RELATION BETWEEN MOLECULAR STRUCTURE OF POLYETHYLENE
OXIDE SOLUTIONS AND DRAG REDUCTION
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The results of an experimental investigation of the special features of laminar
and turbulent flows of aqueous solutions of polyethlene oxides are given.

The existence of aggregates (associations) of macromolecules in the region of concentra-
tions where effective drag reduction occurs is still a controversial question [1-5], which
indicates the existing uncertainty of the model of the medium in which this effect is mani-
fested. An elucidation of the molecular aspects of turbulent drag reduction will help to re-
solve this uncertainty. This necessitates a consideration of the molecular structure of poly-
mer solutions in the absence and presence of a velocity gradient and a comparison with the
special features of their turbulent flow. 1In this way we can obtain a model of the medium
and a basis for precise concepts that will allow an approach to an understanding of the
physical nature of drag reductlon and, hence, the construction of a foundation for a theory
of the effect.

The aim of the present work was to solve the first part of the posed problem: to eluci-
date the main properties of a medium exhibiting reduced turbulent friction, as exemplified
by an investigation of aqueous solutions of polyethylene oxides (PEO) with molecular masses
(M 6-10%, 1-10°, 3-10°, and 8:10°. We investigated the hydrodynamic and rheological char-
acteristics in a wide range of Reynolds numbers (Re), shear stress (1), and concentration (C).

The drag was measured on an apparatus (Fig. 1) consisting of a pressure system 1 for the
creation of the required pressure drop, a thermostat 2, which contained the working volume 3
with the polymer solution, a channel 4, an electronic thermoregulator 5, and a device 6 for
determination of the liquid outflow time. The main quantity measured in this method is the
time for outflow of a prescribed volume of liquid. For its measurement we used an electronic
circuit consisting of inductance pickups, an amplifier, discriminator, trigger, two cathode
followers, two differentiating networks, and an F 599 electronic timer. The voltage differ-
ences producedin thetransducers by the passageof asteel ballmounted ona hollowrod connected to
a floatwere convertedby theelectronic circuit and controlled the operationof theF 599timer. The
apparatus had the following technical specifications: range of Reynolds numbers 10%-10°;range
of working temperatures (T) 50-150°C, accuracy of maintaining prescribed temperature 0.1°C;
working volume 5+10~* m®; channel léngth 1.9 m; chamnel diameter varying from 0.2:10~° to
6.5°10~% m (a channel of diameter 2.68+10~° m was used).

The actual pressure drop on the ends of the channel was determined by the method de-
scribed in [6]. The drag coefficient of the PEQ solutions was calculated from the formula

7, 8]
TI2d5e2AP .
A= (L)
8lpl2
where d is the diameter of the chanmel; 7, itslength; pand V, density and volume of the lig-
uid, respectively; AP, pressure drop on the ends ot the channel; t, outflow time for a pre-
scribed volume of liquid. The drag reduction was expressed as a percentage:
A,—A AA AP, [ £t \?
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In this expression the subscript w refers to the solvent, and s to the solution. The error
in measurement of the drag reduction was 1%.
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Fig, 1. Diagram of apparatus for drag measurement.

‘The coefficient of viscosity was measured on a capillary viscometer with a device for the
production of different pressures (corresponding to those at which the liguid flowed out).
The diameter of the capillaries varied in the range 2°107*-5:10"“ m. All the required con-
stants (the diameters of the capillaries, their lengths, the working volume of the viscometer,
conversion factors, etc.) were determined directly by means of a measuring microscope, weigh-
ing, etc. or by calibration against reference liquids. The correction for the difference
between the pressure gauge readings and the pressure at the entrance to the capillary was
taken into account in the same way as in measurement of the drag factor. Since viscosity
is very sensitive to change in temperature and temperature gradient in the sample, particular
attention was paid to the temperature stabilization system. For this we used a thermostat
similar to that described in {9] and an electronic circuit 5 (Fig. 1) consisting of a genera-
tor, phase inverter, differential transformer with an alternating voltage bridge, phdse sen-
sitive detector, and power amplifier [10]. The temperature in the temperature range investi-
gated was maintained at the prescribed level to within 0.05°C. The error of viscosity mea-
surement was 1%.

