability of
several polymers. Interpretation of the experimental
results was, however, seriously hampered by the entire
lack of polymer characterization.

The delayed transition hypothesls was based on the
experimental observation (9,10) that dusty gases show
lower pressure drops in turbulent flow than clean gases,
for example in cyclone separators. To explain thils
Saffman (l;) conducted a stablllty analysis which indicated
that under certain conditions the dust would stabilize the
flow, although a subsequent computer solution for plane
Poiseuille flow (lg) based on this analysis was not con-
cluslve. Nevertheless, a delay in transition is in the
gsame direction as drag reduction, and there 1is some
physical similarity betwgen dust particles in alr and macro-
molecules in dilute solution, so a reasonable analogy exlsts.
Related to dusty gases are turbulent flow investigations

of fine particle slurries (13,14), where drag redution has
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been claimed put is very glight, and of fibre suspensions
(15) which exhibit significant drag reduction. It has
also been proposed, with 1little confirmation, that "Non-
Newtoniancy" inherently delays transition (16) -

A series of blowdown experiments in a 1.0 cm. pipe;

‘ using a number of homologous polyethylene oxides dissolved
1n water, was reported by Fabula (17). Although only a
1imited range of turbulent flow rates was covered, these
experiments were notable for the careful characterization
of polymers, the recognition that the Toms Phenomenon was
associated with dilute solutions and the observation that
drag reduction decreased at very high flow rates due to
polymer degradation. Polymer degradation under shear had
been reported earlier (18).

Attempts have been made to relate drag reduction to
visco-elasticity (19,20). Unfortunately, experimental
visco~elastic measurements; €.8., of the first normal
stress difference, are possible only for concentrated
solutions for which the viscoslty buildup neutralizes con-
siderably the drag reduction obtained with respect %o the
solvent. Further, the application of visco-elastic
measurements in concentrated polymer solutions, in which
the polymer molecules are extensively intertwined, to
dilute solutlons, in which each macromolecule 1s essentially

on its own; 1is questionable.
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Shin (21) studied the Toms Phenomenon in turbulent
Couette flow with a view to finding the effect of the
polymer used. Two homologous series were gtudied, poly-
ethylene oxldes and polyisobutylenes° The polymers were
very carefully characterized using viscometry and light
 scattering to relate intrinsic viscosity to molecular
weight and rms radius of gyration. The major findings were
that for a glven molecular weight, polymers with more
mers and more flexible bonds were more effective in reduc-
ing drag, and that the concentration of polymer required
to attain a given fractional drag reduction varied inversely
with its terminal relaxation time, as calculated from the
theory of Rouse (22). It was also proposed that drag
reduction might result from an tanisotropic viscosity".
This explanation assumes that the macromolecules are
elongated under shear and align themselves in the direction
of flow. Thus they impede the transfer of momentum in a
transverse direction, reducing the turbulent shear stress
and thence the drag. This work was extended in a sub-
sequent thesis by lee (23) to other polymers, poly-
acrylamides and polysodiumstyrenesulphonate, the latter
a polyelectrolyte. An a?tempt was made to relate drag
reduction to macromolecular extension under shear as pre-
dicted by Peterlin (24).

In the course of the present work, it was observed that
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for a given polymer-solvent system and pipe the onset of
drag reduction by the Toms Phenomenon occurred at a well-
defined point,; independent of concentration. The "Onset
Hypothesis" developed to relate this to the polymer is dis-
cussed in detail later. It was showr. to hold (25) for the
 plpe flow data of geveral investigators (;,§,;zﬁgéggzﬁg§),
as well as for experiments reported in this work.

Hershey (gg) studied the flow of relatively high con-
centrations of polyisobutylene in cyclohexane and of poly-
methylmethacrylate in toulene 1n a recirculating system using
pipes from 0.025 cm to 5.0 cm internal dlameter. The onset
of drag reduction, termed "incipient turbulence suppression”,
was correlated approximately with terminal relaxation times
calculated from the theory of Zimm (30). Despite the two
different polymerwsolvent systems used, the radii of gyration
of the polymers were nearly identical, as were their relaxa-
tion times. Further, varlations in relaxation time were
obtained by increasing polymer concentration considerably
beyond limits where the linear visco;elasticity theory of
7Zimm, derived for dilute polymer solutions, is expected to
hold.

The visco-elastic analog to the Navier-Stokes equatlons
has been derived (g;)‘using a simple one-parameter con-
stitutive equation to describe the polymer solution. Thils

was used to analyze transition in terms of the Weissenberg
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Number, a ratio of elastic to viscous forces that is fre-
quently referred to in a visco;elastic context (e.g-» 32)-
The form of drag reduction at infinite dilution was also
predicted. Experimental confirmation of these predictions
are lacking, put this work represents an analytical advance
in the study of the Toms Phenomenon, possibly the first
such.

Very recently experimental velocity profiles have been
reported in turbulent flows exhibiting drag reduction (33),
put there ls some question as to their valiidity since Pitot
tube measurements in polymer solutions are anomalous (g&,;g).
pPitot tube anomalies were anticipated by both Savins (36)s
who attributed them to normal stress effects, and Boggs and
Thompsen (31), who attributed them to the curvature of the
flow over the Pitot tube. The discrepancy observed experi-
mentally does not agree with the predictlons of eifther.

Concluding this section, miscellaneous Toms Phenomenoll
studies with polymer solutions are 1isted. Turbulent flow
noise was found to be higher than in solvent (37). No
striking conclusions were reached regarding the effect of
sudden expansions (38). Drag reduction was observed in
rough pipes (;g) compar?ble in extent to that in smecoth
pipes. Torque reduction for spinning discs has been noted

(26,40).
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o 4,1 Summary of Proposed Explanations
Explanations proposed for the Toms Phenomenon, &as
mentioned in Sectlon 2.4, fall into four categories:
(1) A "wall effect® causing "effective slip" at the
wall (1,2).
(2) Delayed laminar-to-turbulent transtion (8,20).
(3) Visco-elasticity (8,19,20,29).

(4) Anisotropic viscosity (21,23).

A1l of these are somewhat speculative since the state
of the art precludes the enunciation of precilse mechanisms.
. None of the above have been conclusively disproved or
2substantiated, but the visco-elastic type of explanation

fg definitely the most popular at present.

\
\

\
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2,5 Shortcomings of Prior Work

The work done to date suffers from three major short-
comings:

(1) The failure to adequately characterlze the polymers
used. This impairs meaningful comparisons with other work
and the full interpretation of experimental results.

(2) The complete lack of turbulence measurements and
hence of the flow structure in the Toms Phenomenon. All
of the work to date concerns pressure gradient versus flow
rate relationships which provide too gross a picture of
turbulent flows.

(3) There is no systematic experimental data available
over an adequate grid of pipe diameter, flow rate, polymer
molecular weight and concentration. Avallable data cover
scattered ranges.

These shortcomings are understandable: the first is
probably # consequence of the unfamiliarity of fluid
mechanics investigators with polymer chemistry, the second
because turbulence measurements in liqulds are difficult
and have only recently (41) become possible, the third
because of the novelty of the effect. However, they do
prevent the establishment of a consistent set of experl-

\

mental facts that might serve as the basis for the future

understanding of the Toms Phenomenon.
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2.6 The Present Approach
The objectivesof the present work were stated in
Section 2.3. Their relevance to the understanding of the
Tems Phenomenon and their experimental fulfillment is dis-
cussed in this section with respect to:
(1) the polymers used
(2) the gross effect of macromolecular additive and

(3) the structure of turbulent flow.

2,6.1 The Polymers Used
A homologous series of polyethylene oxides were the
polymers used for the reasons below.

(1) A homologous serles removes the effect of molecular
structure as a variable. Thls was considered important
for an initial study; other homologous series might be
studied in the future to evaluate the effect of molecular
structure. N ’

(2) Polyethylene oxildes are commercially available in
a wide range of molecular weights, 10“ to 107.

(3) They were known to have good drag reducing ability.

(4) They are conveniently water soluble.

(5) They are random coiling polymers, not polyelectro-
lytic. Polyelectrolytes\are subject to severe conflgura-
tional changes in dilute solution which makes them difficult
to characterize.

The intrinsic viscosity of each polymer was determined
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experimentally, before and after use. The relation of this

to other polymeric properties was carried out in another

work (21).

5.6.2 The Gross Effect of Macromolecular Additive

This was obtained by flow rate versus pressure
gradient measurements to ascertain the effect of polymer
molecular weight and concentration on the laminar flow
regime, transition, and the onset and extent of drag
reduction in turbulent flow in two pipes, 0.292 cm and
3,21 cm internal diameter. Tn laminar flow the smaller
pipe served as a high shear capillary viscometer to detect
"shear thinning" or changes in intrinsic viscosity that
might reflect changes in polymer configuration. The study
of transition was important both because it figures in pro-
posed explanations and because it is a very singular - and
therefore interesting - point. Results from the turbulent
regime served %to establish systematically the manner in
which the Toms Phenomenon occurs. This led to the recogni-
tion of parameters characteristic of the phenomenon and
their correlation to polymeric properties. These parameters
might, hopefully, be useful in comparing and predicting
the onset and extent of Wdrag reduction induced by polymers.

Experimentally, a wilde range of variables was covered.
Two pipes were used, 0.292 em and 3.21 cm ID. Flow rates

were varied to provide wall shear stresses from 1 to
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2000 dy‘nes/cm2 in both pipes. Five molecular weights were
used, covering a range from 80,000 to 6,000,000, Con=
centrations varied from C.1 to 10,000 parts per million;
the lowest concentration for any polymer was limited by
the accuracy of the measuring instruments and the highes?t
by the approximate criterion that the solution remain
thermodynamically "dilute" (42), so that the maximum
relative viscosity of the polymer solutions was about two.
Most of these measurements were made in the 0.292 cm
pipe, because the smaller system permitted convenient,
rapid, once=-through operation without the use of pro-
hibitively large amounts of solvent - distilled water.
The recirculation necessary in the larger system caused
polymer degradation with time and precluded accurate
relation to polymer properties: thus only a few cor-

roborative gross flow measurements were made in it.

5.6.3 The Structure of Turbulent Flow

The Toms Phenomenon 1s an "energetic" effect, result-
ing in the reduction of the specifiic power requirement.
Since turbulent dissipation accounks for almost all the
power required to sustain a turbulent flow, the turbulent
energy balance 1s the natural place to startv looking for
an explanation of the mechanism of the Toms Phenomenon. To
strike this balance (43), a detailed knowledge of the

structure of turbulence 1s required. Some idea of this
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was obtained from measurements in fully developed plpe flow
of .

(1) the mean velocity profile,

(2) the axial turbulent intensity profile,

(3) the axial one-dimensional turbulent energy spectrum,
at two radial positions, the pipe axis and very close to
the pipe wall. These measurements are insufficient for the
complete description of the turbulence, but the current
accuracy of turbulence measurements in liquids did not
warrant any greater complexity. Their major purpose was
to compare the turbulence pertaining in the polymer solutions
to that in the solvent av the same flow rate. Two flow
rates were studied: one Jjust before the onset of drag
reduction and the other well into the drag reducing regime.

The relevance of the mean velocity and turbulent
intensity profiles to any detailled study of flow structure
is obvious. The turbulent energy spectrum, ohtained from
a Fourler analysis of the turbulent (fluctuating) velocity
(44) gives the distribution of turbulent energy by wave-
numbers. From the spectrum, and its moments, information
can be derived regarding the "flow" of turbulent energy
from its production to evqntual dissipation at a point
(see, for example, (45)). Measurements on the plpe axis
and close to the wall are significant because these two

positions represent contrasting extremes. On the pipe axis
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the flow is unstrained and almost isotropic; it accounts
for very little of the energy dissipation. Near the wall
the flow is highly strained (high mean shear rate), highly
anisotropic, and responsible for the major fraction of the
production and dissipation of turbulent energy. In
Newtonian fluids the shape and magnitude of energy spectra
at these two positions differ markedly (43).

All flow structure measurements were made by traversing
a cross section at the end of the 3.21 cm pipe. Pitot tubes
wefé used for the mean velocity measurements and a hot fllm
anemometer for the turbulence measurements. The two flow
rates studied corresponded to solvent Reynolds Numbers of
50,000 and 250,000. Measurements in the solvent provided
a basis for comparison with polymer as well as a means to

establish the accuracy of the instruments used.

5.6.4 Summary of Approach

Tn summary the approach used in thils work was:

(1) To use a homologous series of linear random coiling
polymers and to characterise them thoroughly.

(2) Conduct small scale pressure gradient versus flow
rate experiments over a wilde grid of polymer molecular
weight and concentration En both laminar and turbulent
flow. These established the basic manner in which the

Toms Phenomenon occurred.



(3) Using information derived in (2) to make a few
detailed studies of the flow structure in a system large
enough to probe. These, conducted in both solvent and
polymer solution at equal flow rates, would detect any
changes in the flow structure obtained when the Toms

Phenomenon was exhibilted.
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Chapter IIIL

APPARATUS

3.1 General Description
Two experimental pipe-flow systems, constructed

around 0.292 cm and 3.21 cm ID test pipes, were employed.

3.1.1 The Small System

This system, Fig. 3.1l.1; consisted of a 5 gallon
blowdown tank from which liquid was forced under a con-
stant gas pressure for one pass through a smooth, pre-
cision bore, stainless steel tube, 0.115 1n. (0.292 cm)
D x 0.187 in. OD x 26.5 in. long. The tube had 4 pressure
taps--one every 35 diameters beginning 110 diameters from
the entrance. The pressure differential between any two
taps was measured by a transducer, accurate to about 1%
of the absolute value. The volumetric flow rate was
measured directly with a "bucket and stop watch" arrange-
ment at the system exit, accurate to about 1/2% . In
addition to the pressure drop versus flow rate measurements,
the critical Reynolds Number for transition‘could be
measured by introducing a disturbance at the pipe entrance.
When the flow was criticaf, the disturbance was amplified

and could be detected downstream as a "hiccup" from the

pressure transducer.
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3.1.2 The Big System

This recirculating system, Fig. 3.1.2, centered
apound a seamless, stainless steel test pipe, 1.264 in.
(3.21 em) ID x 1,50 in. OD x 475 in. long, with its
entire inside surface polished smooth. The pipe was com-
posed of 5 sections, each 75 diameters long with a wall
static pressure tap at its downstream end. The first U
upstream sections were ldentical; the last "test" section
had a machined window at its downstream end giving access
to the inside of the pipe. A micrometer traverse, Flg.
3.1.3, capable of simultaneously holding a Pitot tube and
a hot film probe in an "over and under" arrangement, was
mounted positively on the window and permitted radial prob-
ing up to the far inside wall of the pipe. The flow
entered the test pipe through a nozzle preceded by a 6 in.
diameter, 39 in. long‘calming chamber and exited through
a 50 conical diffuser which expanded up to a 3 in. IPS
polvinyichloride pipe that returned via a filter to the
pump. A two-stage, variable speed, Moyno "progressing
cavity" pump was used for its gentle liquid handling and
metering (positive displacement) action. A standpipe on
i1ts suction port and a surge tank downstream of its dis-
charge port effectively eliminated pressure fluctuations,
"pipple", emanating from the pump. The liquid temperature

was controlled to + 0.2°C by a sensor in the return line
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that regulated the flow of city water to the shell side of
a shell and tube heat exchanger between the pump and the
calming chamber.

The pressure differential between the furthest down-
stream tap and any other was measured by a transducer,
accurate to about 1% of the absolute value. The volumetric
flow rate could be varied over a 100 fold range, up to a
maximum of 9 litres/sec, and was controlled to +1/2 %.

Mean velocity profiles were obtained by traversing a
Pitot impact tube and measuring the stagnatlion pressure
with respect to a wall static pressure tap.

A constant temperature hot film anemometer with a
cylindrical quartz coated hot film sensor was used for
turbulence measurements. The simultaneous use of a Pitot
tube with the hot film probe enabled 1n situ static
calibration of the latter before and after each set of
measurements, greatly enhancing their accuracy. Turbulent
intensity and energy spectra were obtained by operating on
the anemometer (electrical) signal with the usual instru-
ments: a rms random signal voltmeter alone, for intensity,

and in conjunction with a variable filter, for spectra.
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3.2 Detailled Descriptions
Tn the sections following, fairly detailled descriptions
of the components of each system and the measuring instru-
ments used are presented under the headings:
3.3 The Small System
3.4 The Big System
3.5 Measuring Instruments

3.6 Auxilliary Equipment

Further detalls, scale drawings, and a list of vendors

are given in Appendices E and F.



3.3 The Small System
The components of this system were:
(1) the test pipe
(2) the blowdown tank
(3) the static pressure and flow control
modules .
(4) the flowmeter

(5) solution makeup equipment .

(1) The Test Pipe

The test pipe was made of smooth, seamless, precision
bore, type 321 stainless steel tubling, 0.115 ia. (0.292 cm)
ID x 0.187 in. OD x 26.5 in. long. The tolerance on the
inside diameter, + 0.0010 in., was checked with an optical
microscope and found to hold. The entrance to the plpe from
the tank is shown in Fig. 3,3.1(a). A machined, burr free,
square edged entrance was used to minimize the entrance
1ength without unduly disturbing the flow. The flow could
be "triggered" artificially by inserting a short concentric
circular plug, 0.057 in. ID; into the pipe entrance, Fig.
3.3.1(b). The sudden expansion following this "trigger"
continuously disturbed the flow, ensuring transition at the
lowest possible Reynold's‘humber. The pipe had 4 wall static
pressure taps, one every 4,00 in., beginning 12.5 in. (110
diameters) from the entrance. These, Fig. 3.3.1{c), were

made by milling a small flat on the outside of the tube
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and drilling a radial 0.020 in. ID hole through the tube
wall without letting the drill bit hit the far ﬁall° The
small burr resulting on the inside was entirely removed by
alternaté reaming and filing with a very smooth file. A
bored out 3/16th inch "swagelok" Tee, slipped over the

tube with the 90° leg directly above the tap, served as a
pressure take-off. All fittings downstream of the test
pipe were of considerably larger inside dlameter and offered,

in comparison, negligible flow resistance.

(2) The Blowdown Tank

This was a vertical 5 gallon tank, approximately
8 in. OD x 26 in. high, made of 18 gauge type 304 stain-
less steel and tested to 100 psig. Cylinder nitrogen,
reduced through a gas regulator, was used to pressurize the
tank up to a maximum of 35 psig. Liquid was charged to the
tank through a % in. ID mouth at the top, sealed by an
O-ring cap. It left at the very bottom through the test

pipe.

(3) The Static pressure and Flow Control Modules

The static pressure module consisted of 4 ball valves
connected on one side to gach of the U4 pressure tap take-
offs. The other side of the valve associated with the
furthest downstream tap was connected directiy to the low

pressure port of a differential pressure transducer, while
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the other three valves had a common header connected to the
high pressure port. This permitted direct measurement of
the pressure differential between the last tap and any
other tap, and, by difference, the differential between any
pair of taps.

mhe flow control module at the end of the test pipe
consisted of a needle valve in parallel with a ball valve
and a second ball valve downstream of these and in series
with them. The valves in parallel complimented each other:
the needle valve permitted fine flow control at low flow
rates, but had a high resistance, limiting the maximum flow
rate; the ball valve, with negligible flow resistance,
permitted much high flow rates to be achieved with modest,
put adequate, control. The second ball valve in series
gserved to shut off the flow without altering the settings

of the upstream valves.

(4) The Flowmeter

The flowmeter, Fig. 3.3.1(d), was a "bucket and stop
watceh" arrangement made up of a microswitch, an electric
timer and a graduated cylinder. Liquid from the flow con-
trol module flowed through a flexible tube into a 4 in.
length of copper tube and out. The copper tube, fixed to
a movable block, could be rotated through a 20° arc in a
vertical plane. Normally this exit tube was angled and
the flow drained into a circular funnel leading to the sink.
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To measure flow rate the tube was made vertical,'thereby
draining into a graduated measuring cylinder. A setscrew
on the tube block was adjusted such that the same motion
depressed a micrcswitch, which turned on the electric
timer, at the instant that the flow entered the cylinder.
The reverse process stopped the timer the instant flow into
the cylinder ceased. Both 1liquid volume and time were

read directly. Graduated cylinders of various capacitiles;
50 ml to 2000 ml, were used for accurate measurements over

the entire range of flow rates.