The solutions were prepared with distilled water at room temperature. We first investi-
gated the mechanical degradation and aging of the PEOs. We selected optimal conditions for
preparation of the solutions, at which there was hardly any degradation or aging. The molecu-
lar masses of the PEOs were checked by viscometry. Before the measurements the solutions
were held for about 24 h. We used PEO preparations of the firms BDH Chemicals Ltd. (England)
and Union Carbide (U.S.A.). These PEO preparations required no further purification {11].
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Fig. 2. Reduction of drag of aqueous PEO solutions as func-
tion of concentration at 20°C. a: 1) Re = 2UR /Ny = 20,000;
2) Re = 2UR,/ny = 6000; 3) Re = 2UR,/ny y = 6000. b: 1) Re =
20,000; 2) Re = 6000; 3) Mpgo = 10%; 4) Mpgo = 6-10°,
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The effect of PEOs with molecular masses 3°10°, 10°, and 6-10° on drag reduction in the
case of turbulent flow of aqueous solutions of different concentrations is shown in Fig. 2a,
b. It is apparent that the concentration dependence of the turbulent friction reduction

passes through a maximum at concentrations C;EO = 0.003, 0.009, and 0.015%, and then, begin-

ning at 48§ = 0.025, 0.07, and 11%, respectively, of the considered molecular masses of the
PEQ, the effect sharply decreases. We can postulate that the fairly sharp decline in turbu-
lent friction reduction with increase in concentration is due to molecular interaction of the
polymer molecules, -

It was shown in [12-14] that intense interactions of PEO molecules in solution become
apparent when the inequality

tr
MCG; , :

Tooy >80 @
is fulfilled. The number 600 characterizes the transition from the region with individual un-
correlated movements of the molecules (in this region there is no aggregation of macromole~
cules) to the region with interdependent correlated movements of the molecules associated with
the formation of a fluctuational polymer network in the solution. For PEOs of molecular
masses 3-10°, 10°, and 6-10° the values of the "transition" concentrations, from Eq. (3), are
0.02, 0.06, and 0.1%, respectively.

Comparing these data with the concentration dependences of drag reduction we can con-
clude that the concentrations at which the effect is greatest correspond to the region in
which intermolecular interactions of PEQO molecules can be neglected; with the onset of coop-
erative motion of the macromoliecules in the polymer solutioms, the drag reduction sharply de-
creases. This is indicated by the correspondence between the "transiton" concentrations
(C%ﬁo) and the concentrations C%EC above which the drag reduction sharply decreases. It
should be noted that with reduction of the Reynclds number cdet decreases and approaches
the value of the "transition" concentration (Fig. 3). This is due to the fact that in the
case of large velocity gradients the external field has a significant effect on the molecu-
lar structure of the polymer solutions. While C%%S depends on the Reynolds number, the opti-
mal concentration corresponding to the maximum of the effect is practically constant in the
whole investigated range of Reynolds numbers. Data characterizing the value of CSEO for dif-
ferent molecular masses of the PEOs and Reynolds numbers at 2G6°C are given in Table 1. Table

1 also indicates that between ngo and the molecular mass of the PEQ there is a definite cor-
relation:

op

MCpro

-Tﬁagg_:ggo. (4).

As the conducted rheological experiment showed, all the investigated solutions of PEOs
(of high molecular masses) exhibited non-Newtonian properties. Typical results are given in
Fig. 4. These and similar graphs indicate that the shear dependence of the viscosity is still
a feature of solutions of PEOs of high molecular mass down to the lowest concentrations and
becomes more pronounced with increase in concentration and molecular mass of the polymer.
These data are in good agreement with the results of investigation of the viscosity of dilute
polymer solutions in the non-Newtonian region, summed up in the monograph [15], and with the
results of measurement of the viscosity of aqueous PEO solutions cited in [4, 16, 17]. At
the same time it has been asserted [18, 19] that the viscosity of dilute aqueous PEQ solutions
is constant in a wide range of velocity gradients. This raises the question of whether the
viscosity reduction that we obtained might have been due to mechanical degradation of the PEO
in the flowing solution. To settle this point we made repeated measurements of the viscosity
of the same agueous solution of PEO of molecular mass 3-10°% and concentration 0.003% at dif-
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TABLE 1. Concentration (CPEO’ %) Correspondlng to
Maximum Drag Reduction