(5) Solution Makeup Equipment
This consisted of common, miscellaneous units: a con-
stant temperature bath, a filter, an extended shaft stirrer,
a balance, several polypropylene containers. These served
two functions:
(a) To maintain the temperature of all solutions
tested within acceptable limits, 25.0 + O,5°C.
(b) To make up uniform polymer solutions of prescribed,

accurately known, concentration.
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3.4 The Big System
A schematic diagram was presented earlier,‘Figo 3.1.2.
geale drawings of the system layout and of secondary equip-
ment,as well as detaills about control line connections, are
presented in Appendix E.
The components of thils system were:
(1) the test pipe
(2) the micrometer traverse and probes
(3) the pump
(4) discharge end equipment
(5) the return line
(6) suction end equipment

(7) the control panels.

(1) The Test Pipe

The test pipe was made from commercial 1 1/2 in. OD,
0.120 in. wall, seamless, type 316 stainless steel tubing,
with the inside specially polished. It was 1.264 +
0.007 in. ID x 1.50 in. OD x 475 in. long and was sus-
pended horizontally 8 feet above the floor. It consisted
of 5 equal flanged sectlons comnected by a "male-female"
arrangement, Fig. 3.4.1(a), in which the machined square
pipe ends butted, compressing an O-ring between the machined
flange faces without having them touch. This ensured positive
alignment and a clean concentric joint. Each section had a

wall static pressure tap, 1/32 in. ID drilled radially and
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deburred on the inside, 2 in. from its downstream end.

The farthest downstream, "test", section had a platform at
1ts downstream end, onto which the traversing mechanism was
mounted, with a rectangular window glving access to the

inside of the pipe.

(2) The Micrometer Traverse and Probes

The micrometer traverse provided for traversing the
pipe with a Pitot tube and a hot film praobe, individually
or simultaneously.

Photographs of the traverse and the platform it is
mounted on were given in Fig. 3.1.3; scale drawlngs are
presented in Appendix E. When assembled, the arrangement
resulted in almost no disruption of the inside surface of
the pipe. It permitted positive location of the probes
with respect to a common datum - the plane of contact
betweeen the traverse base and the pipe platform. The
probes traversed in a radial plane up to the far wall.
The ball bearing that fixed the micrometer shaft to the
base had some axlal play, resulting in 0.002 in. of lost
motion when micrometer rotation was reversed. This was
immaterial if all measurements were made with the same
direction of rotation. Probe settings were malntained
by friction between the probe shafts and the O-rings that
sealed their entry into the pipe; in addition; a micrometer

lock was provided. The static pressure tap on the test
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section was located upstream of the probes and nprmal to
the traversing plane. Thils way, static pressuré readings
were unaffected by the probes, and the flow at the wall
was not disturbed by the tap. When the traverse was not
in use, the pipe window was sealed by a matching lucite
plug.

The probes used, Fig. 3.4.1(b), were built to specifica-
tions. All Pitot tubes had the same size tubular stainless
steel shafts, 0.066 in. 0D by 4 in. long. The impact tips
varied from 0.020 in. OD, flattened to 0.010 x 0.030 1n.,
to 0.066 in. OD. Cylindrical, quartz coated, hot f£ilm
sensors, 0.001 or 0.002 in. OD x 0.020 in. sensing length
were used. The cylindrical form was used for its sym-
metrical directional propertiles and the small flow disruption
relative to other shapes; e€.g8., wedges and cones. The
quartz coating insulated the platinum film from the liquid,
greatly enhancing stable operation by the elimlnation of
shunt electrical paths, electrolysis, scaling and bubble
formation. However, the frequency responce of the hot film
is adversely affected by the coating. A linearized heat
transfer analysis of this problem is given in Appendix A;
for the sensors and experimental conditions employed 1in
this work, the effect wa; negligible. L-shaped probes,
with the sensor at the extreme upstream end, were used to

minimize the effect of probe induced flow disturbances on
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the sensor. The prongs on which the sensor mounted were
bent slightly to permit probing very close to thé wall.
Electrical connections to the sensor were carriled inside,
but insﬁlated from, the 0.061 in. OD tubular stainless steel

casing. The nominal sensor resistance was 7 ohms.

(3) The Pump

A two-stage Moyno 'progressing cavity" pump (type
2L10, SSQ) with a stainless steel rotor and a synthetle
rubber stator was used. It had a rated capacity of 140
gpm against a differential pressure of 75 psi. The pump
was driven, via a gearbox, by a 10 hp variable speed, eddy
current coupled, drive. The output shaft speed of the
drive could be varied from 1670 to 100 rpm and was con-
trolied to + 5 rpm over the range. The drive was connected
to the gearbox by a timing belt that effected a 26:84 speed
reduction. The gearbox had 5 output-input ratios, ranging
fprom 1:4.11 to 1.69:1, and its output shaft was coupled
directly to the pump rotor. The precise rotational speed
of the pump rotor at each gear ratio was calculated from
the frequency of an 18 pole a-c generator tachometer mounted
on the output shaft of the drive as an integral part of the
electronic control system.

The eccentric rotor caused considerable mechanical
vibration. To prevent the transmission of this to the rest

of the system, the pump was bolted to the floor and connected
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through flexible pipe- The pump also introduced a trouble-~
some pressure fluctuation into the system, haviﬁg a fre-
quency approximately 4 times the pump rotational speed and
an amplitude that varied with frequency but attained a
maximum of 100 cm of water. This "ripple" was practically
eliminated (attenuated 15 to 150 fold) by a 6 in. IPS
standpipe over the suction port and a surge tank downstream
of the discharge port. Pump details are given in Appendix
E.3.

The pumping characteristic, flow rate versus rotational
speed, determined by a "pucket and stop watch" calibration,
was remarkably linear (Appendix F.2) over the entire range
and was independent of both the pressure differential (up
to 50 psi) and the liquid pumped (water or polymer solution).

(4) Discharge End Equipment

This comprised the units between the pump discharge
and the entrance to the test pipe, all made of stainless
steel, described in flow sequence.

(a) Ascending Pipe. Sections of 3 in. IPS pipe
ascended from the pump to the level of the test pipe.
These included two flanged flexible pipe sections: a
horizontal 51 in. length dolted to the pumb discharge
port and a vertical 60 in. length following this, the free

ends of both being connected to massive steel supports.
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(b) Heat Exchanger. The one pass heat exchanger,
with a 6 in. OD x 18 in. long shell and 280 1/4 in. OD, 18
BWG tubes, was axially in line with the test pipe. The
flow of cold, filtered city water to the shell side was
regulated by a motorized valve, actuated by a sensor placed
in the return line. For steady flow, temperature regulation
was i.0.2°C around the set point (about 25°¢).

(¢) Calming Chamber. The caiming chamber, a 6 in.
0D, 11 BWG by 39 in. long flanged tube, mounted directely
onto the tube sheet at the exit of the heat exchanger. The
surge tank was mounted onto the calming chamber about 8 in.
from its entrance. A circular section of 1/8 in, cell
aluminium honeycomb, & in. thick, was placed at the down-
stream end of the chamber, ending 4 4in, from the exit.

The flow exited from the calming chamber into the test
pipe through a nozzle.

(4) Surge Tank. A vertical 7 1/2 gallon, 8 in. OD,
18 gauge wall, 36 in. long surge tank mounted, by a short
flanged 4 in. IPS neck, ornto the calming chamber. It was
pressure tested to 100 psig, but never operated above 50
psig. It could be vented or pressurized with nitrogen
through the pump end cont?ol panel to control liquid level,
visible through a lucite level gauge. The surge %tank was
located on the calming chamber for two reasons: the

pressure drop in the heat exchanger and pipe preceding it
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enhanced its d-mping effectiveness,and the honeycomb down-
stream of it eliminated flow disturbances from the large

4 in., ID radial hole through which it communicated with
the calming chamber.

(e) Nozzles. Either of two concentric, machined,
lucite nozzles could be attached to the calming chamber
exit. With a smooth elliptical nozzle, the calming system
worked embarrassingly well; the flow remained laminar
throughout the test pipe up to a Reynolds Number of 10,000,
and turbulence was not fully developed in the test section
up to 30,000. A square edged nozzle used in all the runs
reported resulted in fully developed turbulent flow at the

1owest flow rate, Reynolds Number about 4,000,

(5) The Return Line

The flow exited from the test pipe through a lucite
diffuser which expanded in a 5° subtended angle cone fram
the 1.26 in. ID of the test pipe to the 3,07 in. ID of the
return line. The cone angle was designed to prevent
separation in the diffuser and the assoclated pressure
drop and fluctuations.

The return line was made from 3 in. IPS Sched 40
polyvinylchloride pipe. Tt consisted of a wide, 20 in.
diameter, reverse curve directly after the diffuser,
followed by two 190 in. long straight sections parallel to

and lying alongside the test section. A O~50°C mercury



83

thermometer, graduated in tenths of a degree, was mounted

in the return bend to indicate fluid temperature. The

cecond straight section had two 1/32 in. ID wall taps 4 in.
from its ends. The temperature control sensor that regulated
the heat exchanger was mounted in an elbow near the end of
the return line. Apart from the test pipe, 3 in. IPS pilpe
was used everywhere because of the low shear rate in 1%,

thereby minimizing pressure drop and polymer degradation.

(6) Suction End Equipment
This comprised a filter, several 3 in. IPS ball valves,
two 55 gallon tanks and a mixer.

() Filter. The filter was necessary to clean the
system adequately for stable operation of the hot £1ilm
anemometer. With 5 micron elements 1t could handle 100
gpm of water with a pressure drop of about 9 psi.

(b) Valves. The valve network permitted routine
operations: by-passing the filter, charging and offloading
liguid to and from the system, isolating the run tank or
permitting flow through it. Only "pull flow" ball valves
were used for the purely on-off service because of their
negligible flow resistance.

(¢c) Tanks. One 55 gallon stainless steel tank, the
run tank, was permanently connected to the suction end of
the system. During operation it was kept brim full and

in communication with the system, but without net flow
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through it. It served both as a reservoir to maintain
the system full of liquid, despilte venting and éurge tank
filling, and to provide a 1liquid seal over the suction
port with the NPSH necessary to prevent cavitation in the
. pump. The second tank was a spare; used occasionally.
(a) Mixer. A portable. 1/3 hp, variable speed
mixer could be mounted on the run tank; it aided polymer

solution makeup.

(7) Control Panels

Two control panels assisted operation of the system.

One, at the downstream end of the test pipe, con-
sisted of 1/U in. ball valves connected to all the
pressure taps in the system. The other ends of the wvalves
were connected to permlit, by switching, measurement of the
differential pressure between any two taps with a single
transducer. All panel lines were filled with water; vents
between the pressure taps and the valves prevented air
from remaining in the connections or entering the panel.

The second panel, at the pump end of the system, had
three sections: one permitted venting the system at vari-
ous points, the heat exchanger, calming chamber, return
line; the second allowed measurement of the differential
pressure between various peints - pump suction and dis-
charge, across the heat exchanger, surge tank to atmos-~
phere - on a 1/2% 100 psi d;fferential gauge; the third con-

trolled surge tank level by venting or nitrogen pressurization.
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3.5 Measuring Instruments
The measuring instruments used were:
(1) a pressure transducer
(2) a strip chart recorder
(3) a hot film anemometer
(4) an oscilloscope
(5) an rms random signal voltmeter
(6) a variable filter, and

(7) a frequency counter,

All of these were commercial instruments, fully
described with performance specifications in manufacturer
literature. Only especially relevant polnts are listed
below.

(1) The Pressure Transducer

The differential pressure transducer, with an
accompanying amplifier-indicator, had a range from 1 to
800 cm of water with an accuracy about 1% of the absolute
value (calibration, Appendix F.l). The calibration was
independent of absolute pressure level up to 25 psig
though a slight, monotonic, zerc shift occurred. Its
response, rated 120 cps, was practically instantaneous
because of the small hydratlic capacitance, 0.018 cc for

maximun deflection.
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(2) The Strip Chart Recorder

This was a standard, 1/4%, po’cent:l.omet:r*iclvol’cwohln«-=
milliamp recorder with a 1 sec pen, and chart speeds from
0.05 to 20 in. per minute. It was connected to the trans-
. ducer output through a simple, homemade, voltage divider
that synchronized full scales.

(3) The Hot Film Anemocmeter

This was a constant pemperature unit with a linearized
output, developed by Ling (41). It was modified slightly
to operate the T onm probes used (1t was designed for 15 to
20 ohms), and the overheat and bridge balance potentiometers
were replaced with 10 turn pots for finer, more reproducible,
settings. A short description of the circuit and some of

its operational 1diosyncracies 1s given in Appendix E.4.

(4) The Oscilloscope
A dual beam oscllloscope was used routinely to
observe visually the anemometer and variable filter signals

to ensure satisfactory operation.

(5) The RMS Random Signal Voltmeter

This was a true rms meter (no shaping circuits)
using thermocouple blocks' to average input power over either
of two time periods, 15 and 60 seconds. Signals with fre-
quencies of 2 cps to 250 ke could be measured over the

range from 0.5 mv to 250 v rns with an accuracy of i,l%,
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(6) The Variable Filter

This was a rechargéable, battery-operated; proportional
bandwidth filter with a range from 2.5 cps to 25 ke. Some-
what better accuracy than the rated X 1 db over the whole
range was obtalned by calibration with white noise at fixed

points in each frequency decade (Appendix F.3).

(7) The Frequenay Counter

The frequency counter had three gate times, 0.1,
1.0 and 10 seconds, and a four figure reglster. It was
used to compute the flow rate in the big system from the
frequency of the drive tachometer via the gear ratio and

pump calibration.
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3,6 Auxilliary Equipment
In this category were:
(1) polymer dissolving vessels
(2) a viscometer, and

(3) a hot film calibrator.

(1) Polymer Dissolving Vessels

Concentrated polymer sclutlons; "master batches",
were made up in baffled stainless steel vessels, aglitated
by relatively large diameter,low speed, six-bladed turbine
impellers. Their capacity, 1 1/2 or 8 gal, depended on
the system. In both cases impeller diameter was about
half and baffle width about one eighth of the vessel

diameter.

(2) The Viscometer

The low shear GDM viscometer (46) was used to
ascertain the intrinsic viscosity of the polymers used.
It was a laminar Couette flow viscometer with an accuracy

of about + 2% in the shear rate range (~1 sec'l) used.

(3) The Hot Film Calibrator
This was a small recirculating water tunnel built to
A
test the operation of the hot film anemometer. The

micrometer traverse (Sectioh 2,4 (2)), mounted on a
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rectangular lucite channel with both probes in the potential
flow region of a free jet lssuing frem a 3/8 in; nozzle

that was preceded by a honeycombed 4 in. X 4 in. x 16 in.
long calming chamber. The velocity at the nozzle exit

. could be varied from O to 1000 cm/sec by a set of valves.

A 1/2 hp centrifugal pump was used, an 1in line 5 micron
filter kept the system clean and the water temperature was

controlled to + 0.1°C.
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Chapter IV

PROCEDURE AND CHEMICALS

4.1 General Procedure

In both systems the procedure involved makeup of a
concentrated polymer master batch, its characterization, a
gserlies of runs with polymer solutions prepared by dilution
from the master batch and, finally, the reduction of experil-
mental data by a computer. All experimental measurements
made in polymer solutions were preceded by identical
measurements in the solvent. All experiments were per-

formed at 25.0 + 0.5°C.

4,1,1 Chemicals
All five polyethylene oxide polymers obtained com-
mercially were used as received. Distilled water was the

solvent throughout.

4.,1.2 Master Batch Makeup

A weighed amount of polymer was rapidly and evenly
dispersed in the solvent with vigorous agiltation, then
permitted to dissolve slowly with gentle stirring to pre-
vent mechanical degradation. 0.5 wt % of formaldehyde was
added as a preservative. Final polymer concentration was
obtained gravimetrically; intrinsic viscosity was derived
from relative viscosity versus concentration measurements

on the GDM viscometer.
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4,1.3 Small System Runs

Two series of flow rate versus wall shear sfress runs
were made in this system. "Full range" runs covered the
entire system range, laminar flow, transition and turbulent
flow, with a data density of 10 to 20 points per wall
shear stress decade. These included some runs with the
"trigger" installed. "High flow" runs covered only the
highest 1/3 decads of wall shear stress with a 30 to 40
points per decade density; they were performed with the
more dilute solutims.

The procedure for both series was essentially the
same. A 6 or 12 gallon batch of polymer solution was made
by mixing measured amounts of master bateh and solvent,

The solution was transferred to the blowdown tank, ifs
temperature noted and the tank pressurized to 15 psig.

For each data point the flowmeter was operated for about

30 sec with the appropriate measuring cylinder, and both
1liquid volume and time were recorded alongside the cor-
responding transducer (pressure drop) reading traced on the
strip chart recorder. Normally the transducer was connected
across the extreme pressure taps for the greatest accuracy;
it was switched between in?ermediate taps occasionally to
check pressure gradient constancy. Transition was observed
by externally tapping the pipe entrance while cautiously

increasing flow rate until a tap first caused an upward
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spike in fthe transducer output; at that point the flow
rate was measured. With the "grigger", except that tap-
ping was unnecessary and had no effect, the procedure was

the same.

" 4.1.% Big System Runs

Two series of runs were made in the big system also.
"Mean flow" runs involved flow rate versus pressure
gradient measurements (10 points per decade) with, in
select cases, Pitot tube traverses at fixed flow rates.
"Hot £1lm" runs at fixed flow rates included measurement
of turbulent intensity profiles and turbulent energy
spectra.

Initially the system was filled with distilled water
and run with the filter on at 100 gpm for about 4 hours,
during which time all air was vented, pressure lines
filled, the water brought o run temperature and
thoroughly cleaned. Meanwhile, the Pitot tube was mounted
on the micrometer traverse, aligned and located with a
cathetometer. The pump wWas then stopped and the traverse
installed on the test section window. Polymer solution
was made up by directing the flow through the run tank,
with the filter bypassed dnd the mixer on, adding a
measured amount of polymer master batch and running the
system, at a flow rate low enough to prevent degradation

for enough time to attain ugiform concentration. The run
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tank was then bypassed and the 50 gallens of solgtipn held
in the recirculating loop used for experiments.' When this
was degraded it was remixed with the (relatively) fresh 50
gallons remaining in the run tank and the procedure repeated
~ successively until the whole batch was degraded beyond
acceptable limits.

At each flow rate, pump speed and the pressure dif-
ferentials between the rear section static pressure tap
and all upstream taps were measured. For velocity pro-
files, a constant selected flow rate was maintained and
the Pitot ftube traversed, about 30 points per profile,
with the radial interval decreasling near the wall. At
each radial position the pressure differential between
the Pitot tube and the test section static pressure tap,
as well as the micrometer reading, were recorded.
Micrometer reading was related to Pitot tube position in
the pipe by two independent methods: first from
cathetometer readings taken during mounting, second from
the position versus stagnation pressure trace near the
wall - a plateau in the rapidly decreasing trace indicated
the impact tube resting on the wall. The two methods always
agreed within 0.001 in. (out of a 0.631 in. pipe radius).
The pressure drop in the ;est section was measured before,
after and during veloclty brofile measurement.

For "hot film" runs the preliminary and solution
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makeup procedure was the same, except that the hot film
probe was also mounted, with about 1/4 in. radial clearance
from the Pitot tube, on the micrometer traverse. The
anemometer was calibrated by having the Pitot tube and the
. hot film sensor exactly straddle the pipe axis, varying

the system flow rate and recording corresponding Pitot

tube and mean hot f£ilm signal readings. Turbulent intensity
profiles were measured by the same procedure as velocity
profiles; in addition, at each radial position the mean
signal and rms turbulent signal were recorded. Micrometer
gsetting was related to sensor position both from installa~
tion cathetometer readings and by observing when the

sensor touched the wall - the electrical signal displayed
on an oscilloscope changed drastically. Agreement between
these two methods was precise at low flow rates, but at
high flow rates, due to probe deflection, constant 4if-
ferences up to 0.005 in. occurred. Intensity profiles were
sandwiched between calibrations. The turbulent energy
spectrum was measured, at a fixed flow rate and radial
position, by having the turbulent anemometer signal go
through a variable filter into an rms random signal volt-
meter. At each frequencyy‘with 10 points per frequency
decade, the rms value of the filtered signal was measured;
initially and every decade thereafter the unfiltered, "all
pass', rms signal value was also measured. Spectra were

sandwiched between intensity measurements and calibrations.
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4.1.5 Data Reduction

A1l experimental data was reduced on an IBﬁ TO94
computer.

Small system runs were reduced from volume, time
. transducer readings to a flow rate versus wall shear
stress format. Where possible polymer solution data were
compared with corresponding best fit solvent values to
put them on a relative, system independent, basis. The
latter were obtained by regression analysis of all solvent-
only runs which served also to establish system accuracy.

In the big system, primary mean flow data were
reduced to flow rate versus wall shear stress and veloclty
versus radial position formats. Solvent data.were also
converted into the traditional friction factor, veloclty
defect, and universal law of the wall forms to compare
with literature and estimate system accuracy. Velocity
profiles were integrated numerically to check flow rate
against that from the independent pump calibration. Hot
film calibratlons were reduced to a mean signal versus
mean velocity form. and the slope of these curves used to
reduce the intensity profiles from rms turbulent signals
to rms turbulent velocitigs. Spectrum measurements were
reduced to a one dimensional turbulent energy spectrum by
a two-stage program that accounted for the proportional band-

width filter: first, frequencies were converted to wave
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numbers through the mean velocity and a normalized spectrum
obtained with arbitrary ordinate; second, the ordinate was
ratioed to make the integral equal to the mean square
turbulent velocity, il.e., the mean turbulent kinetic energy

per unit volume.
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4.2 Detailed Procedures
Step-by-step experimental procedures are 1istea in
the sections following
4,3 Master Batch Makeup
4.4 Small System Runs, and
4,5 Big System Runs

Tn Sections 4.4 and 4.5, frequent reference is made
to the corresponding schematic diagrams, Flgs. 3.1.1 and
3.1.2.

Data reduction programs are not discussed, because
they were simple and routine. Further, all programs were
checked out by hand calculations of the type illustrated

in Appendix H, Sample Calculations.
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4.3 Master Batch Makeup

1. The small (big) mekeup vessel was filled w;th 5 (27)
litres of distilled water.

2. Enough polymer %o glve an eventual solution viscosity
.of about 10 polise was welghed out.

3. The turbine mixer was run at 600 (200) rpm for
intense agltatlon.

4., Polymer was added to the vessel over 2 to 5 min.
Agglomerates were broken up manually.

5. After 5 to 10 min. mixer speed was cut to 200 (60)
rpm.

6. After 30 min., 50 (300) ml of 40% formaldehyde
solution were added. Also, solution pH was lowered to 5.5
with nitric acid.

7. Stirring was stopped after 90 to 120 min. By this
time solution was complete in the small system; the big
system was 1:% stand for 12 hr. for complete dissolutlon.

8. Polymer concentration was determined gravimetrically.
Three aluminum cups were weighed empty, with about 20 gm
of master batch solution and finally with the solild residue
remaining after 20 hr. in a vacuum oven at 60°C and 25 mm
Hg abs. .

9. A known amount of master batch was diluted to 100 ml.
This was further cut back to 5 (or 6) solutions, of equi-

spaced concentrations, with relative viscosities from 1.3
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to 2.0 and thelr viscosity measured at constant'speed on
the GDM viscometer. Solvent viscosity was also measured
before and after the polymer solutions. From these
measurements polymer intrinsic viscosity was computed.

10. All batches were used with 7 days of makeup. For
the small system, step 9 was repeated after each series of

runs.
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4.4 Small System Runs ’
1. Six or 12 gal of solvent, controlled to é5°c by the

constant temperature bath, were weighed into the makeup con=
tainer.

o A 2 in. diameter impeller on an extended shaft
stirrer was installed into the container and started at
800 rpm.

3, A measured volume of master batch was added to the
solvent, along with a small amount of makeup solvent to
attain the precise concentration desired.

L. Stirrer speed was cut to 200 rpm after 5 min.
Stirring was stopped after 60 min.

5. The solution was transferred to the blowdown tank,
filling it in 2 to 4 minutes, through a 1 in. tygon line
by pressurizing the makeup container to about 3 psig.

6. Solution temperature was noted, the blowdown tank
capped and pressurized to 15 psig

7. Prior to the run all pressure lines and the trans-
ducer were filled with water. The transducer amplifier
and the recorder were warmed up for 4 hr, and synchronized.

8. The transducer was connected across T1-T4. The
chart was started at 5 in./min. and shutoff valve B2 opened.
Valves Bl and N1 were stiil closed.

9, N1 was opened to the desired amount. For successive

points N1 was opened further.
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10. The flow was diverted Into an appropriate measuring
cylindger for abouf 30 sec.; at very low flow rates this was
upped to 100 sec, while at very high flow rates 1t was cut
to 20 see. ILiquid volume and fiow time were recorded on
. the chart alongside the transducer trace.

11. Every fifth point, the high pressure side of the
transducer was switched between T3, T2 and T1 during step
10. For "high flow" runs, this was done at every point.

12. Towards the end of the laminar regime, the pipe
entrance was tapped while step 9 was cautiously performed.
When the first upward spike appeared on the transducer
trace, step 10 was performed to measure the flow rate at
transition. With the trigger, tapping was not necessary.

13. For reproducibility, N1 was closed somewhat and
step 12 repeated.

14. For the higher flow rates, N1 and Bl were kept
wide open, the tank was pressurized in increments from 15
to 35 psig, and steps 10 and 11 carried out between open-
ing and closing B2.

15, At the end of each run the 500 ml of solution
remaining in the tank were aspirated out; all valves being
shut, the surface tension kept the test pipe and all lines
full. After each series of runs, the system was filled

with distilled water and thoroughly purged.
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k.5 Big System Runs ,

1. The test section window was blocked with'the lucite
plug. With valves Bl,B3 shut, B2,B4,B5,B6 open, the run
tank was filled with distilled water. The pump was started
and run at 15 gpm until water emerged from B4 back into
the tank. More water was added to the run tank, £illing
it, making a total of about 100 gal. in the system.

2. The temperature control system was turned on with a
set point of 25.0°C.

3. B3 was opened, bypassing the tank, and the pump
speeded up to 100 gpm.

4., After 1 hr. the pump was slowed to 20 gpm, B3 shub
for 2 to 3 min. and the water in the run tank loaded into
the system.

5, Steps 3 and 4 were repeated for about 4 hr. In
that perilod all gsystem vents, except the surge tank, were
kept open, all pressure lines were f£illed with water, the
whole 100 gal. batch thoroughly filtered and brought to
run temperature.

é&. In the above period the Pitot tube was mounted on
the micrometer traverse and aligned with a cathetometer.
The hot film probe posit%on was plugged by a short 0.061 in.
OD rod, one end of which was radiused to the pipe ID. With
the micrometer locked at a glven setting, the position of
the impact tip with respect to the traverse base was

located with the cathetomefter.
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T With the surge tank full of water, the purp was
stopped. B2 was shut and the surge tank vent opened, put-
ting the system under atmospbheric pressure.

8. The lucite plug was removed from the traverse
.window, the micrometer traverse mounted instead and Pitot
tube connections made. Steps 7 and 8 served two purposes:
preventing unnecessary wear on the probes (especially hot
f1lm probes) during preliminary operations and permitting
prob . installations while keeping the system full.

9. With B2,B3 and all vents shut, Bl,B4,B5,B6 open
and the tank mixer on, the pump was restarted. The flow
rate depended on the polymer; it was kept just below that
for the onset of drag reduction in the test plpe to prevent
degradation during solution makeup.

10. A measured amount of polymer master batch was
added to the runtank in a 5 min. period.

11. Makeup was continued for about 5 run tank "hold
times" (tank volume/flow rate). Simple calculations, con-
firmed experimentally, showed that this would result in
entirely uniform polymer concentration throughout the
batch.

12. Terminating the makeup operation, B3 was opened;
bypassing the tank, and the solution held in the recirculat-
ing loop used for experiments.

13, At intervals, steps 9,11, and 12 were repeated to
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remix the degraded batch in the loop with the (rélatively)
fresh batch in the run tank. This was continued until all
the solution was degraded beyond acceptable limits.

14. At each flow rate the high pressure port of the
transducer was switched between T4,T3,T2,T1 and TO; the
low pressure port was permanently connected to T5. Beside
the pressure differential traces, recorded at 1 in./min.,
transducer amplifier-indicator attenuation and sensitivity,
liquid temperature, pump gear ratio and drive tachometer
frequency were alsc recorded.

15. For Pitot tube.traverses, the pump speed potenti-
ometer was set to give the desired flow rate and the trans-
ducer was connected across P1-T5.

16. Initially the Pitot tube was moved as close to
the near wall as its construction would allow. The
micrometer was then rotated by fixed amounts, moving the
Pitot tube radially towards the far wall in 30 to ko
inerements. The radial interval was decreased as the wall
wa : approached. Micrometer reading and tachometer fre-
queacy were recorded alongside the transducer trace at
each position.

17. Very close to the wall, the micrometer was rotated
in 0.001 in. increments and.the rapidly decreasing trans-
ducer trace observed. A plateau indicated the impact tube

resting on the far wall, as close as it could get. The
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micrometer was then backed off and the process repeated
for reproducability.

18. Step 16 was repeated, going away from the wall.

19. Before, after and several times during the traverse,
. the transducer was switched to T4-T5 to record test section
pressure drop. Also the transducer was switched, every 10
readings, to T5-T5 to check on zero drift. Finally, the
Pitot tube could, if necessary, be flushed with distilled
water through the test section control panel.

50. TFor hot film runs, the procedure was identical up
to step 14, except that in step 6 the hot film traverse
was also mounted, aligned and located on the traverse.
About 1/4 in. radial clearance was kept between the hot
£iim probe and the Pitot tube to keep them well out of each
others boundary layers. Also, the hot film sensor was kept
a 1ittle ahead of the Pitot tip.

21, Liquid temperature was allowed to stabilize at the
chosen flow rate. The hot film overheat, 1.025 for 0.002
in, and 1.050 for 0.001 in. diameter sensors, was set and
the electrical hookup checked for noise.

20, For calibrations the micrometer was adjusted to
position the Pitov tube and hot film sensor in the central
core of the pipe, precisely astride and equidistant from
the axis. The pump speed was then varied and the mean hot

film signal at each speed recorded alongside the
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corresponding Pitot tube trace. Ten to 20 mean velocity
points were taken, covering the range encountered in the
pipe at the traverse flow rate chosen. Calibrations were
taken quickly - extended operation at other than the set
_ flow rate caused slight temperature changes because the
heat load changed, causing an offset of the temperature
controller set point. Even though these changes were
trivial, of the order of 0.1°C, they could be significant
at the low overheats used. To keep track of this source
of error, each calibration was taken at identical ascend-
ing and descending flow rates. If the results differed
significantly, the calibration was rejected.

23, Intensity profiles were obtained in analogy to
steps 15 through 19 for Pitot tube traverses, with the
turbulent anemometer signal fed directly into the rms
random signal voltmeter. In step 16, in addition to the
micrometer reading and the Pitot tube trace, the mean hot
film signal and the rms turbulent signal were recorded at
each point. In step 17 instead of the transducer trace,
the anemometer output was observed on an oséilloscope -
it changed drastically upon the sensor touching the wall.
Finally, step 22 was repe%ted before and after each profile.

oli, For energy spectrum measurements at a fixed flow
rate, the micrometer was locked with the hot £ilm sensor

at the desired radial position. The turbulent anemometer
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signal was fed through the variable filter 1nto‘the rms
random signal voltmeter. Tnitially, and every 10 readings
thereafter, the unfiltered, "all pass", rms signal value
was recorded. The filter was then switched to a 1/10th
. octave bandwidth and, beginning at the highest frequency
(25 ke), the rms filtered value was measured at each of 10
equi-spaced frequencies per decade, down to 2.5 cps.
Meter time constants of 15 and 60 sec, respectively, were
used for frequencles above and below 25 cps. In all cases
rms readings were taken only after 6 to 8 time constants
had elapsed. The filter gain was constant throughout a
spectrum. Corresponding to each rms value, the mean
anemometer signal was also recorded to keep track of drift,
if any. At the end of a complete frequency scan, spot
checks were made at random frequencies to check reproduc-
ibility. Before and after each spectrum, the intensity at
that radial position (or a profile in its neighborhood)
was obtained, step 23, preceded and followed, as always,
by a calibration, step 22.

25, In the case of solvent only runs, the procedure was
identical except that the solution makeup steps, 9 through

14, were omitted.

A
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Chapter V

RESULTS

5.1 Scope of Investigation

Table 5.1.1 is a summary of the range of variables
covered and the types of measurements made in each of the
two systems. In all of the following, the test pipes are
referred to by thelr inside diameters.

For gross flow measurements, polymer concentrations
in the logarithmic series ... 1,2,5,10 ... were employed
~or the most part and are reported in welght parts per
million. On figures nominal concentrations are listed;
exact values (usually very close %o nominal) are given in
Appendix G. In all cases, polymer solution denslty was
identical to that of the solvent.

In the 3.21 cm pipe, mean velocity and turbulence
measurements in solvent and in polymer solution were made
at equal volumetric flow rates. The polymer solution used
for these was 1000 ppm of N3000°

All measurements were made at 25.0 % 0.5°%C.

Unless stated otherwise, all error limits refer to
the 99% confidence belt obtained from a "g" test.

A complete tabulation of experimental data is glven
in Appendix G.
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5.2 Polymer Characterization
Typical intrinsic viscosity measurements for all five
of the polyethylene oxides used are presented 1n Fig. 5.2.1,

a plot of /e and (1n ﬁr)/c versus ¢ from which

Nep
.extrapolation to ¢ = 0 yields the intrinsic viscosity. A
listing of the intrinsic viscosities of all master batches
is given in Appendix G.l. A plot from Shin (21), relating
PU to polymer molecular weight, M, and rms radius of

gyration, RG’ is given in Appendix D.
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5.3 Gross Flow Measurements

This section contains the results of flow rate versus
pressuré drop measurements in solvent and polymer solutions
in both systems.

Figures 5.3.1 and 5.3.2 are plots of the pressure
gradient at various flow rates in the solvent and typical
polymer solutions in the 0.292 cm and 3.21 cm systems,
respectively. In the (x,AP) coordinates used, the farthest
downstream static pressure tap 1s considered the origin,
(0,0), with x positive in the direction of flow.

Figures 5.3.3 to 5.3.14 are double logarithmic flow
diagrams with ordinates volumetric flow rate; Q, in

litres/sec and wall shear stress, T , in dynes/cme. For

W?
each poiymer, results of "full range" runs in the 0.292'cm
pipe, the 0.292 cm pipe with the "trigger", and the 3.21 cm
pipe are presented in sequence, preceded by results for
the solvent alone. "High flow" runs in the 0.292 cm pipe,
with very dilute polymer solutions, are not shown graphically
to prevent crowding, but are listed with the others in
Appendix G.2 and are referred to later.

Figures 5.3.15 to 5.3.20 are derived from gross flow
measurements in the 0.292 cm pipe. Figure 5.3.15 is a
Cartesian piot of Q versus Tw in the laminar flow regime.

Figure 5.3.16 is a plot of the Reynolds number at transition,

N,

Re.® Versus polymer concentration, c¢, for all polymers
F



112

both with and without the "trigger". Figures 5.3.17 to
5.3.20 have the same coordinates, specific drag reduction,

R (= RF/c, where Ry = (1 - Twp/Tws)Q,

drag reduction at a constant flow rate, Q), versus con-

is the fractional

centration, ¢, reported in gm/dl - the units common to the
polymer literature. They illustrate the extent of drag
reductic:. as a function of flow rate and polymer con-
centration. Figures 5.3.17 and 5.3.18 cover the entire
concentration range studied at flow rates of 0.05 and 0.04
litres/sec, respectively. Figure 5.3.19 shows the effect
of flow rate for a typical polymer. Figure 5.3.20, with
Cartesian coordinates, illustrates the 99% ccnfidence
limits on R for very dilute solutions.

Figure 5.3.21 is a comparison of the fractional
drag reduction, RF’ obtained by various concentrations
of three polymers at flow rates corresponding to equal

solvent wall shear stress, T _, in the 0.292 cm and 3.21

ws
cm pipes.

Finally, Fig. 5.3.22, in the 3.21 cm system, illus-
trates the decrease in the fractional drag reduction,
RF, with time due to degradation in the case of the

polymer solution used in all detailed measurements.
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5.4 Mean Velocity Measurements

Solvent mean velocity profiles are presentéd in
Figs. 5.4.1 to 5.4.3. Figure 5.4.1 has coordinates of
(U/UCL) versus;? -\j' is the fractional pipe radius from
the wall, (1-(2r/D)) - and compares values of flow rate
obtained from the—pump calibration with an integration of
the velocity profiles. Figure 5.4.2 is a velocity defect
plot, (UCL - U)/uT versus;? ; the solid line represents
the seml-empirical defect law for Newtonlan flulds with
the wake correction for pipes as given in Hinze (4%).
Figure 5.4.3 is a law of the wall plot, ut versus 1n yt,
the solid line being the best fit for the linear portion.

In the polymer solution, the apparent veloclty
indicated by a Pitot tube was a function of Pitot tube
diameter, absolute velocity and polymer molecular welght©.
Figure 5.4.% is a four part figure, at a constant volumetric
flow rate, showing apparent velocity, Ua’ versus ;% for
three Pitot tubes in solvent and polymer solution. The
punp calibration was identical in polymer solution and
solvent (Appendix F, Fig. F.2). The flow rates obtained
by integration of the apparent velocitles are compared in
Table 5.4.1. Under the Qonditions of Fig. 5.4.4, the
fractional drag reduction, Rﬁ, in the polymer solution was
0.35 + 0.05; the discrepancy between polymer solutions and

solvent decreased with polymer degradation (as did RF)°
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Table 5.4.1

Comparison of Volumetric Flow Rates

Pitot Solvent Polymer
Diameter Solution
om- Q Q Q Q
0.025 5.66 5.70 5.20 5.7T1
0.055 5.54 5.70 5.49 5.7T1
0.168 5.45 5.71 5.55 5.71

All flow rates are in litres/sec.

Qi - Flow rate from integration of velocity profile
Q - Flow rate from pump speed and calibration

Figure 5.4.5 shows the ratio of apparent to solvent veloci-
ties obtailned on the pipe centre line as a function of the
solvent velocity at various flow rates for the three Pitot
tubes. Apparent velocity profiles were unchanged when Pitof
readings were referenced to a static pressure tube at the
same radial position (rather than a wall tap which was the
usual case).

Figures 5.4.6 to 5.4.8 are the polymer solution
analogues to Figs. 5.%.1 to 5.4.3 for the solvent, with
the same coordinates. AE the lower flow rate, a 0.025 cm
Pitot was used; at the higher flow rate, results with a
0.168 cm Pitot are reported for reasons discussed in
Chapter VI, directly following. In both cases cor-

responding results in the solvent are also shown.
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5.5 Turbulence Measurements ‘

Figures 5.5.1 to 5.5.3 present typlcal hot film
snemometer static calibrations: E, the mean anemometer
signal, vs. U, the mean velocity. Figure 5.5.1 shows
. typical static calibrations in the solvent, obtained in
the central core of the pipe. Figure 5.5.2 shows analogous
calibrations in polymer solution. Figure 5.5.3 is a static
calibration check, comparing E vs. U measurements obtained
in the central core of the pipe (by varying flow rate) with
those obtained by traversing the pipe diameter (using the
exlisting velocity profile) at a constant flow rate.

Figure 5.5.4 shows turbulent intensity profiles in
the solvent, plotted, after the manner of Laufer (43),as
(u/ﬁT), the rms turbulent velocity, u, normalized by the
friction veloclity, u ., versus :% . Figure 5.5.5, in
polymer solution, has coordinates u (without normaliza-
tion) versusﬁ- ; in addition, values of u for the
solvent at the same volumetric flow rate, obtained from
Fig. 5.5.4(b), are shown as a dashed line. Figure 5.5.5
is presented in two parts, to differentiate between the
static calibrations used, for reasons that will be fully
explained in Chapter VI. ,The accuracy of turbulent
velocity measurements is estimated at + 10% and + 15%
in solvent and polymer soluﬁions, respectively.