Re
Mppo .
3-102 ! 1.102 ] 3.10¢
6.106 - 0,010 0,015 | 0,015
108 0,008 0,009 0,009
3.108 0,003 0,0025 0,003
8.106 0,0015 0,0015 0,0015

ferent shear rates and found that the viscosity reduction could not be attributed to mechani-
cal degradationof the PEO. We can infer that dilute aqueous PEO solutjons are non-Newtonian
fluids. Non-Newtonian flow of dilute flexible-chain linear polymers (particularly PEQ) is
due, as is known {15, 20, 21], to orientation and periodical deformation of the individual
molecular chains. In these conditions the viscosity, like several other properties, is ani-
sotropic. i.e., the flow of polymer solutions is similar to the flow of liquid crystals [22].
The anisotr of the viscosity means that if in a flow of solution with highly oriented
macromoleé2§§§>secondary flow arises due, say, toturbulent velocity fluctuations, the vis~
cosity associated with transverse shear will be greater than that associated with longitudi-
nal shear, i.e., the resistance to the irreversible motion of the secondary flow units in
different directions is different.

To discover the relation between drag reduction and the viscous properties of the poly-
mer solutions we compared the concentration dependénce of drag reduction with those of the
lowest Newtonian viscosity of aqueous PEO solutions. Figure 5 shows a plot of the lowest New-
tonian viscosity (ng.N) of aqueous solutions of molecular mass 3:10° against concentration
at 20°C. Tt is apparent that until the lowest Newtonian viscosity of the PEO solutions be-
comes practically equal to the viscosity of the solvent (water), the drag reduction increases
with increase in concentration. Beginning at concentrations at which ny,_y exceeds the vis-
cosity of water the effect begins to decrease. TFrom the moment of formation of the fluctua-
tional polymer network in the solutions ny y increases more sharply with increase in‘concen-
tration than is indicated by the magnitude of the effect. If we consider the drag reduction
not in relation to the solvent, but in relation to a fluid with viscosity "L.N at constant
Reynolds number (for not too large shear stresses), its concentration dependence will be of
a nonmonotomic nature, and will tend to some limit. The correctness of this hypothesis is
confirmed by the data in Fig. 2 (curve 3). We can then also understand why CSEO is almost
independent of the Reynolds number. It is presumably due to the fact that at concentrations
less than C%ﬁ structural factors play a minor role {(since intermolecular interactions are
absent) and, hence, have no effect on drag reduction, and the increase in the lower Newtonian
viscosity of the solution is due only to an increase in the rate of energy dissipation, which
depends on the volume occupied by the polymer molecules and depends weakly on the Reynolds
number.,

The rheological data account for the presence in large-~diameter tubes of threshold Rey-
nolds numbers (Reyy) at which drag reductlon begins to appear. Table 2 gives the values of
Retp, the threshold shear stress T¢h, and the shear stress Ty at which the viscosity of the
system becomes practically constant, for aqueous solutions of PEQO of molecular mass 3- 10°
arnd concentration 0.003% flowing in tubes of different diameter. Table 2 indicates that the
onset of drag reduction is associated withthe attaimment of some equilibrium orientation of
the macromolecules, i.e., with theappearance of viscosity anisotropyin thesolution. For
the same liquid, larger Reynolds numbers correspond to the same shear stresses when the tube
diameter increases. Hence, the onset of drag reduction corresponds to some threshold shear
stress, which is independent of the tube diameter. In tubes of small diameter the stresses
Ty required for complete orientation of macromolecules with the flow arise in laminar flow of
the solutions and, hence, reduction of turbulent friction appears at the critical Reynolds
number.

Another important result should be noted: If polymer (PEO) solutions do not possess non-
Newtonian properties, there is no drag reduction.