Finally, Figs. 5.5.6 to 5.5.8 present axlal, one
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dimensional, turbulent energy spectra at two radlal
positions, the centre line, j} = 1.0, and neaf the wall,
f% = 0.033. Spectra have double logarithmic coordinates
of El(kl) (the fractional axial turbulent kinetic energy
per unit wave number contained between wave numbers kl and

k, + Akl) vs. k; (the axial wave number, 27f/U). Figure

1

5.5.6 in the solvent at the lower flow rate shows replicated

spectra at both radial positions and indlicates the inherent

accuracy obtained. Flgures 5.5.7 and 5.5.8 are for the

solvent and polymer solution, respectively, at the higher

flow rate, at which the fractional drag :reduction, RF,

in the latter was 0.25 + 0.05. Tabulated values of the

spectra and spectral functions are given in Appendix G.T.
The values of :% used throughout this section are

those obtained from cathetometer measurements on the

traverse; at the lower flow rate these are identically

equal to values obtained by noting when the hot f1ilm sensor

touched the wall, but at the high flow rates the probe

deflected slightly, touching the wall at :% ~ 0,01 on this

basis. The change in values of j% due to the deflection

1s given in Appendix G.6; there is very little change for

‘5« > 0.1, Further, thexdeflection for both polymer solution

and solvent was about the same soO that comparison is

unaffected.
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Chapter VI

DISCUSSION OF RESULTS

6.1 Chapter Organization

This chapter is divided into three parts.

Part A is purely a description of the experimental
results that were presented in Chapter V, with the same
subheadings:

6.2 Polymer Characterization
6.3 Gross Flow Measurements
6.4 Mean Velocity Measurements
6.5 Turbulence Measurements .

Part B is an analysis of the results with, where pos-

sible, proposed correlations. It is divided into 3 sections:
6.6 Gross Flow
6.7 Anomalous Pitot Tube and
Hot Film Measurements
6.8 Flow Structure

Part C is the over-all picture, obtained by a
general application of the results of the present work,
in areas of theoretical and practical interest:

6.9 Evaluation of Earlier
Explanations
6.10 Predicticn and Estimation

of the Toms Phenomenon .
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Part A

Description of Experimental Results
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6.2 Polymer Characterization

Intrinsic viscosity measurements, Fig. 5.2.,1, were

plotted in the form of the Flory-Huggins equation,
(/e = [+ =1 e (6.2.1)
Sp | L.J 225

and its complement,

(1n"]r/c) = m + k" mz c; k" = k' - 0.5 (6.2.2)

In all cases the two forms of plotting gave straight
1ines with the same zero concentration intercep®t, iﬂ] s
within 99% confidence limits. Values of the intrinsic
viscosity were accurate to + 5% of the absolute valus.
The Flory-Huggins constant, k', was typically 0.35 + 0.05

which is the usual, empirical value (42).
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6.3 Gross Flow Measurements

Figures 5.3.1 and 5.3.2, showing pressure gradients
in the solvent and polymer solutions in both pipes,
indicate the linearity of the static pressure, P, in
axial distance; X; characteristic of fully developed
flow. This justifies the conversion of pressure gradient
to wall shear stress by The fully=-developed flow force

balance

T = 0.25 D(-dP/dx) (6.3.1)

The wall shear stress is the variable exclusively employed
hereafter.

Figures 5.3.3 to 5.3.14 are hydraulic flow dlagrams,
CQVs,Tw,for the solvent and polymer solutions. This form
of plotting was preferred to the conventional friction
factor - Reynolds number form Dbecause 1t permits direct
comparisons and avolds manipulations of the data into
what might, for polymer solutions, be irrelevant groupings.

Figure 5.3.3 shows results for the solvent, distilled
water, in both pipes. In the 3.21 cm pipe,only the
turbulent regime was covered; the lowest Reynolds number
attained was 4000, Over, the two decades of flow rate,
experimental values of the wall shear stress agreed to
within 1% of those calculated from Prandtl's (or

von Karman's) universal law (47),
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(1/e)¥2 - 1.0 1oglONRe(f)1/2 - 0.50  (6.3.2)

Tn the 0.292 cm pipe both the 1aminar and the turbulent
regimes were covered. Comparison with established laws -
Poiseuille's in laminar and Prandtl's in turbulent flow -
shows that the slopes of the logarithmic Q vsogvlines are
as predicted, but values of the experimental wall shear
stress are uniformly about 5% too low; this could partly
be due to a small error in the value used for the pipe
inside diameter, magnified by the high power dependence
of the wall shear stress on diameter (at constant flow
rate T, o 53 4p laminar and D"3°® in turbulent flow).
However, the same pipe was used in all experiments, and
the results were highly reproducible - the 99% confidence
belt on the wall shear stress was everywhere better than
1% of the absolute value - so that an accurate datum was
established with solvent results. With the trigger
installed, the Reynolds number for laminar-to~turbulent
transition decreased from 3150 + 230 to 2025 + 70 and
fully developed turbulent flow was established somewhat
sooner (i.e., at lower flow rate), but the solvent flow
diagram was unchanged in both laminar and turbulent
regimes; see Run 94 on F;gu 5.3.3.

5.3.4 to 5.3.1% are flow diagrams for polymer

Figures

solutions, arranged by ascending polymer mclecular weight.
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A1l of them follow the same qualitative pattern.. In
general, 4 distinct regions exist:
(1)  the laminar regime
(11) the transition region
(11i) turbulent flow, without drag reduction, and
{iv) ‘turbulent flow, with drag reduction .
In the 3.21 cm pipe, the first two regions are not present -

they were experimentally inaccessible.

(1) The Laminar Regime

In this region a linear relationship exists between
Q and Tw as shown both by the 450 slopes on the logarithmilc
flow diagrams and by the straight lines on Fig. 5.3.15, a
Cartesian plot. The laminar flow lines shift to the right
with increasing polymer concentration, reflecting an
increase in viscosity. In no case is shear thinning
observed. With the trigger, the laminar regime was

unchanged.

(11) The Transition Region
This region, initiated by the transition point
at which the laminar flow first becomes unsbable, appears
as a blank in the flow d}agrams since stable readings
could not be obtained in it. With polymer solutions the
effect of the trigger was the same as for solvent; the

Reynolds number for transition was decreased, the extent
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of the transition region curtailed and fully deyeloped
turbulent flow established earlier. Figure 5.3.16 com-
pares the transition Reynolds number, NRe,T’ in polymer
solutions with that in the solvent, both with and without
the trigger. The majority of cases exhibit no discernible
delay in transition. Solutions of N1O never delayed
transition; only the most concentrated solutions of N8O,
N750 and N3000 delayed transition markedly without the
trigger, but of these several caused no delay with the
trigger, while even relatively dilute solutions of W301,
the highest molecular weight, delayed transition. Some
very concentrated solutions; e.g.; 2000 ppm N3000, 20 and
100 ppm W301l, exhibited no distinct transition point, the
flow lines curved gradually away from the laminar line

and faired into the turbulent line.

(111) Turbulent Flow, Without Drag Reduction

In this region, which starts immediately follow-
ing the establishment of fully developed turbulent flow,
the polymer solutions follow lines on or parallel to the
solvent line. For a given polymer the flow lines for
various concentrations are brought much closer together
than in the laminar regime because of the greatly reduced
dependence on the viscosity - from a 1.0 power law in

laminar to a 0.23 power law in turbulent flow. No drag
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reduction is obtained in this regime. In fact, at a given
flow rate, the wall shear stresses for polymer solutions
are slightly higher than for solvent, corresponding to
their increased viscosity. In this reglon, too, the flow

lines are unaffected by the trigger.

(iv) Turbulent Flow, With Drag Reduction

This region is characteristic of the Toms Fhenomenon;
throughout it the specific power consumption for polymer
solutions is lower than for the solvent, as indicated by
the flow lines lying to the left of the solvent line.

The division between regions (i1ii) and (iv) is
quite sharp and is marked by a discontinuity in the slope
of the st.ﬂﬂcurves for polymer solutions. For a given
polymer, the wall shear stress at this break point, which
marks the onset of drag reduction, is remarkably constant
over large ranges of concentration and appears to be
independent of pipe diameter. This is illustrated by all
Figs. 5.3.4 to 5.3.14; values of the onset (of drag
reduction) wall shear stress, T;, are summarized in Table
6.3.1 at the end of this section. They were obtained by
observing, in each case, where the totality of data
diverged from the solvent line; the method 1s good to
about + 10% (as can be verified by trying it on any of
Figs. 5.3.4% to 5.3.14) and yields the same results as

averaging, for each polymer, values of T: for each
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concentration. The error limits for T; given in Table
6.3.1 are in excess of the observed + 10% accuraéy of this
method for analytical reasons discussed in Séc° 6.6.2,
Tn she 0.292 cm pipe, results with and without the trigger
were essentially identical. In the 3.21 cm pipe, Tx for
N1O is 1_25% because of the small effect, and the value
for W30l is based on the three higher concentrations (20,
100, 500 ppm), because the 5 ppm solution was degraded
during solution makeup. The onset wall shear stress
decreases with increasing polymer molecular weight; thus
higher molecular weights begin to reduce drag - exhiblt
the Toms Phenomenon - at lower wall shear stresses than
lower molecular weights.

The extent of drag reduction is described with
the ald of three parameters: the fractional drag reduction

at constant flow rate,

Rp = (1 - Twp/TwS) (6.3.3)

the specific drag reduction,

R = RF/c (6.3.4)

and the slope, n , of the logarithmic flow diagram of the

form

T = AQ" (6.3.5)
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At constant concentration the flow lines for polymer
solutions diverge from the solvent so that drag reduction
increases with flow rate. In some cases the lines curve
markedly back towards the solvent at high flow rates,
indicative of polymer degration; e.g., 2 ppm W30l, Fig.
5.3.13. The divergence between the polymer and sclvent
lines increase progressively with concentration until
rather high concentrations where it asymptotes to a constant.
This asymptotic slope, Np, is a function of polymer and
approaches unity with increasing molecular weight. At
constant flow rate the specific drag reduction, R, varies
with concentration as shown in Figs. 5.3.17 and 5.3.18.

For a given concentration, the specific drag reduction
increases greatly with molecular weight. vAll the R - ¢
curves have a similar shape and exhibit two asymptotes.

At low concentrations, ¢ => O, the curves tend to zero
slope and R tends to a constant, while at high concentra-
tions, ¢ — 00, the curves tend to a - 1 slope and R varles
inversely as concentration. Corresponding to this the
fractional drag reduction, RF, increases linearly with
concentration at low concentrations, while at high con-
centrations it asymptotes to a constant, maxlimum value,
corresponding to the limiting slope Np. The effect of flow
rate on the R - ¢ curves 1s shown on Fig. 5.3.19. The

specific drag reduction increases with increasing flow
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rate, as is evident also from The geometry of the polymer
solution flow lines.

Two asymptotes 1limit the maximum drag reduction that
can be attained in a pipe: one is the polymer-dependent
limiting slope, Np, referred to earlier; the other is a
polymer-independent asymptote, slope Nm, beyond which the
wall shear stress could not be reduced in either pipe.

The latter is illustrated in Fig. 6.3.1, derived from the
higher polymer concentrations shown in Figs. 5.3.4 to
5,3.1%, In the 0.292 cm pipe, N10 and N80 did not

attain the second asymptote; N750 and N3000 can be seen
clearly to follow their limiting slope asymptote at first,
then switch to the second, maximum drag reduction, asymptote
with a marked change in slope from Np to Nm, W30l follows
the second asymptote all along. In the 3.21 cm pipe only
W301 reached the second asymptote, and again the marked
change in slope from Np to Nm is evident. The slope Nm

is about 1.5, independent of pipe diameter. While only a
few concentrations are shown for clarity on Fig. 6.3.1,the

following solutions also attained the second asymptote:

Fig. 5.3.8 1000, 2000 ppm N750
Fig. 5.3.10 . 500, 2000 ppm N3000
Fig. 5.3.11 2000 ppm N3000
Fig. 5.3.13 5, 100 ppm W30l
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Table 6.3.1 is a summary of characteristic drag
reduction parameters, T;, Np and Nm, in both pipes.

Finally, one curious observation. On Fig. 5.3.1%
for 500 ppm W30l in the 3.21 cm system, a few points
scatter wildly. All of these were taken directly after
flow was started from rest; a short time after startup,
they reverted to the normal curve followed. This startup

transient occurred only in this single case.
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6.4 Mean Velocity Measurements

Figures 5.%.1 to 5.4.3 presented solvent mean velocity
profiles in the 3.21 cm pipe, plotted in conventional forms.
Figure 5.4.1, U/UCL vs,j; , shows the axial symmetry of
the profiles and the good agreement between flow ratzs com=
puted by integrating the velocity profiles (referred to
hereafter as integrated flow rates) and from the independent
pump calibration. Figure 5.4.2 shows the good agreement
between the experimental profiles and the semi-theoretical

velocity defect law;

(Ugp, = U)/u, =-2.44 1n( %) + 0.8 + h(%)

(6.%.1)

in which h($ ) is a wake correction as given in Hinze (L44).
Figure 5.4,3 indicates the universality of the law of the
wall. The best fit straight line; of the form

ut = A 1n(y*) + B , (6.4.2)

through the linear portions has constants (A,B) of (2.42 +
0.03, 5.51 + 0.16) which are close to the values of Clauser
(2.44, 4.9) and of Nikuradse (2.5, 5.5), quoted by Hinze
(44). ‘

Figure 5.4.4%(s) compares solvent mean velocity pro-

files taken with 3 Pitot tubes, 0.025, 0.055 and 0.168 cm OD,
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2t the same flow rate, 5.7 + 0.0l litres/sec (the measure-
ments used in Figs. 5.%.1 to 5.4.3 were 2all madé with the
0.025 cm Pitot). Mean velocities obtained with the 0.055 cm
Pitot are essentially identical with those from the 0.025 cm
Pitot, but with the 0.168 cm Pitot the mean velocities
obtained are about 1% low in the central core and about 2%
1ow near the wall. This is caused by two factors: tThe
relatively large size of the tube (5% ot the pipe diameter)
and the short nose length (7 stem diameters as opposed to
the regulation 14), both of which were experimentally
necessary. Table 5.4,1 compared integrated flow rates -
obtained with the three Pitots. In solvent, despite the
identical velocitles, the integrated flow rate obtained
from the 0.055 cm Pitot is slightly lower Than that from
the 0.025 cm Pitot due to a truncation type of error in the
numerical integration, caused because the larger tube could
not get as close to the wall (see Appendix H, Sample
calculations). This can be shown by integrating the

0.025 cm Pitot profile only up to the lowest ;5 obtained
by the 0.055 cm Pitot. The result, Q; = 5.55 litres/sec,
is identical to that obtained by integrating the 0.055 cm
Pitot profile. Simillar reasoning, coupled with the lower
velocities recorded by %he 0.168 cm Pitot accounts for 1ts
integrated flow rate, being aboub 3% lower than that from
the 0.025 cm Pitot.
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In summary, mean velocity measurements in the
solvent with the 0.025 cm Pitot tube are well iﬁ accord
with accepted pipe flow relations. With larger Pitot tubes,
the results are slightly less precise, but for reasons that
are adequately understood. Further, all measurements in
polymer solutions will be raferred to corresponding onés
in solvent so that comparisons are unimpaired.

Figures 5.4.4(a)~(c) showed apparent velocity profiles
at the same volumetric flow rate and wifh the same Pitot
tubes as in Figure 5.4.4(s) but for a 1000 ppm polyethylene
oxide solution of relative viscosity 1.4, Under these con-
ditions, this solution exhibits a fractional drag reduction,
RF’
the integrated apparent flow rates for polymer solution

of 0.35 + 0,05, Table 5.4.1 presented a comparison of

and for distilled water, the solvent. It 1s clear that

the profiles depend strongly on the diameter of the Pitot
tube used. Close to the centre line, the apparent velocity
in the polymer solutlon approaches that of the solvent as
the Pitot tube diameter is increased. Close to the wall,
the smallest Pitot tube behaves much the same as it does

ori the centre line; but for the larger Pitot tubes, the
apparent veloclty can equal or exceed that obtained with
water. As a result, an\integration of the apparent
velocities as obtained with the smaller Pitot tube ylelds

a flow rate that is 10% lower, whereas the corresponding
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integration for the largest tube yields one that is 2%
higher than for solvent. ;

Figure 5.,4.5 shows the ratio of apparent to solvent
velocities obtained on the pipe centre line as a function
of the solvent veloclity at various flow rates for the three
Pitot tubes. It 1is seen that for a given Pitot tube, the
difference between the solvent velocity and the apparent
velocity in the polymer solution decreases as the flow
rate decreases. In fact, at a centre line velocilty of about
180 cm/sec for the solvent, corresponding to a flow rate
of 1.15 litres/sec (N, = 50,000), where the polymer
solution exhibits no drag reduction, velocity profiles
taken with the .025 cm Pitot tube behaved normally and
yielded integrated flow rates which checked with those of
the solvent and the pump. In all cases, the apparent
velocity approached that of %he solvent as the polymer
degraded.

Mean velocity measurements in polymer solution, pre-
sented in Figs. 5.%.6 to 5.4,8, were made at two flow
rates, 1.15 and 5.70 litres/sec, just before the onset
of drag reduction (region (111)) and well into the region
of drag reduction (region (iv)), respectively. At the
lower flow rate measureﬁents with the 0.025 cm Pitot are
presented, because they were consistent - the integrated

and pump flow rates agreed. At the higher flow rate;
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apparent velocities indicated by the 0.168 cm Pitot were
used as the best estimate of the “rue velocitieé, because
the Pitot tube discrepancy observed in polymer solutions

at the high flow rate diminished with increasing Pitot tube
size, Fig. 5.4.5. However, it must be emphasized that these
are only reliable to within the 2% agreement between
integrated and pump flow rates (it was noted earlier that
the pump calibration was unchanged in polymer solution),
because in polymer solution the Pitot tube ceases to be

an "absolute" device. The Pitot tube discrepancy is
further considered in Section 6.7.1.

Figure 5.4.6, U/Uy vs.,jf. , shows little difference
between profiles in the solvent, Fig. 5.4.1, and in polymer
solution; at the higher flow rate (see also Fig. 5.4.4(d4)),
the profile appears to be slightly blunter than the solvent;
the difference in velocities is from -1% on the axis to +3%
near the wall. The Reynolds numbers in polymer solution are
lower than in the solvent at the same flow rate because of
the increased viscosity (ﬂr = 1.42) of the former. At the
lower flow rate, there is good agreement between integrated
flow rates in polymer solution and solvent at the same pump
flow rate - 1.1%, 1.16 and 1.15 litres/sec respectively. At
the higher flow rate; tﬂe integrated flow rate in polymer solu-
tion, 5.55, exceeds that in the solvent, 5.45, by about 2%,but

both are lower than the pump flow rate, 5.70 litres/sec,
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due to the large Pitot tube diameter and the attendant
sruncation error in the integration. :

Figure 5.4.7 shows that the Newtonian velocity defect
law is obeyed in polymer solution at both flow rates. At
the nigher flow rate this obedience is mildly remarkable
because, compared to the solvent, u, is 17% lower, whereas
UCL is about the same in the polymer solution. At the
lower flow rate, near the wall, the velocity defects in
polymer solutlon are very slightly higher than for solvent,
corresponding to a less blunt than Newtonlan profile, but
the difference is small enough to lack significance.

Figure 5.4.8 shows that the Newtonian (i.e., solvent)
1aw of the wall holds well in polymer solution at the low
flow rate, but faills at the high flow rate where the results
are roughly parallel to, but displaced upward from, it .
Comparison of the latter with corresponding solvent results
(taken with the 0.168 cm Pitot at the higher flow rate)
shows that, referring to Equation (6.4.2) , the slope, A,
i.e., the "mixing length" constant, 1s essentially

unchanged, but the wall constant, B, is increased by about

I
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6.5 Turbulence Measurements

Turbulence measurements in solvent and polymer
solution are presented in the sequence: calibrations,
intensities, and spectra. In each case the preceding
measurement 1s required for the computation of the succeed-

ing one and influences its accuracy as shown in Appendix H.

6.5.1 Static Calibrations

Static calibrations in the solvent, Fig. 5.5.1, show
that the mean anemometer signal, E, is reasonably linear
in mean velocity, U. E is approximately proportional to
the square of the heat transfer coefficlent (see Appendix
E.4, Hot Film Anemometer Details).

In polymer solution, static calibrations indicate
markedly different - and hitherto unreported - heat trans-
fer characteristics. At the lower velocities, 30 to 200
em/sec, Fig. 5.5.2(a), two regimes exist with a transition
region from 60 to 160 cm/sec. The approximate solvent
calibration line shown indicates that around 40 cm/sec;,
i.e., in the lower veloclty regime, the heat transfer in
polymer solution 1s roughly the same as solvent; in the
second, higher velocity, regime it is considerably poorer
and also 1is relatively insensitive to velocity. Because
the transition between the two regimes occurs squarely at
the mean velocities encountered in the 3.21 cm pipe at the

1ow flow rate (see Fig. 5.4.6), turbulence measurements at
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this flow rate were not pursued in polymer solution. AT
velocities between 350 to 900 cm/sec, Fig. 5.5.2(b),
static calibrations are shown with solvent, fresh polymer
solution and degraded polymer solufion at identical
operating conditions. The solvent calibration is lirnear.
With fresh polymer solution, two distinct heat transfer
regimes exist: one; prevalling at lower velocities, in
which the heat transfer in polymer solution improves wilth
velocity and approaches that in the solvent until, at about
800 c¢m/sec, an abrupttransition takes place to the second
regime, which prevails at higher velocitles and exhlbits
much poorer heat transfer. On going from high to low
velocities the process is reversed, and at about 600 cm/sec
an abrupt transition occurs from the second to the first
regime with an improvement in heat transfer. As the
polymer degrades the heat transfer improves, seen by the
calibration curve shifting upward toward the solvent, and
the second regime is not observed, though it may merely
have been delayed to higher than the maximum experimental
velocity. The calibrations in polymer solution are markedly
curved, because the anemometer linearizer depends c¢n a
Newtonian type of heat transfer relationship which,
evidently, is not followed.

Figures 5.5.1 and 5.5.2 shoved calibrations obtained

in the central core of the pipe by varying flow rate,
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referred to as "centre line" calibrations. Static calibra-
tions, called "profile" calibratlons, using the ﬁean
velocity profile existing at a given flow rate were also
obtained by traversing the hot film radially across the
pipe and plotting the mean anemometer signal, E, at each
radial position versus the mean velocity at that position
as indicated by the 0.168 cm Pitot tube. In centre line
calibrations the ambient rate of straln, (dau/dr), was
essentially zero, but in profile calibrations each mean
velocity is assoclated with the strain rate prevailing at
that radial position. In pipe flow the strain rate
increases towards the wall so that lower velocitles,
obtained closer to the wall, are assoclated with higher
strain rates. Comparison between centre line and profile
calibrations, as in Figs. 5.5.3(a) to (c¢), presumably
detects, therefore, the dependence of heat transfer on
strain rate. 1In solvent, (a), the two methods agree; in
Newtonian fluids heat transfer is independent of strain
rate. In fresh polymer solution, (b), the two methods
agree at the higher velocities, but diverge at lower
velocities, indicating that the heat transfer near the
wall is better than in the central core at the same mean
velocity, i.e., that heét transfer improves with amblent
strain rate. As the polymer degrades the dlvergence

decreases and eventually dlsappears, (c), when the
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fractional drag reduction at the high flow rate drops from

0.40 for the fresh solution to about 0.25.

6.5.2 Intensity Profiles

In the solvent, Fig. 5.5.%4; turbulent intensity pro-
files at both flow rates are in accord with the measurements
of Laufer (43); the present experimental intensities are at
most about 10% higher.

Figure 5.5.5, in polymer solution at the high flow
rate with RF = 0,30 + 0.10, 1s 1n two parts to distinguish
the calibrations used. Flgure 5,5.5(a) was compiled from
calibrations and profiles which satisfied the statlc check,
as in Fig. 5.5.3(c), and were therefore completely con-
sistent. Figure 5.5.5(b) was compiled from callbrations
and profiles which ylelded static checks similar to Fig.
5.5.3(b) and thus is definitely valid only for the region,
% > 0.3, where the static check 1s satisfied. The differ-
ence in calibration checks 1s due to the degree of polymer
degradation; Ry was 0.25 + 0.05 for Fig. 5.5.5(a) and
0.35 + 0.05 for Fig. 5.5.5(b). In both (a) and (b),
despite the high scatter caused by curved callbrations,
the trend is the same. Relative to the solvent the rms
turbulent velocity, u, in polymer soluticn 1s increased
in the central core, 1.0 > 5») 0.5, but is lower near the
wall, 0.5 >j» , although for % < 0.05 the scatter pre-

cludes good comparison. The shape of the profile is altered
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too. Instead of increasing almos?t monotonically from the
pipe axis to the wall as in solvent, the profileﬁexhibits

a plateau extending for a third of the radius, 0.40< %

< 0.70, over which u is roughly constant. Note, how-
ever, that while u near the wall is about 15-20% lower than
the solvent, the friction veloclty, u., in polymer solution
is also down about the same amount so that (u/uT), the
turbulent intensity of Laufer, is about the same in both
polymer sclution and solvent for §'< 0.4, On the axls,
j = 1.0, u is about 20% higher than solvent, which cor-
responds to (u/uT) being about 40% higher.

Finally, all hollow points on Fig. 5.5.5, the majority,
were derived using calibrations in the first, better heat
transfer, regime of Fig. 5.5.2(b) which was the one that
normally prevailed at the velocitiles existing at the high
flow rete. The few filled (solid) points were derived using
calibrations in the second, poorer heat transfer, regime
that prevailed on occasion at the higher velocitles in the
central core of the pipe. It can be seen that, despite the
difference in the heat transfer laws, approximately the
same results are obtained independent of the regime in

which the hot film sensor was operating.

\
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6.5.3 Energy Spectra

In the solvent, Figs. 5.5.6 and 6.6.7, centfé line
spectra at j} = 1.0 show small regions where the inertial
sub-range relation El(kl) o< k;5/3 , of isotropic
turbulence is obeyed. Solvent "wall" spectra, at J% =
0.033, exhibit considerable regions where El(kl) ec kzl
as predicted by Tchen, quoted in Hinze, (44). At both
radial positions the spectra flatten out, El(kl) o< kg s
at low wave numbers kl - 0. Finally, using the spectrum
scaling rules developed in Appendix B, solvent spectra are
in modest agreement with the spectra of Iaufer (43) in
air at NRe ~ 500,000, as shown on Figs.B.1l and B.2.

One particular problem that occurs in using a
cylindrical hot film sensor is that when the cylinder
Reynolds number, Nﬁe,d’ exceeds 40, periodic eddy shedding
occurs behind it. This results in a corresponding small
periodic variation being superimposed upon the over-all
heat transfer coefficient, which latter reflects the
instantaneous velocity past the cylinder. Thus Fourier
analysis of the fluctuating anemometer signal - i.e.;
measurenent of the turbulent energy spectrum - shows
extraneous "spikes" at the shedding frequency and its
harmonics. Shedding_fre&uencies can be predlicted from
Roshko (£§); those for conditions at which solvent spectra

were measured in the present work are given in Table 6.5.1.
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At the low flow rate, Fig. 5.5.6, no shedding was predicted -
or observed - at % = 0.033. At j - 1.00, a small
sheiding peak was observed at < 9000 cps; 1t did not
affect the spectrum, because this is well above the fre-
quency, 2500 cps, where the spectra were cut off owing to

an adverse signal-to-noise ratio - 1.e., the filtered
anemometer signal was small compared to the electronic

noise of the instrumentation. For this very reason,

shedding was insignificant at the high flow rate, at both
radial positions, since it occurred with frequencies,

21,000 at % = 0.033 and 32,000 cps at :; = 1.00, where

the spectral energy density was so small as to be negligible.
In polymer solution, shedding frequencles cannot be pre-
dicted, but no characteristic "spikes" were observed in

the spectra.

Table 6.5.1

Hot Film Sensor Shedding Frequencles

Sensor Shedding
S e
pectra Diameter ‘; Nﬁe,d Frequency
cm., cps
0.033 31 No Shedding
Low, Fig. 5.5.6 0.0025
1.00 51 8600
0.033 | 290 21000
High, Fig. 5.5.7 0.0051
1.00 ER o) 31000
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In polymer solution at the high flow rate, RF =
0.25 + 0.05, Fig. 5.5.,8, the change in the centre line
spectrum 1s apparent upon comparison with Fig. 5.5.7,
whereas the wall spectrum is not significantly different
from the solvent. Polymer and solvent spectra were taken
at slightly different flow rates, 7% lower in solvent, but
the difference is trivial compared to the inherent + 50%
accuracy of the spectra (note, however, that + 50% is
about 1_1/5 of a decade and the spectra ordinates span 8
decades). The big difference between centre line spectra
i1s that in the polymer solution a very abrupt change of
L

-2 -
slope, from El(kl) o< ky /3 to El(kl)oc k; , oceurs at

kky ¥ 6 em~l. The change in spectrum shape is similar to

the action of a "low pass" filter, cutting off at (the fre-

l; in fact, observa-

quency corresponding to) ky 2 6 cm

tion of the fluctuating anemometer signal on an oscillo-

scope showed a distinct lack of high frequency "fuzz"

in the case of the pol&mer solution. Finally, with polymer

degradation the spectrum shifted towards the solvent -

El(kl) increased for k, > 10, but decreased for k, < 10.
Wall spectra, at % = 0.033, are very similar in shape,

including the small; unexplained, hump that occurs at

ky 4 (corresponding to a frequency of =~ 400 eps) in

both polymer solution and solvent. Differences in the

ordinate - El(kl) in polymer solution is somewhat lower



145

than in solvent at the same kl - are small.

In Fig. 6.5.1 dissipation curves, ky Ei(k;) vs. ki,
derived from the spectra shown on Figs. 5.5.7 and 5.5.8,
in polymer solutlon are compared with those in solvent at
both radial positions. On the centre line, j? = 1,00,
the curves are markedly different; in polymer solution,

a sharp maximum occurs at kl ~ 6 cm_l, whereas in solvent
2 rather shallow maximum occurs at ky = ~r 16 em™t. Also,

in polymer solution the area under the curve, l.e.,

®

J (kl,akl, is about 60% less than in solvent.
0

Near the wall,‘f 0. 033, the disslpation curves are not

very different, though é kﬁ El(k.l)dk1 in polymer

solution is about 30% less than in golvent.
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Part B

Analysis of Results and Proposed Correlations
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6.6 Gross Flow

Gross flow measurements are analysed in the sequence

6.6.1 The Laminar Regime

6.6.2 The Onset of Drag Reductlon
6.6.3 Transition

6.6.4 The Extent of Drag Reduction.

6.6.1 The Laminar Regime

From results in the 0.292 cm pipe, 1t is evident that
all polymer solutions tested, which caused definite drag
reduction in turbulent flow, were Newtonian in the laminar
regime. The relative viscosities of these solutions were

ascertained from the flow diagrams by

U = (157 9) (ar,/aQ) /(dT,/aQ),  (6.6.1)
These relative viscositiles lead to high shear intrinsic
viscosities for each polymer; shear rates in the laminar

-1

regime were of the order of 103 sec which contrasts with

-l in the GDM viscometer. Figure 6.6.1 is a typical

10° sec
example, comparing ( ﬂsp/c) vs. ¢ for N750 as obtained from
the pipe flow with GDM viscometer measurements for the
same master batch. There 1is no significant difference
between the two sets,indicating no change in intrinsic
viscosity and, by inference, no great change in macro-

molecular conformation at the high shear rates prevailing

in the pipe.
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Non-Newtoniancy in polymer solutions is commonly
attributed to molecular entanglements that occuf'in con;
centrated polymer solutions; thus the observed Newtonlancy
1s probably due to the solutions being relatively dilute
even at the highest polymer concentrations employed in the
present work.

In no case was drag reduction observed in laminar
flow even when the wall shear stress, Tw, was greatly in
excess of that, T, which marked the onset of drag reduction

in turbulent flow.

6.6.2 The Onset of Drag Reductlon

It was noticed, prior to the present experimental
investigation, that the gross flow data of Toms (;) and
Savins (8) exhibited one striking trend; namely that for
dilute solutions of a given macronolecule-solvent combina-
ticn, the onset of drag reduction occurred only after a
certain value of the wall shear stress had been exceeded.
This "eritical" or "onset" wall shear stress depended on
polymer molecular weight, but appeared independent of
polymer concentration and pipe diameter. This trend is
confirmed by and clearly 11llustrated in the flow dlagrams,
Figs. 5.3.% to 5.3.14; of the present investigation. It 1s
exhibited whenever the Toms Phenomenon occurs (1,8,26,27,
28,29) -

The above suggests that a necessary condition exists
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which explicitly connects the macromolecule causing the
Toms Phenomenon to the turbulent shear flow in qﬁestion.
Only when thils condition i1g satisfied is it possible for
the polymer solution to exhibit drag reduction. Thus it
appears reasonable to assume that the onset of drag reduction
would be ascertained by parameters characteristic of

(1) the macromolecule causing drag reduction

(2) the turbulence pertaining in the flow.

(1) The macromolecule can be characterized by a
"diameter", Dy derived from its excluded volume in dilute
solution by the method of Tanford (49).

(2) The structure of turbulent pipe flow 1s not well
enough understood to choose an entirely satisfactory scale.
However, since drag reduction is an "energetic" type of
phenomenon, and it 1s well known that the energy action in
a pipe flow occurs close to the wall (43,50), the parameter
chosen to characterize the turbulence was a wave number,
kd’ with dimensions of inverse length, derived from the
turbulent energy spectrum close to the wall. ka was
defined as the wave number where the dissipation, kgE(k),
is a maximum. This definition of the dissipation wave
number, kd, is reminisce?t of , but different from, the so-
called "microscale" and L is, likewise, a measure of tThe
fine scale at which the dissipation of turbu.ent energy

occurs.
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With the background above, the following hypothesis

was formulated.

6.6.21 The Onset of Drag Reduction Hypothesis

The onset of drag reduction in the turbulent flow
of dilute polymer solutions occurs at a constant value of
the product Dng, which is a ratio of the dimensions of the
macromolecule and the fine scale of the turbulent shear

flow. Mathematically,

It
Q

Dng (6.6.2)
where C 1s a universal, dimensionless, constant and the
asterisk, ¥*, indicates a value taken at the onset of drag

reduction.

6.6.00 Tests for the Onset Hypothesls

To test this hypothesls, it 1is necessary to ascertaln
the values of DM and k;, and, in the absence of direct,
experimental measurements, to devise rules for estimating
them.

(1) Tanford (49) presents caleulations for the "effectlve
diameter" of a random coiling macromolecule in dilute
solution. From two standpoints, the thermodynamic "excluded
volume" and the hydrodynamlc "equivalent Einsteinian sphere",

this effective diameter comes to about twice (strictly, 1.8)
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the rms radius of gyration, RG, of the macromolecule. Thus
in all that follows, macromolecular diameter, DM’ is taken

as

(6.6.3)

In the above relation of Tanford, DM is also a weak functlon
of molecular weigh+, M. But for polyethylene oxides in
water, for example, the ratlo (DM/ERG) varies by a factor
of v 1.05 when M changes from 105 to 107 so the molecular
weight dependence will be neglected. The rms radius of
gyration, RG’ 1g accessible directly from light scattering
measurements. It can also be estimated from intrinsic
viscosity-molecular weight relationships by the use of the
Kirkwood-Riseman "equivalent sphere model" and Flory's
universal constant, o, (42) as shown by Kurata and
Stockmeyer (51).

Polymer solutions are considered thermodynamically
dilute if the conformation of an individual macromolecule
is unaffected by its neighbours - enough intervening solvent
separates them. A limiting value of this "separateness"
oceurs when the volume fractlon of macromolecules, Xy
based on their effective diameter, DM’ corresponds to
random spherical packiné, i.e., to touching. The concentra-
tion at this point, Ca gm/dl, roughly separates dilute from
concentrated polymer solutions. It is easily shown to be

given by
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(e
I

. 100(x.,) (M/N,) (6/1rDﬁ)
‘ T (6.6.4)
- 250(M/D3)

(2) Experimental turbulent energy spectra are seldaom
avallable so spectrum scaling rules were derived, Appendix
B, to relate spectra to more accessible quantities. These
rules invoke the four following assumptions (a) and facts
(£)-

(2) The Reynolds number in the pipe flow is high
enough for universal equilibrium to exist at the high wave
number, in which region the controlling parameters are the
dissipation, & , and the kinematic viscosity, Yy . (2)

(b) At the high wave numbers there is local
isotropy. (a)

(c) Near the pipe wall the dissipation, £, 1s
approximately equal to the production, r , of turbulent
energy. (f)

(4) The normalized turbulent energy production,

( r’?/ui), is a function only of position, y+, in the

pipe. (f)

From this length and time scales can be derived and

it can be shown that

kg = KuT/Q (6.6.5)



152

where K is a consgant that depends only on position, y+,
in the pipe. From Laufer (43), the dissipation rate, E ,
reaches a sharp maximum at yt = 10, so this is the logical
position at which to obtain kg. At y*¥ =~ 10, from Laufer's
spectra, it is estimated that K = 0.2.

Substitution of (6.6.5) into (6.6.2) ylelds

DM(uj;/v) = C!'; ©Cf ¢/K , (6.6.6)

I

which is the "engineering" form of the onset hypothesis;

*

once C' 1s known, uy

can be predicted for any characterized
polymer-solvent palr and solutions of it willl reduce drag
for u_ > u: > 1.e., when T > T; . For polymers in a

given solvent, a more convenlent form of the hypothesis is

(T2 = ov/ry s ot = oy pt/?2 (6.6.7)

The onset hypothesis, (6.6.2, .6 and .7) has the
following consequences which provide means of testing its
validlty.

(1) The value of (T":)l/2 - the wall shear stress at the
onset of drag reduction - should be independent of pipe
diameter for a given macromolecule-solvent pair. This
follows from (6.6.5) being independent of pipe diameter.

(2) For a given macromolecule-solvent combination,

(T:)l/e should be independent of polymer concentration for
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dilute solutions. This follows from (6.6.3) being valid
and concentration independent only in thermodynamically
dilute solutions.

(3) In any pipe from (6.6.6), u:/v should vary
inversely as DM’ the effective diameter of the macro-
molecule in the solvent. From (6.6.7), for a given

solvent, (T y1/2

should vary inversely as the rms radius
of gyration, RG, of the macromolecule.

(%) Finally, the value of the dimensionless onset group,
(DM kg), i.e., of constants C and C', should be a constant,
regardless of the pipe, solvent and macromolecule,.

The onset hypothesis will now be applied to the present
experimental results which are then compared with the
results of other investigators.

Consequence (2), the concentration independence of
(T:)l/zg can be observed on the flow diagrams. Very close
serutiny shows that experimental verification at very low
concentration is difficult, because the polymer flow lines
approach the solvent line in slope, making it hard to
ascertain accurately their intersection with it. At very
high concentrations, much in excess of the dilute solution
limitation, (6.6.4), T: ?ppears to decrease slightly.
Between these two extremes there is, typically, a 100 fold

range of concentrations where T; is indeed constant.

Similar behaviour is exhibited by the measurements of
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others; see, for example, Fig. 2.1.1, the data of Toms.
Tt is of interest here to analyse the uncertainty in
a value of T: derived from the intersection of a polymer

flow line with the solvent line. ILet these, respectively,

be
T, = Aap(Q)"P  (polymer solution) (6.6.8)
T, = As(Q)*®  (solvent) (6.6.9)

both of them being assumed logarithmically linear. (6.6.8)
and (6.6.9) will intersect at a point, (Q%, Tx), marking
the onset of drag reduction where, if N denotes the ratio

(np//nS )s

TN = (1n(ap) - Nin(as))/(1 - N) (6.6.10)

An error analysis of (6.6.10) shows that the fractional

"standard error" in Tx, € Cﬁ;), is given by

1

e(mh) = (Vzh/m)?

fi

0v/(1-0) { (2naw/ae)/ (107 [ (V0 /)

1
+ (v(np,)/np'?)] + V(in(as)) +V(ln(Ap))/N2} c

(6.6.11)
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where the operator V(X) denotes the variance of -X. (6.6.11)
gives the standard error in T; in terms of the standard
errors (the terms of the form V(X)/X?) of the constants,

Ap, As, np and ns, of Equations (6.6.8 and .9) and the

slope ratic, N. The former reflect the inherent accuracy

of the experimental measurements and can be derived from
statistical analysis of solvent runs in both 0.292 cm and
3,21 cm pipes; thus values of E(T:) can be calculated

as a function of N, or (since the solvent slope, ns, is a
constant) np, for any polymer. Results of such a calcula~
tion are presented on Fig. 6.6.2 for solutions of N3000

in the 0.292 cm pipe, assuming that experimental measure-~
ments in polymer solution and solvent are of equal accuracy.
As 1is evident from inspection of (6.6.11), € (T;) increases
drastically as np —» ns, (N —» 1), but at lower values of
np, corresponding to the concentrations shown on Figs. 5.310
and 5.3.11, it asymptotes to a standard error of about 10%,
which, for 95% error limits, amounts to a confidence belt

of + 20%. This confidence belt will, of course, get better
as more and more individual values of T; are determined
(for different concentrations), but the + 20% values were
quoted on Table 6.3.1 to err on the safe side. Presented
also on Fig. 6.6.2, as soiid points, are values of € (T;)
for all polymers at their respective limiting slopes, Np,

at which the uncertainty in the intersection with the solvent

line is a minimum.
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The foregoing analysis also illustrates the extreme
accuracy required to obtain reliable values of the onset
wall shear stress; for example, in the 0.292 cm system,
values of (V(ns)/hse) and (V(ln(As))/(ln(As))2) were
N

0.03 x 10" ' and 3.1 x 10”4, respectively, which correspond
to 99% confidence limits of + 0.45% in the slope, ns, and
+ 1.1% in the constant, As.

Figure 6.6.3 1s a plot of (T;’;)l/2 vs. (1/RG)’ as
suggested by (6.6.7), for the 5 polyethylene oxide polymers
tested in 2 pipes; on it are also tabulated values of macro-
molecular parameters. Some of the numbers on Fig. 6.6.3
are slightly different from those reported in Reference 25,
an earlier publication arising from thz present work, as a
result of more precise data reduction. Values of RCT were
obtained from the light scattering results of Shin (21),
which are given in Fig. D.1 of Appendix D, a plot of Eﬂ

vs. M and R, for polyethylene oxides in water. For the

G
polymer N80, which lay outside tie confidensce envelope,
Shin's experimental RG value was used directly; in all
other coses RG was obtained from the best fit 1ine. Figure
6.6.3 shows that both consequences (1) and (3) hold;
results from both pipes, differing 11 fold in diameter,

straddie the same line over an 8 fold range of Rg- The

best stralght line of the form
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(tHY2 - 1+ /Ry - (6.6.12)

has constants (I,C") of (0.0% + 1.97, 6500 + 1100). The
value of the intercept, I, indicates that within experi;
mental error the line passes through the orligin, as pre-
dicted by (6.6.7). The value of the slope, C", can be used
to predict, directly, the onset wall shear stresses for
polyethylene oxides in water with an accuracy of 1_20%.
Consequences (1) and (3) are also obeyed by the results of
other investigators, a complete listing of which is givén
in Appendix C. In cases where the polymers were not
adequately characterized, only (1) can be verified.

The verification of consequence (4), the universal con~
stancy of the onset group, (DM kz), requires considerably
more experimental information than is currently available
in the literature. Of the other data avallable, only in 3
cases (1,17,29) can R, be reasonably estimated. Of these,
Fabula (17) covered only an advanced stage of region (iv)
(of Section 6.3) so (T;) values are not directly available.
The data which exlst to test consequence (4) are summarized
in Table 6.6.1 and plotted on Fig. 6.6.4; they are due to
Toms (1), Hershey (29), an? the present work.

From Table 6.6.1 the value of C' = DM(u:/v ) is about
0.015 + 0.005. Considering the diverse polymers, solvents

and pipes, the constancy is mildly remarkable. Empirically,
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this value of €' is all that is required to predict, via
(6.6.6), the onset wall shear stress for any sol&ent-polymer
pair. Theoretically, however, 1t is interesting to find the
value of the onset constant, C, of (6.6.2).

Using the value, K = 0.2, derived from Laufer's

spectra at yt = TO,

¢ = KC' = 0.2(0.015 + 0.005) = 0.003 + 0.001

This means that the ratio of macromolecular to turbulent
scales at the onset of drag reduction is 0.003, i.e., the
macromolecule is 1/330th the size of the dissipative eddies.
Intuitively, one might expect that the onset of drag reduc-
tion would imply equality of the two scales and thence
values of C of the order of unity. Three poséible explana~-
tions for the small value of C are

(1) that the macromolecule might, at the onset of
drag reduction, be extended to several times 1its zero shear
dimension as measured by RG’

(i1) that l/kd might be too large a scale to
characterize the region of turbulent dissipation, and

(111) that the scaling constant, K, is too small.
A
These are pursued briefly.

(1) No experimental measurements of the elongation of

macromolecules under shear exist, although it is generally



160

suspected to occur. According to the (theoretical) calecula~
tions of Peterlin (24), for dilute solutions of flexible;
random coiling macromolecules, the ratio of rms end to end

distance at a shear rate G to that at zero shear is
- _ 2 /o\1/2
L = (vg/ryo) = (1+28/3)7/% (6.6.13)

where

B, = mff] N &)/(NkT)

is a dimensionless shear rate. The extension ratio, L, 1s
a function only of BO, Since at the pipe wall the product

’}SG is T, at the onset of drag reduction one has

By = (M[q] T})/(N,kT) (6.6.14)

Substituting relevant values into (6.6.14) for three
polymers, N10, N3000, W30l, gives

62 = 0.086, 0.56, 1.73 respectively,

which leads to extension ratios of

¥ = 1,00, 1110, 1.73 respectively .

This shows only slight elongation of the macromolecules at

the onset of drag reduction, eliminating (1) as a possible
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cause for the low onset constant. It 1s 1nterest;ng to

note that the onset product, C!', for W30l (No.lS’bn Table
6.6.1) was about 60% lower than for the other polyethylene
oxides; if this were multiplied by the onset extension ratio
calculated above (L¥ = 1.73), i.e., if a calculated correction
were applied for the increase in the macromolecular length
scale, Dy, the value of C' would come within 10% of the
others.

(11) k. would be a good measure of the dissipative

4a
region if the maximum in kEE(k) were sharp. As seen on

Fig. 6.5.1, experimental solvent spectra yleld keE(k) vs.

k curves which exhibit irelatively shallow maxima. It might,
therefore, be better to re-define the dissipative scale

as the wave number, ke, beyond which only a certain, small

fraction, say 5%, of the dissipation occurs, i.e., by a

relation such as

o0 (0 0] ‘
[ Jﬁ K°E(k)dk / ‘f k2E(k)dk] = 0.05 (6.6.15)

ke 0

ke thus represents the highest wave number that might be
associated with dissipation ~ for k ke only a negligible
fraction of the total dissipatici occurs. Reference to
measured spectra (see Table 6.8.1 later) shows that, order

of magnitude wise, k, 2¢ 10(k,4).

€
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(111) While u_ and VY are well known to be tﬁe con-
trolling parameters in a turbulent pipe flow, the scaling
constant, K, which permits a numeriéal value to be assigned
(through (6.6.5)) to the dissipation wave number, kj, 1is
subject to considerable uncertainty; see Appendix B. From
an energy viewpoint the outer edge of the so=-called laminar
sublayer, yt = 10, is the most important radial position
since both the turbulent energy production and dissipation
rates reach a sharp maximum at it. Unfortunately, turbulent
energy spectra have never been reported at this vital
position, because it is too close to the wall to be experi-
mentally accessible. The closest Laufer got was y+ = T2,

at which point the dissipation rate 1s about a tenth of

that at y+ = 10, and the trend of Laufer's spectra indicates
that kd increases rapldly as the wall 1s approached. Thus

it is conceivable that the value K = 0.2, derived from
Laufer's spectrum at yt = 72, might be an order of magni-
tude lower than the value of K at yt = 10 which we actually
want. However, this is speculation; until relevant spectra
are measured, the value 0.2 is the best available, although
it must be recognized that it is derived fi:m a spectrum

at a radial position relatively remote from where the energy

action in a pipe actually is.

From the foregoing, it is apparent that the low value

of the onset constant, C, is not due to an erroneous
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magnitude being assigned to the macromolecular scale. On
the other hand, the numerical value of the turbulent scale
is uncertain; while the value used might, cpnceivably, be
too iow (it may be increased one order by using k, for kg
and possibly another from obtaining K at yt = 10 instead
of 100), this must await further clarification of the
structure of turbulent pipe flow. Thus, full physical
interpretation of the 0.003 + 0.001 value of the onset
constant, C, which implies that the macromolecule 1s 102
smaller in size than the dissipative eddies, 1s not currently
possible. Therefore, the physical motivation of the Onset
Hypothesis 1s open to question, and the Hypothesis must,

for the present, be accepted from a purely empirical stand-

point.

6.6.23 "Time" Based Onset Hypotheses

Finally, in regard to the onset of drag reduction, 1t
is interesting to note that the Onset Hypothesis of Sectlons
6.6.21 and .22 is a "length" based hypothesis, since that
is the dimension scaled. Similar to 1it, and on entirely
analogous grounds, one might postulate a "time" based onset
hypothesis, relating the macromolecular relaxation time,
Ty to the dissipation freqpéncy, wg, at the onset of drag
reduction. This would gilve

T = Cg (6.6.16)
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No experimental methods exist to ascertain relaxation
times in dilute polymer solutions, but they may be calculated
fpom the linear viscoelasticity theories of Rouse (22) or
zimm (30). ﬁfom Zimm, for a "non free»dréining" macro;
molecule in solution at infinite dilution, the terminal

relaxation time, Tqs i1s

r
T o.422(M[1] 1)/ (NKT) (6.6,17)
The terminal relaxation time 1s the longest in the spectrum
of polymer relaxation times and represents the highest
value that might be used for Tie
ws can be scaled using the same rules as for kd’ from
which
2
g = w(uf/v ) (6.6.18)

where W 1s a constant of order lO1 near the wall; from
Laufer, at y+ = 10, W is estimated about 4 (Appendix B).
The "time" hypothesis, (6.6.16), reduces to its

"engineering" form,
y(u¥F9) = oL ol = Cy/u (6.6.19)
\

and, for a given solvent, to

]

(1) = Ccyfmy s Cp = CY (6.6.20)
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with consequences analogous to the earlier onsetﬁhypothesis.
However, application of (6.6.19) to experimental results
shows poor constancy of the product TM(u:?/)’) = Cé as

shown on Table 6.6.2 for the same data used in Table 6.6.1
presented earlier. For example, for the polyethylene oxides
used in the present work, values of Cé differ by 20 fold
over the range covered (whereas values of C', the cor-
responding "length" constant, were + 30%). Multiplication
of Cé values on Table 6.6.2 by the scaling constant, W,

1 ¢o 10%,

would yield "time" based onset products from 10~
contrasting with (and subject to the same limitations as)
the "length" based value of (3 + 1)10'3,
Two "time" hipotheses have recently been proposed, in
somewhat different forms, by Hershey (29) and Fabula (52).
Hershey "showed" that macromolecule terminal relaxa-
tion times, calculated from the Zimm theory (30), were of
the same order of magnitude as the shear rate, u:Q/V s
at the onset of drag reduction, i.e., Cé was of order 10°.
This conclusion was based on results in several pipes for
several concentrations of 2 polymer-solvent systems (of

the 5 systems apparently tested): namely, polyisobutylene
(M = 0.72 x 106) in cyclohexane and polymethylmethacrylate

(M = 1.5 x 106) in toluene. Although the Zimm theory is
for infinite dilution, in analogy to the equivalent Rouse

theory, a small concentration dependence of Ty might be
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permitted, as Hershey pointed out, by substisuting polymer
solution viscosity, ']p, for the solvent viscosity, ']S,_

in (6.6.17), so long as the polymer solutions may be con-

sidered "dilute". From the Flory-Huggins expansion,

1o = (N/0) = e[+ x'[))P+ ...
(6.6.21)

it is easily shown, by putting ¢ = ¢, from (6.6.4), that
polymer solutions might be considered dilute only when
N < 1.2 - at most 1) - { 1.5. For the region of
validity of the Zimm theory, therefore, the concentration
dependence of Ty must be small, 50% at most. Thus, revert-
ing to (6.6.17), the proauct (M [1] Y,) determines the
relaxation time. For the two cases Hershey cited; the
product (M Dﬂ ) was identical so the only difference in
relaxation times was due to solvent viscositles, qs’
which were about 50% different. Therefore, the equality
of scales observed by Hershey was due to the fact, in
essence, that the relaxation time was not varied in the
two cases used as a basis for his conclusions. Had the
relaxation time been varied, his "time" hypothesis would
almost certainly have failed'in a manner similar to that
illustrated in Table 6.6.2 for the polyethylene oxildes.

In passing, it was noted by Hershey that for a given
polymer solution, the Reynolds pumber at the onset of drag
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reduction was proportional, "approximately", to the pipe

diameter, so that
Nge < D (6.6.22)

from which, by invoking the Blasius friction factor relation,

it can be shown that, for a given polymer solution,

™ o p ¥ (6.6.23)

whereas for our "length" based hypothesis, T; was
independent of pipe diameter. The diameter dependence of
(6.6.23) is, hcowever, small enough to be considered
"approximate”; it can easily be shown that if the exponent
of the Diameter, D, in (6.6.22) were changed from 1 to 8/7,
T; would become independent of D in (6.6.23) . In fact,

as was shown earlier in Table 6.6.1, the data of Hershey
followed our length based onset hypothesis quite well.

The second "time" hypothesis, that of Fabula (52),
willl not be discussed; though purportedly derived from
different, "non-particulate", physical considerations, it
reduces to the form of (6.6.16). Also, it was tested in
the original article with (T;) data supplied (25) from the
present work, which, as has é&ready been shown, could not

be so correlated.
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6.6.24 Summary
It is observed experimentally that the onset of drag
reduction in the Toums Phenomenon is well defined. The
Onset Hypothesis, Section 6.6.21, is an attempt to relate
macromolecular to turbulent length scales at this point.
The consequences of the Onset H&pothesis are well followed
by the experimental results of the present work as well as
those of other investigators, as shown on Figs. 6.6.3 and
6.6.4 and Table 6.6.1. From data presently available the
best absolute value of the onset constant, C, (Equation
(6.6.2)), which is the ratio of macromolecular to dis-
sipative turbulence dimensions at onset, is 0.003 + 0.001.
This low value of C, while it does not impalr the empirical
use of the Onset Hypothesis, 1s intuitively disturbing;
and its physical significance cannot, at present, be
explained. It appears, however, that the low value of C
is not due to an erroneous macromolecular scale, but rather
to the great numerical uncertainty in scaling the turbulence.
Finally, it was shown that "time" based hypothesis,
relating macromolecular relaxatlion time to the frequency
of turbulence, fail to correlate the onset of drag redué-

tion.

6.6.3 Transition
It was seen on Fig. 5.3.16 that laminar-to-turbulent

transition was not, in general, delayed by the additlion of
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polymer. From Poiseuille's law, the wall shear stress at

transition, TW,T’ is

T

2,.2
W, T 8Nhe’T n /pD (6.6.24)

which, for polymer solutions in a given pipe, reduces to
(T, o) /(T )y = (/N7 = (N7 (6.6.25)
w,T’'p w,T’s p s v ir e

Values of the transition wall shear stress for polymer
solutions, calculated from (6.6.25), using experimental
relative viscosities derived from the laminar regime, are
plotted on Fig. 6.6.5. Comparison with Fig. 5.3.16 shows
that, within experimental error, transition is delayed only
when Tw,T > T:, the onset wall shear stress, Thus, without
the trigger, solutions of N80, N750 and N3000 delay transi-
tion only after the viscosity has bullt up sufficiently for
T

w,T
T:fw 3.5 dynes/cmg, delay transition, while N10 solutions,

to exceed T;, whereas even dilufte solutions of W30l,

T;‘~'350 dynes/cme, never do. This also explains why some
solutions, e.g., 1000 ppm of N3000, which delay transition
without the trigger, do not with the trigger; in the latter
case, Tw,T 1s lower by the ratio of respective transition
Reynolds numbers (2025/31505, and the value of T; falls
between the two Tw,T values.

The above criterion, that transition is delayed only
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when the wall shear stress at transition exceeds the onset
wall shear stress, 1s broadly in accord with the Onset
Hypothesis, because T; represents incipient interaction
between the macromolecule anc¢ the turbulence in a mamner
that d~creases the energy dissipation and a delay in
transition reflects Jjust such a trend.

The transition criterion is also consistent with the
gross flow pattern observed in polymer solutions. When
T

w,T

pattern described in Section 6.3. But when Tw o P2 T:’
3

the laminar regime is prolonged and drag reductlon occurs

{ T* , the polymer solutions follow the general
W

immediately on the establishment of turbulent flow. Thus
region (1ii) - turbulent flow without drag reduction - 1is
masked entirely and the onset point is not observed since
the flow following transition goes into an advanced state

of region (iv). This behaviour is illustrated by several
cases in the 0.292 cm pipe, e.%., 500 ppm N3000, Fig. 5.3.10.
In some cases where Tw,TP>> Tx, transition 1s delayed so
greatly that no break 1s observed in the flow lines, and
region (ii) consists of a gradual shift away from the

laminar line of region (i) into the final turbulent flow

line of region (iv), e.g., 2000 ppm N3000, Figs. 5.3.10

and 11 and 20,100 ppm W301, Fig. 5.3.13.

2

< D

From (6.6.24), T, T

s S0, 1if NRe,T stays
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constant (traditionally 2100) then in the 3.21 cm'bipe,
T, p Will be about 0.2 dynes/cm>. Thus T,.1 < ™ for
both N3000 and W30l, and they exhibit both regimes (iii)
and (iv) separated by the normal onset point, Figs. 5.3.12
and 5.3.14. |

Tor polymer solutions where Tw,T > T;, it would
appear that T: might be obtalned by back extrapolation of
the flow lines obtained in region {iv) to their inter-
section with the sclvent line. This is the case;
generally, as seen by comparing results with and with-
out the trigger, e.g., Figs. 5.3.8 and 5.3.9 or Figs.
5.3.10 and 5.3.11, provided that the flow lines are
characteristic of the polymer. The extrapolation would,
clearly, fail if the flow lines had attained the polymer
independent limiting asymptote, Nm, as 1is the case with
2000 ppm N3000, Fig. 5.3.10 and 20 and 100 ppm W30l, Fig.

5.3.13,

6.6.4 The Extent of Drag Reduction

The extent of drag reduction induced by a macromolecular
additive has been shown experimentally to be a function of
several variables - polymer qoncentration and molecular
weight, flow rate and pipe diameter - and to be limifed
both by polymer dependent and polymer independent asymp-

totes,
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In this section the extent of drag reduction is
analysed with respect to
(1) polymer dependent factors
(2) polymer independent limitations and
(3) polymer degradation.

6.6.41 Polymer Dependent Factors

In this part polymer independent limitations and
polymer degradation are assumed absent; the conclusions
affected by these assumptions are suiltably modified in the
respective, succeeding parts.

Drag reduction in a given pipe will initilally be com-~
pared at equal polymer solution and solvent flow rates;
this represents an energy reduction per unit volume per
unit time basis. (Comparison at equal wall shear stresses
would yield equivalent results, altered only by the con-
stants of coordinate transformation.) The effects of flaow
rate and polymer molecular weight will be examined next
and, finally, the offect of pipe diameter wlill be considered.

The fractional drag reduction induced by a concentra-

tion ¢ dl/gm of polymer at a flow rate Q is

RFSQ (1 - <Twp/Tws))Q, (6.6.26)

where the Q subscript will be dropped in future use.

By the Onset Hypothesis,
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Bp = © Tup & T; , and
Rp 2~ O Tp 7 T;. (6,6.27)
The specific drag reduction is
R = BRy/e | (6.6.28)

which, on going to infinite dilution, ylelds the intrinsic
drag reduction,

(R] = wim, o (R) (6.6.29)

c

for a glven polymer and flow rate in a given pipe. In
analogy to the intrinsic viscosity,[ﬂ] , the intrinsic
drag reduction, [BJ , 1s a measure of the inherent drag
reducing ability of a macromolecule in dilute solution.
On the specific drag reductlon vs. concentration
curves of Figs. 5.3.17 and 5.3.18, it was notlced that as
¢ —> 0, R tended to a constant, recognlized now as [B} .
Experimental values of [R] , derived from Cartesian R - ¢
plots like Fig.5.3.20 to prevent the uncertainty of
logarithmic extrapolation to infinite dilution, are given
in Table 6.6.3 for U4 polymers at\two flow rates in the
0.292 cm pipe. At high concentrations, ¢ = 0, the
polymer flow lines asymptote to the limiting slope, Np,

\ . : R
and consequently Rp asymptotes to a constant, Ra max’
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while the R - ¢ curves tend to an asymptote with a =-1-
slope. The intersection of the two asymptotes of the

R - ¢ curves, i.e.,

R = [R] s c 2> 0
: (6.6.30)
R = RF,max/c s c —> 00
occurs at-{ [€] . [R] ) where lc] (= RF’max/ [R] ) might
be considered a characteristic concentration. Two con-
clusions can be drawn from the R - ¢ curves. First, for
any polymer, the initial increments accomplish the
greatest unit drag reduction and the "efficiency" of drag
reduction, dRF/dc, decreases with increasing concentration -~
from [3] at low to O at high concentrations. Second,
the intrinsic drag reduction, [BJ , which is the "efficiency"
of drag reduction at infinite dilution, Increases drastically
with polymer molecular weight.
R has units of inverse concentration;‘in this section
concentration ls expressed in gm/dl, the units common to
the polymer literature. R can, however, be used to
measure the energy reduction per macromolecule by convert-

3

ing concentrations from c, gm/dl, to m, molecules/cm”, so
A

that

R' = RF/m = R (100M/N,)
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mable 6.6.3
Tntrinsic Drag Reduction, Dﬂ

Flow Rate;

litres/sec. -0.050 0,040
Polymer
N10 1.3 + 0.2 0.8 + 0.2
N80 45 + 5 35 +5
NT750 300 + 30 200 + 30
N3000 350 + 50 300 + 30

A1l values in 0.292 cm pipe.

Units of ﬁﬂ are (dl/gm)

Now if &t is the rate of energy dissipation per unit
volume to maintain the solvent in turbulent flow at the

flow rate Q, then
Ec = Upy(-dP/ax) = 16QTW/1rD3

and the product ( ETIU) is the decrease in the disslpation
rate per macromolecule. gimilarly, ( E;;ERQ ) is the
intrinsic decrease in dissipation rate - that caused; sO

to speak, by the first macromoclecule. Normalization of

these products by a “natural" molecular energy rate = €.8.s
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KT/TM - would yield a dimensionless group, characteristic
of drag reducing ability, that might be useful in comparing
polymeric species. The molecular viewpoint will not be
pursued here.

The remarkable similarity of the shapes of the R - ¢
curves suggests thelr superposition by suitable x and ¥
shifts (which are multiplicative, the curves on Figs.
5.3.17 and 18 being double logarithmic). Figure 6.6.6
is such a "universal" drag reduction curve, prepared from
Figs. 5.3.17, 18 and 19 by visual superposition, with
coordinates of dimensionless concentration, 7y, and
dimensionless specific drag reduction, 6, where

5 = c/a

6.6.
s - m/p (6.6.31)

The superposing constants, a and B (i.e., the x and ¥
shifts) are listed alongside. They may immediately be
1dentified with the parameters [p] and [RJ defined by
(6.6.30) and comparison bLetween the values of B on Fig.
6.6.6 and the independently derived values of (R] on
Table 6.6.3 shows modes?® agreement. In addition, over
the range of flow rates and polymers covered, @ and B (or
[c] and [R] ) are related as shown on Fig. 6.6.7. The
foregoing suggests a powerful possibility - namely that

the entire drag reducing behaviour of a member of fthe
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homologous series of polyethylene oxides might be ascertained
from a knowledge of the superposing parameters [ﬁ] and [9] .
In relating the superposing parameters to flow rate
and polymer, we shall work with the intrinsic drag reduction,
[RJ , although either [QJ or their product, [ﬁJLQ] =

R , may equally well be used (the last named has the

F,max
advantage of easy experimental accessibility).

The effect of flow rate is obtained by invoking the
experimentally observed, approximate, logarithmic linearity
of the polymer solution flow lines, both before and after
the onset of drag reduction. Since the onset point,

(Q*,T:), is common to both regions of turbulent flow

(regions (iii) and iv) of Section 6.3)

T o= T, = TN Ty S e (6.6.32)
T = Ta(@@D™ o Typ 7 T, (6.6.33)

The solvent line is always given by (6.6.32) so that, using
(6.6.26),

Ry = (1- (/@)™ (6.6.34)

from which, using (6.6.29) and L'Hospital's rule,

[R] = (- anp/de), _, o(1n(@/Q7) (6.6.35)

-
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Equation (6.6.35) gives [ﬁ] as a product of two terms: the
1n(q/Q*) term which 1s the flow rate dependence and the
(-dnp/de), s o term which is independent of flow rate

andg a function only of polymer. The flow rate dependence
can be tested by plotting [ﬁ] vs. 1n(Q) for a given polymer;
Fig. 6.6.8 for N3000 indicates approximate agreement, yleld-
ing a straight line, passing through the point (0,@%),

over an eight fold range of flow rate as predictedov It
must be noted, however, that this agreement attests to the
extreme linearity of the N3000 flow lines and would not

be quite so good for, says, N80, the flow lines of which
have some curvature.

The intrinsic function (—dnp/dc)C denoted here-

->» 0’
after by ¥ , is difficult to ascertain directly, because
at low concentrations the slopes of the polymer solutions
approach that of the solvent,and derivatives are subject
to high percentage uncertainty. The value of Y’ can,
nowever, be inferred from values of [R} at known flow
rates, Q, and the experimental value of Q for a gilven
polymer. Figure 6.6.9(a) is a plot of %’ vs. Dﬂ (both
of which, incidentally, have the same dimensions of
inverse concentration) derived‘From experimental values

of [R] and Q¥ for 4 polymers. Since for polyethylene

oxides in water the Mark-Houwink relation is

1l

1.05 x 10~ ()0 78 (6.6.36)
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the relation of Fig. 6.6.9(a),
3
v = 3.6[] (6.6.37)

implies a square to cubic dependence of Yf on molecular
weight. The physical significance of this 1s, as yet, .
obscure, but the good correlation between V’ and {n] makes
it an attractive empirical way to relate intrinsic drag
reducing ability to a polymeric parameter.

Form inspection of Table 6.3.1, the polymer limited

asymptotic slope, Np, would appear to follow the limiting

forms
Np = ns ‘Vl] — 0
(6.6.38)
Np > 1, [V\] > @
which suggest a relationship of the form
n((Np - 1)/(ns - 1)) = A1) (6.6.39)

where A is a negative constant. A plot of in(Np - 1) vs.Pﬂ
is shown on Fig. 6.6.9(b) and results in a fair straight
line for 4 polymers with a valu? of -0.65 for A, As wlth
the Y’ -[ﬂ] relation of (6.6.37),; no physical interpreta-
tion can be given for the Np - Lﬂl relation.

Elimination of [ﬂ] between (6.6.37) and (6.6.39) gives
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1
in((Np - 1)/(ns - 1)) = = 0.42 \’,g (6.6.40)

which links the drag reducing behaviour of a polymer at low

concentration, ?’, to that at high concentrations, Np.
Finally, the superposing parameters &ﬂ and Eﬂ

are related, in general, through (6.6.30) applied in

(6.6.34) which gilves,

Rp max = &ﬂ LC] = (1 - (Q/Q?)Np-ns) (6.6.41)

so that

[¢] (1 - (/@))®"%)/[R] (6.6.42)

which cannot coincide with the simple power law [BJ - ‘p}
relationship of Fig. 6.6.7. Applying 1imiting conditions
to (6.6.41) and invoking (6.6.35), 1t can easily be shawn

that

(]

[c]
[c]

so that for a glven polymer the power dependence of [d]

(ns - Np)/y , (/Q%) — 1
(6.6.43)

1/ [R:\ s (Q/Q%) —> ®

on [R} will vary from O to -1% depending on flow rate,
This effect can only Just be observed by the decreasing
flow rate points for N3000 on Fig. 6.6.7. Thus, while

superposition can always be effected on a universal curve
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such as Fig. 6.6.6, regardless of polymer and flow rate,
the relation between the superposing parameters is, in
general, one such as (6.6.42) rather than the polymer and
flow rate "independent" power law of Fig. 6.6.7, which
latter is valid only within thersnge of conditions noted on
the flgure.

The extent of drag reduction analysis presented so far
might be summarized as follows for a homologous series of
polymers exhibiting the Toms Phenomenon in a given pipe.

(1) At any flow rate the specific drag reduction versus
concentration curves are bounded by two asymptotes; at
infinite dilution, ¢ —> 0, R tends to a constant, [RJ , the
intrinsic drag reduction, while at high concentrations,
¢ —> 00, R varies inversely as c¢, because the fractional
drag reduction reaches a constant, maximum value, RF,max’
corresponding to the polymer limited asymptotic slope, Np,
being attained by the polymer flow lines. The intersection
of the two asymptotes defines two characteristic parameters,
R] ana [c] .

(2) All of the R - ¢ curves are similar in shape and
may be superposed onto a single, "universal', curve when
R and ¢ are normalized by their\corresponding character-
istic parameters [R] and [C]

(3) The parameters ER] and. [C] are uniquely related

and each depends on both flow rate and polymer.
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*) [B] , for example, can be decomposed into the
product of a flow rate term, (1n(@/Q*)), and an intrinsic
polymeric term, Y’ , as in eqﬁation‘(606,35).

(5) Both Y , an intrinsic functlon characteristic of
low concentrations. and Np, the asymptotic slope character-
istic of high concentratlons, correlate well with polymer
intrinsic viscosity, h] , although the rhysical significance

of these relationships is, as yet, obscure.

The foregoing developments relate to a single polymer
homologous series - solvent combinations (peclyethylene
oxides - water) in a single pipe (0.292 cm).

The use of different polymer;solvent systems is not
expected to alter the form of the relations derived, so
long as the polymers remain random colling. Other combina-
tions would be very useful in relating drag reduction to
the structure {configuration) and deployment (conformation)
of the macromolecule.

The effect of pipe diameter could not be studied
thoroughly in this work because of polymer degradation - a
problem that plagues all large scale work where polymer
solutions must be }ecirculated. It was observed on Flg.
5.3.21 that, at floﬁ rates corresponding to equal solvent

wall shear stresses, T g2 the fractional drag reduction, RF’

W
induced by a given polymer concentration decreased with

increasing pipe dlameter:since onset, T;, 1s independent
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of pipe diameter, this means that the corfesponding
polymer flow line slope, 1D, decreases with diameter.
However, both the 3.21 cm pipe data and those of Fabula
(17), in a 1.0 cm pipe appear to superpose on Fig. 6.6.6 -
the universal curve for polyethylene oxides in water in
the 0.292 cm pipe. Since the fiow rate dependence of drag
reduction depends only on the logarithmic linearity of the
flow lines which 1s, roughly, observed, the superposition
of larger pipe data on Fig. 6.6.6 suggests only simple
changes in drag reduction ~ polymer relations like (6.6.37)
and (6.6.39), hopefully only in the constants, which might
a1l be considered functlons of pipe dlameter.

No adequate literature data exist, at present, with
which the relations developed might be compared and checked.

This section on polymer dependent factors i1s concluded
with two concepts of engineering interest.

(2) The "Newtonian" Solvent
The "Newtonlan" solvent for any pelymer solution

is defined as an imaginary solvent having the same viscosity
as the polymer solution, but exhibiting no drag reduction -
i,e., following Newtonian flow relations. The relative
viscosity of a polymer solution with respect to its acbual
solvent is given by the Flory-Huggins equatioﬁ,

. = (+ecl] +kc(cU])2+ ...)  (6.6.21)
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and from the Newtonian friction factor relation, it can be
shown that, at the same flow rate, the wall shear stress

for the Newtonlan solvent 1s

(Tone/Tws) = (n,)E™e (6.6,44)

from which a generallzed fractional drag reduction,

RFN’ defined by

(1 - (Ty/Tuns)) (6.6.45)

RFN wp’ “wns’

may be calculated. At low concentrations RFN reduces to
RF because ﬂr-ﬁ>1; at high concentrations it corrects
for the buildup of polymer solution viscosity. In the
present work the correction was always small, a maximum
difference of 7% between RFN and RF’ so the concept was
not employed. But 1t could be useful in correlating high
concentration data like that of Toms (l), in which polymer
solution viscosity 1s greatly increased. Also, it can
easily be shown thet in region (111), turbulent flow with-
out drag reduction, RFN is precisely O (whereas RF is
slightly negative\since Twp v Tws due to the increased
viscosity).
(b) The "Optimum" Concentration
This is defined as the concentration at which, for

a given flow rate, the maximum dérag reduction is obtained,
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i.e., RF is a maximum. It was seen earlier that with
increasing concentration, the flow lines attain an
asymptotic slope, Np, and RF tends to a constant, maximum
value. As concentration 1s increased still further; the
flow lines maintain the slope Np, but shift to the right
(toward the solvent line) as the increased viscosity over-
whelms the drag reduction. Thus some "opfimum" concentra-
tion exists heyond which RF decreases slowly. Very close
serutiny of the data of Toms (1) and those of the present
work shows that while RF exhibits the shallow maximum
described above, RFN asymptotes monotonically to a con-
stant, although the absolute difference between the two 1s

trivial so long as the polymer solutions might, even

remotely, be considered dilute.

6.6.42 Polymer Independent Limltations

It was seen in Fig. 6.3.1 that a polymer independent
asymptote limited fthe maximum drag reduction attainable in
a pipe and that its slope, Nm, was independent of pilpe
diameter. If this asymptote in each pipe is back extrapolated
to its intersectien with the corresponding turbulent flow
solvent line, this occurs at a poin® (Qm’Twm) where the
Reynolds number, Np, n» is Toughly the same, 500 200,
which, considering the difference in pipe diameters and the

decades of extrapolétion, implies that the asymptote 1is
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independent of both polymer and pipe. The asymptote is

(T, /T\m) (o/q )™ (6.6.46)
algebraic manipulation of which gilves

(2-Nm) (NRe)-(a-Nm) = Am Nﬁ?n (6.6.47)

]
1

fm(NRe,m

The exponent nm is a constant since Nm 1s consbant and fm
and N e.m are related by the solvent friction factor relation,

,Mm
so Am is a constant since N is constant. Thus (6.6.47)

Re,m
i1s the friction factor relati;n for the maximum drag
reduction asymptote, independent of pilpe and polymer.
Its‘universality can be tested by plotting £ vs. NRe for
the points of Fig. 6.3.1, but a somewhat better form of
plotting is that of Prandtl, £~ 1/2 4s. Log NRe(f)l/e,
which, for Newtonilan fluids, yields a truly universal
straight line. This latter was applied to éll the points
in Fig. 6.3.1 which lay on the maximum drag reduction
asymptote in each pilpe, using solution viscositles as
experimentally measured. The results are shown on Fig.
6.6.10, along with representative solvent points. For
both pipes and all solutions, tThe points lie on a common

1/2

curve over a 10-fold range of Nhe iy - corresponding to
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an NRe range from 5000 to 150,000 ~ and points from the
small pipe fair into those from the larger one. For

fl/?j> 500, the asymptote 1s well represented by a

NRe
straight line,
L L
£ 2 = 23 Logyo(Ng, T 2y - 43 (6.6.48)
which intersects the solvent line,
L 1
e 2 - 1.0 Logia(Ng, T Z) - Ok (6.6.49)
10 Re

at a Reynolds number of about 1500. For NRe fl/2<( 500,
the asymptote points diverge from the 1ine (6.6.48) in a
manner similar to that of solvent points from the solvent
line, (6.6.49), possibly for the same reason - that the
Reynolds numbers are too low for "universality" -~ in both
cases.

The points of Fig. 6.6.10 also follow a unique curve
when plotted in the double logarithmic £ vs. Nﬁe form with

a slope close to - %g the best fit power law 1is
£ = 0.42 N;O*2°, 4000 < Np, < 150,000 (6.6.47)

The difference betwéen the Reynolds numbers at the inter-
section of the solvent line, 500 from (6.6.46) and 1500 from
(6.6.48), is due to fthe incompatibility of the two forms of
plotting. It is easlly seen that the forms (6.6.46 and 47)
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1
yield an upward concave curvature on f vs. Log(Ng, T 2y

LI
o

coordinates, especially at 16w Nﬁe; as ocecurs on Fig.

6.6.10. Practically, the disagreement for-'NRe fl/2<: 500

is of little cmsequence,; because most of it occurs at
"yiptual" Reynolds numbers where the flow is actually
laminar so that the question of drag reducfion does not
arise. For higher than experimental values, Np, fl/éi> 4000,
modest agreement exists between extrapolations of (6.6.48)
and the power law forms (6.6.46, 47) (similar to that
petween (6.6.49) and the Blaslus equation), but (6.6.48)

is to be preferred, 1in analogy to the solvent.

The correlation of the maxlimum drag reduction'asympw
tote by the same parameters - friction factor and Reyﬁolds
number - as the solvent shows that the Toms Phenomenon 1s
always exhibited within the bounds of the two lines of
Fig. 6.6.10, equations (6.6.48) and (6.6.49).

Theoretically, this 1s very stimulating, because it
suggests the existence of a polymeric parameter, say 7,
such that a pair of conditions like

T £ L
(6.6.50)

A}

T D Ty

result, respectively, in either the solvent line or the
asymptote being followed, both of which are independent of
7. The onset of drag reduction is possibly a particular

case of the first condition, because prior to onset, the
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solvent line is always followed., Further, both ™ and T
are qulte well defined, Judging from the abruptness with
which both the caset of drag reduction and the switch to
the maximum drag reduction asymptote occur. For values of
T intermédiate between LY and Tos the polymer solution
flow lines depend on the coordinates of Fig. 6.6.10 as well
as on T, as is evidenced by the dependence of drag reduction
on polymer and flow rate. No good candidate for m can be
advanced in the present work, but its delinealation would,
clearly, be central to the understanding of the Toms
Phenomenon.

Also, from the form of the asymptote, it 1s clear
that the ultimate condition of drag reduction in the Toms
Phenomenon is not laminar flow. Comparison of the

respective friction factor relationships

£ = 16‘.0(1\1'%)"1 Leminar (Poiseuille)

£ = 0,08(NRe)-0“25 Turbulent (Blasius)

}-b
f

0.42(NRe)'0o55 Asymptote (6.6.47)

A
shows a curious progression of the Reynolds number

exponent: that for the asymptote is roughly the geo-
metric mean of the laminar and turbulent exponents.

Engineering wise, this asymptote is valuable, because
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it sets the limits to which drag can be reduced in any plpe.
The Practional drag reduction on the asymptote - and there-

fore the maximum possible - 1s

Renm = (1~ (o/q,)™™*) (6.6,51)

At flow rates corresponding to the same solvent shear

stress, Tws’ i1t can be shown that
_2
Nm-ns 7
(/Qy) « D
because from Blaslus,
>
(Qq o DI
_Tws ’
Nhe,m is a constant, sc
Qm o D1
and
- 1 _ 43 2 1
Nm“ns = 12 11]:' = -r-E-

A

Thus the second term in the bracket of (6.6.51) diminishes
with increasing pipe diameter so that at flow rates cor-
responding to the same solvent shear stregs, the maximum

drag reduction possible increases with increasing plpe
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diemeter. This is also evident from the geometry of Fig.
6.3.1 and was illustrated in Fig. 5.3.21 by solutions of
" 1301 in both pipes.

The developments of this section modify the preceed~
ing, polymer oriented, analysis of the Toﬁs Phenomenon in
a simple way. Namely, that in the reglon between the
solvent line, (6.6.49), and the maximum drag reduction
asymptote, (6.6.48 or 6.6.47), all polymer solutions obey
the previous relations until their flow lines intersect
the asymptote; after this intersection, the flow lines are
superceded by the asymptote and the latter is universally
followed.

The maximum drag reduction asymptote has not hitherto
been reported. Fabula (17) observed "breaks", similar to
those in Fig. 6.3.1,1in the flow lines for polyethylene oxide -
water solutions in a 1.0 cm pipe, but operated at very high
wall shear stresses where degradation was severe; Metzner
and Park (20) appear to have attained the asymptote with a
polyacrylamide in water in 1/2 and 1 in. pipes, but the
solution was so concentrated that it was appreciably non-
Newtonian (a "power law" exponent of 0.55) and their
results, presentediin terms of the power law Reynolds
number, are difficult to decipher; Toms (1) may have
reached the asymptote in his 0.128 em. pipe, but had too
few points in the tufbulent regime. Thus, while these are
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in qualitétive agreement, no adequate data are availlable

in the literature to really test the form and universality
of (6.6.48) and its confirmation must await further experi-~
mental information. Also, only polyethylene oxldes in
water were used in the present work, andtﬁhough the asymp-~
tote was independent of molecular welght - which strongly
suggests 1its independence of polymer ; other polymer
homologous geries~-solvent combinations remgin to be

tested.

6.6.43 Polymer Degradation

Polymer degradation refers to a decrease in the
molecular weight of the polymer, i.e., a decrease in its
degree of polymerization, with consequent attenuation of
related macromolecular properties. Degradaticn may stem
from biological (bacterial) or mechanical causes.

Polyethylene oxildes dissolved in‘water are subject
to biological degradation on standing. In the present.work
this was eliminated entirely by adding 1/2% by welght of
formaldehyde to all polymer master batches.

Mechanical degradation occcurs when polymer solutilions
are subjected to shear. Tt has been reported in the
literature, (17,18;53), both in laminar and turbulent flow.
In the present work mechanical degradation could occur

during
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(1) master batch mekeup
(2) polymer solution makeup
(3) pipe flow experiments.

(1) Master Batch Makeup

Degradation during thils step was minimized by the
procedure of Chapter IV. Also, it introduced no error,
because all master batches were characterized after makeup.

(2) Polymer Solutior Makeup

This step caused negligible degradation in polymer
solutions run in the 0.292 cm pipe which were made up in
batches with gentle stirring for long periods. Intrinsic
viscosities measured after solutlion makeup were identical
with those of the corresponding master batches.

In the 3.21 cm system some degradation occurred
during solution makeup, discussed more fully in (3). For
N10 and N3000 solutions, from viscosity measureménts, this
was negligible; for W30l some degradation probably occurred,
but the low concentrations, where it was most pronounced,
were too dilute to characterize.

(3) Pipe Flow

It appearé that drag reduction in turbulent pipe
flow is always associéted with polymer degradation. For a
given polymer, degradation increases both with the prevall-
ing wall shear stress and the time of exposure. Because

drag reduction depends strongly on polymer molecular weight
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and degradation increases with wall shear stress, degrada-
tion can be detected on gross flow dlagrams by the flow
lines tending towards the solvent line at the higher flow
rates with a concave downward curvature.

In the once-through 0.292 cm system, without the
trigger, degradation was checked in two ways: Dby intrinsic
viscosity measurements on solutions that had been run
through the pipe at the highest flow rate (about 0.060
litres/sec) and by repeatedly running the same solution
at this flow rate and noting changes 1in pressure gradient,
The results showed that for 4 polymers, N10, N80, N750 and
N3000, degradation was negligible. W301 solutims definitely
degraded, as indicated by the 2 ppm flow line on Fig. 5.3.13,
but were too dilute to characterilze by viscoslity measure-
ments. W30l solutions also 11lustrate an interesting
point. Suppose a concentration, C, s is required to attain
a drag reduction asymptote - in the case of Fig. 5.3.13,
the maximum drag reduction asymptote, Nm. Then all
solutions with ¢ > c, will follow the same asymptote
which, aside from small viscosity changes, will be the same
flow line. fhus, 1f these are run, and degrade, the flow
1ines will not change until enough macromolecules (a
fraction (1 - ca/c)) degrade to make them leave the
asymptote towards the solvent line. Therefore, more con-

centrated solutions will follow the asymptote up to higher
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flow rates (wall shear stresses). On Fig. 5.3.13, flow
Lines for 5, 20 and 100 ppm are initially identical; at
about 0.040 1itres/sec, the 5 ppm line curves towards the
solvent, while the other two remain on the asymptote up to
the highest flow rates attained. The same reasoning explains
why, in general, degradation is more readily apparent on
1ow concentration flow lines. Suppose, at a gilven flow
rate, Q, a polymer degrades at a rate of (dm/dt) molecules
per unit time per unit volume and that degraded molecules
are ineffective in reducing drag. Then this degradation
corresponds, e:fectively, to a decrease in polymer con-

centration at a rate

(dc/dt) = (100)(am/at) M/N,

(6.6.52)

where ¢ is in gm/dl units. The rate of decrease of the

fractional drag reduction, RFg is

(dRF/dt) = (dRF/dc)(dc/dt) (6.6.53)

\
We know from the R - ¢ curves that (dRF/dc) is greatest
(

so if dc/dt is constant, the time rate of change of drag

[R] ) at low and lowest (= 0) at high concentrations

reducticn will be greatest for low concentrations.
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In the recirculating 3.21 cm system, mechanical
degradation could occur at several locations: the test
pipe, pump, return line, fittings énd, during solution
makeup, the agltated run tank. Of these, the test pilpe
was by far the most important source. For any polymer, at
flow rates below those corresponding to the onset of drag
reduction in the 3.21 cm pipe (Q < Qf), degradation was
slight. For example, 1000 ppm N3000 could be run for 2
hours at @/Q* = 1 with little subsequent change in 1ts
drag reducing ability. The same solution run at /¥ = 5
degraded with time as shown on Fig. 5.3.22. For this
reason, all polymer solutions were made up at Q/Qf*( 1,
andlsubsequeﬁt gross‘flow'measurehents conducted as
rapidly as possible. For W30l soluticns, o/Q¥ =~ 1 cor-
respoaded to very low flow rates, which necessitated long
makeup times (Section 4.5, step 11) during which same
degradation probably oceurred at locations other than the
test plpe, notably in the agltated run tank. This degrada-
tion would be most apparent in the flow lines of the lowes?t
concentrations.

At the highest.flow rates in the 3.21 cm pipe, all
solutions degraded, as may be seen by the curvature in the
flow lines. For W301l, Fig. 5.3.1%, degradation was very
severe at Q > 3 litres/sec (@/¢¥ > 10); for example, on the
100 ppm flow line the two pointé at Q = 2.4 litres/sec
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were taken 2 minutes apart. On the same figure, the 500 ppm
flow line deviated fram the maximum drag reduction asymp~
tote only at the 4 highest points.' This was checked in

two ways: first, by'running frésh solution directly up to
the high flow rates (1.e., before it had time to degrade),
and second, by observation of pressurs gradient vs. time.
In the former case, the points on the asymptote were
replicated, while those off it were different due to vary-
ing degrees of degradation. In the latter check, while

the asymptote was followed the pressure gradient at a given
flow rate was constant with time, desplte degradation (by
the reasoning of (6.6.53)); whereas when the asymptote was
not followed, drag reduction became a function of con-
centration, and the pressure gradient increased with Time
as polymer degraded.

In summary, in the present work polymer degradation
was negligible, or aceounted for, in all measurements used
as a basis for generalization.

In practical appllcations, all extent of drag reduqtioh
relations developed would be affected by degradation in the
direction of less drag reduction. Because degradation is
slight before the onset of drag reduction, an interim
measure of the sevefity of degradation in any pipe is given
by the ratio of operating to onset f{low rates, Q/Q?. For
any polymer, degradation 1s slight for q/0* < 1 and very
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severe for Q/Qf > 10. Degradation increases with exposure
time (residence time in once-threugh applications); at a
given flow rate, Q( > Q."f), for a given polymer, bthe
fractional drag reduction decreases rapidly at first, but
at long times tends to a value intermediate hetween the
initial, undegraded value, and O, Frem an englneering
viewpoint, degradation would almeost certainly be an
important factor in the economlc evaluation of appllcaticns

of the Toms Phenomenon.



%‘

200

6.7 Anomalous Pitot Tube and Hot Film Measurements

" It was observed that the two jnstruments classlcally
used to measure fluid flow structure - the Pitot tube for
mean and the hot film anemometer for fluctuating veloclties -
behaved anomalously in polymer solution. This behavior -
not hitherto reported in the literature - will be discussed
first to assess the uncertainties in flow structure

measurements.
6.7.1 Pitot Tube Measurements

From Figs. 5.4.4 and 5.%.5 and the description in
section 6.4, 1t is evident that the velocity indicated by
a Pitot tube in polymer solution is a function of ¢

(2) the absolute veloclty
(b) Pitot tube dlameter
(¢) polymer molecular weight

(d) polymer concentration .

of these, the concentration dependence, (a), was not experi~
mentally ascertained, but appears obvious.
These observations might be attributed to the effect

of the polymer molécules in solution on

(1) the stagnation pressure attained on the face of
the Pitot tube (modelled as a small disc normal to the
flow), ‘

(2) the indicated static pressure, by virtue of normal

stress effects.
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of these the second appears not to be the case because,
from Section 5.4, apparent velocity profiles obtained from
a Pitot-static tube by alternately referencing the Pltot
to the static tube and to a wall static pressure tap were
1dentical. According to the analyses of Savins (36), and
Astarita and Nicodemo (34), normal stress effects depend
strongly on radial position in the pipe, beiﬁg greatest
near the wall and negligible on the axis, Thus different
profiles would be expected in the above case with little
or no discrepancy on the axis, neigher of which were the
case. Therefore, the discrepancy 1in Pitot reading has to
do with the stagnation pressure rather than the static
pressure indicated.

Regarding stagnation effects, one can visuallze
macromolecules being elongated elastically under the
strain rate prevailing at the stagnation point, thereby
extracting energy and detracting from the stagnation
pressure attained. Presumably, these elastic effects
should increase with the rate of strain at the stagnation
point which is, in turn, proportional to the free stream
velocity and inversely proportional to the Pitot tube
diametef, so the effeét should increase with free stream
velocity and decrease~ﬁ1th increasing Pitot tube diameter.
This is in accord with the observations. Recently, Boggs

and Thompsen (31) have performed a theoretical analysis of
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7

this phenomenon which, unlike the data, prédicts that the
fractional error 1s independent of velocifty. Furthermore,
thelr pesults would suggest that there should be no observ-
ahle effect unless the solution is several orders of
magnitude more elastic than i1s indicated by the theory of
Rouse (22).

Alternatively, one can present a mechanical energy
argument without resorting to specific constitutive equa-
tions, such that 1if gsubscripts 1 and 2 refer respectively

to the free stream and to the stagnation point, then

Ue

c 1 _ c

PL+E tomMa * Pz = P2t E2TooW N, (6.7.1)
where E is the elastic energy per molecule and in an
unstrained free stfeam, e.g., the axis of a pipe,'E1 = 0,

Further, if P, - Py 1g interpreted in terms of an apparent

velocity, Ua’ such that

pU

P, - P, = (6.7.2)
2 1 5
then, on the pipe centre line,
. c
%(U?. SB) = B, g N (6.7.3)

where, as before, E2 is expected to iﬁcrease with increasing

free stream veloclty, Ul, and decrease with increasing Pitob
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tube diameter, 2 a. This explanation requires that in all
cases exhibiting these anomallies, the polymer molecules
must be significantly elongated by the rate of strain at
the stagnation point; for this is the only way in which

the molecules can store energy. By using the analysis of
peterlin (24), one can demonstrate that this requirement 1s
fulfilled and that, for the shear rates of these experiments,
the RMS end-to-end distance may be several times greater
than that for zero shear rate. This is shown on Fig. 6.7.1,
a plot derived from the data on Fig. 5.4.5, for three Pitot
tubes. Both the kinetic energy discrepancy, p(U? - Ui)/z,
from (6.7.3) and the corresponding extension ratio, L,
calculated from {6.6.13) are given as functions of (Ul/a),
the rate of strain at the stagnation point. Note that in
Figs. 5.4.5 and 6.7.1, both referring to the plpe axis, the
solvent velocity is used for U;, the "free stream"” velocity
in polymer solution, because there is no absolute way of
determining the latter. While this choice need not,

a priori, be correct, the solvent velocity is constant so
no relative error is introduced in comparisons between

the various Pitot ?pbes; also, the absolute error is

small because, g_posteriori, the centre line velocity in

solvent 1s very close (within 1%) to the "best" value in
polymer solution. The three Pitot tubes used were not

geometrically similar; also (Ul/a) is the strain rate
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only at the stagnation point itself (£rom potential flow
theory), whereas the energy balance must be taken across
the whole Pitot face. Therefore, only qualitative con-
firmation of the energy argument can be claimed.
Parenthetically, it would appear that an experimental

Pltot tube having a hemispherical nose tip with a central
pinhole would be the best to evaluate the strain rate - and
hence the discrepancy - accurately (54).

Two consequences of the energy argument are, first,
that it is a "time mean" argument, independent of any
turbulence obtained in the flow, 80 that the discrepancy
should be observed even in laminar flow so long as the
mean shrain rates are adequate. This remains to be experi-
mentally proven. Second, 1if the argument 1is valild, then
everywhere other than the pilpe axls the macromolecules in
the "free stream" are elongated to varying degrees accord-
ing to the ambient strain rate. Thus, in (6.7.1), E{ 1s a
function of radial position,;ﬁ , so Pitot readings in
polymer solution must also be. This also has still to be
checked experimentally, though there are indications (see
later) that the radial dependence might be weak.

The accuracy o} Pitot tube measurements in polymer
solution is consideréd next.

At the "low" flow rate, measurements with the 0.025 cm

Pitot might be considered entirely accurate (as accurate
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as the solvent), because integrated and pump flow rates
agreed to 1% and Pitot readings were independent of Pitot
size. |

At the "nigh" flow rate, from the measurements made,
there is no way of knowing what the true velocity profile
in polymer solutlon 1s; it can only be inferred. First,
since 1t was established that the pump calibration in
polymer solutlon was the same as in the solvent, all pro-
files on Fig. 5.4.% are at the same true volumetric flow
rate (see Q on Table 5.4.1). Second, at all radial
positions the apparent velocity Indicated, Ua,} s increases
with inereasing Pitot size--Fig. 5.4.%4, solid points. As
a consequence, the integrated flow rate, Qi’ increases
similarly. Now for both Uaaf and Qs the rate of change
between the 0.025 and 0.055 cm Pitots 1s much higher than
that between the 0.055 and 0.168 cm Pitots, shown on Table
6.7.1. This strongly suggests an asymptotic approach to
the true velocity profile with increasing Pitot tube size;
thus, measurements with the 0.168 cm Pitot ‘are the "best”
available.

The absolute acguracy of the 0.168 cm Pitot in polymer
solution can, also, only be inferred. First, this can
hardly be superior to that in the solvent, which was,
Section 6.4, from -1% on the axis to -2% near the wall.

This factor does not affect comparison between polymer



206

Tahle 6.7.1

Rate of Change of Apparent Velocities

Pitot $ = 1.00 $ = 0.055 Flow Rate
AU | av ) AQ,
a 8,
d Us m | % | | % &
0.025 | T67 526 5.20
1070 2270 9.7
0.055 | 809 594 5.49
97 89 0.53
0.168 820 604 5.55

Unlts are:

d - cm
u, - cm/sec
Q - litres/sec

_§ -~ 0.055 represents the closest that the 0.168 cm
Pitot could get to the pipe wall.
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solution and solvent. Second, the integfated flow rate,

Qs 1s about 2 1/2% lower than the pump, ‘but 1 1/2% higher
than the corresponding Q, in solvent. Becauée of the

large Pitotb size'and the attendant truncation error in
integration, Q4 being lower than Q in both cases is under-
standable. However, the integrated value in polymer solution
exceeding that in solvent 1s somewhat disturbing, even thcugh
the difference, 1 1/2%, is within the magnitude of the
truncation error and therefore could be caused by small
differences in velocity profiles in the (inaccessible)

wall region. Third, measurements taken with the 0.168 cm
Pitot cannot be appreciably dependent upon radial position.
For, in order for this to happen, the macromolecules in

the "free stream" must be elongated appreciably compared

to thelr eventual elongation on the Pitot face - i.e., the
strain rate in the free stream, (dUl/dr), must compare with
that at the stagnation point, (Ul/a). In a pipe, the
greatest strain rate 1s at the wall so the "worst" radial
position is with the Pitot resting on the wall. When this
occurs the tube face 1is essentially all in the "law of the

wall" regiou, from which
Y

(dpl/dr)/(ul/a) = A/ut (6.7.4)

where A is the (inverse of the) mixing length constant.

Since A 1is praetically~unchanged in polymer solution
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(Fig. 5.4.8), the ratio is of the order of 107} s0 any

radial dependence must be small. Thus the over-all
accuracy of 0.168 cm Piltot measurements in polymer.solution

ig of the same order as in the solvent.
6.7.11 Summary

Pitot tubes in polymer solution indicate apparent
velocitles which are, in general, too low. The "dis-
erepancy" between the apparent and true velocities increases
with increasing absolute velocity and decreasing Pitot tube
diameter. The experimental observations, which dlsagree
with all current literature analyses, can tentatively be
explained by a mechanlcal energy argument based on macro-
molecular extension at the stagnation point with a con-
sequent abstraction of energy that detracts from the
stagnation pressure attained. From the experiments and the
energy analysis developed, it 1s strongly suspected, though
not definitely proven, that, at the "high" flow rate,

5,70 litres/sec, studied in the present work, mean
velocity measurements with the 0.168 cm Pitot are the best
available and are as accurate as measurements taken with
the same tube in sol;ent, Also, at the "low" flow rate,
1.18 litres/sec, wheré the discrepancy was negligible,

measurements with a 0.025 cm Pitot are as accurate as in

solvent.
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6.7.2 Hot Film Measurements

From static calibrations, Figs. 5.5.1 to 5.5.3, 1%
was evident that the mean heat transfer from cylinders in
transverse flow in polymer gsolutions is a function of

(a) mean veloclty
(b) ambient (free stream) strain rate

(¢) polymer molecular welght.

Although not experimentally tested, a dependence on
(a) poiymer concentration and

(e) cylinder diameter
also appears likely.

The mean velocity dependence at zero strain rate - l.e.,
from centre line calibrations - was 1llustrated in Fig.
5.5.2. From these statlc calibrations of the hot film in
the solvent and polymer solutions, it is possible via the
anemometer circult to infer the ratia of the heat transfer
coefficients, hp/hs. This is shown as a function of the
mean velocity, U;, in Fig. 6.7.2. At very low velocities,
the ratio is almost unity. This conclusion is approxi-
mate, because (see F}g. 5.5.2(a)) cnly a rough idea of the
solvent calibration cquld be obtained. As the mean
velocity exceeds that corresponding to a cylinder
Reynolds number of aboub 40,h£/hs decreases sharply to
about C.%, then climbs~back to about unity, around which
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region it drops abruptly to about 0.3 and S£ays thereabouts
up to the highest experimental mean velocity of about

900 cm/sec. Thus there i1s a range of higher velocities

in which the heat transfer is unstable and may change by
threefold between the two overlapping regimes.

As the polymer degrades the heat transfer improves,
and the instability apparently vanishes-~the drop at high
velocities 1s not observed, though it may merely have been
delayed to higher than the maximum experimental velocity.

From Fig. 5.5.3, at a given mean velocity, heat trans-
fer improved with increasing strain rate, but the depend-
ence on strain rate decreased with polymer degradation.
Thus in all events degradation - 1.e., decreasing polymer
molecular weight - resulted in more solvent-like behaviour.

Three heat transfer regimes may be distingulshed on
Figs. 5.5.2 and 6.7.2. In terms of cylinder Reynolds
number, NRe,d’ these are :

(1) N ¢ 40. In this, the first regime of Fig.

Re,d
5.5.2(a)}, the heat transfer in polymer solution is about
the same as in solvent.

(11) o< Ne,d ¢ 300. This is an intermediate regime
comprising the second regime of Fig. 5.5.2(a) and the first
regime of Fig. 5.5.2(b), in which the heat transfer coef-
ficient ratio, (hp/hs), goes through a minimum - decreasing

initially before increasing up to about unity. In the
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initial stages of this regime, the heat transfer coefflicient
in pclymer solution, hp, is quite insensitive to mean
velocity.

(111) Nhe,d > 300. This is the higher velocity,
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