Thus, as a result of correlation of experimental data on the molecular structure and
flow of aqueous PEO solutions we can infer that the main property of a medium in which re-
duction of turbulent friction is effectively manifested is the anisotropy of the viscosity
that is produced in dilute polymer solutions by orientation of the flexible noninteracting
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Fig. 4. Viscosity of aqueous solutions of PEO_of molecular mass
3.10° of different concentration as a function of shear rate at
20°C: 1) 0.0005%; 2) 0.0025%; 3) 0.005%Z. n, Pa-sec; g, sec™*.

Fig. 5. Lowest Newtonian viscosity of aqueous solutions of PEO
of molecular mass 3-10° as function of concentration at 20°C.
nL.N» Pa-sec; C, Z%.

TABLE 2. Effect of Tube Diameter on Reyy, Tgp, and 1y
(Cpgo = 0.003%; Mppg = 3-10°)

T
d, mm Reth tth , Pa N Pa
0,2 2300 40,3 2,5
0,34 2300 93,7 2.5
0,5 : 2300 20,5 2,5
2,68 2300 5,7 —
6,15 3500 1,6 —
6,7* 3500 1.4 —
8,5% 4500 1,4 —
11,3* 6000 1,4 —_
10,071 6500 1,7 —

*Data from [23].
Tbata from [24].

macromolecules in the shear field and, in the case of concentrated solutions (the effect is
considered in relation to a Newtonian fluid with viscosity equal to the lowest Newtonian vis—
cosity of the solution), by degradation of the structure mainly in the direction of the veloc-
ity gradient and orientation of structural formations with the flow.

The development of a theory of drag reduction due to additions of polymers on the basis
of the information obtained was not the aim of the present work. It is probably best to re-
gard these results as additional data for verification of the numerous working hypotheses ad-
vanced by different investigators in studies of the mechanism of drag reduction. Nevertheless,
the obtained data allow us to put forward some ideas on the nature of drag reduction: Drag
reduction in polymer solutions is due to the viscosity anisotropy arising in the viscous sub-
layer and the transition layer due to distortion and orientation of the macromolecules with
the flow, i.e., to different resistance to the movement and development of turbulent eddies
in different directions. The increase in viscosity associated with shear perpendicular to
the flow gives rise to additional resistance to the development of pulsational motion and this
reduces the general level of mixing of the liquid in the flow. Hence, in polymer solutions
the frequency of occurrence of pulsations becomes less than in the sclvent at the same Rey-
nolds numbers. The flow of polymer solutions becomes more stable, which reduces the genera—
tion of turbulence and lowers the level of turbulent dissipation in the flow.

The postulated mechanism of turbulent friction reduction can be extended to solutions
of micelle~forming surface—active substances (S5AS), which also exhibit reduced drag. In SAS
solutions the viscosity anisotropy is probably due to degradation of the structure mainly in
the direction of the velocity gradient and to orientation of the structural formations (mi-
celles) with the flow.
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ture;

NOTATION

M, molecular mass; Re, Reynolds number; T, shear stress; C, concentration; T, tempera-
A, drag coefficient; d, diameter; t, time; AP, pressure drop; I, length; p, density;

V, volume; n, viscosity; q, velocity gradient; U, mean flow rate.

10.
11.
12.
13.
14.
15.

16.
17.

18.
19.

20.
21.
22.
23.

24,

1136

LITERATURE CITED

Y. L. Lumley, Ann. Rev. Fluid Mech., 1, 367 (1969).

J. W. Hoyt, J. Basic Eng. Trans. Am. Soc. Mech. Eng., 94, 258 (1972).

E. M. Kalashnikov, in: Rheology (Polymers and Petroleum) [in Russ1an], Inst Teplofiz.

Sib. Otd. Akad. Nauk SSSR (1977), p. 93. :

G. F. Kobets and A. P. Matyukhin, Inzh.-Fiz. Zh., 25, No. 6 (1973).

M. L. Gurari et al., Inzh.-Fiz. Zh., 32, No. 3 (1977).

B. M. Smol'skii, Z. P Shul'man, and V. M. Gorislavets, Rheodynamics and Heat Transfer
of Nonlinear-Viscoelastic Materials {in Russian], Nauka i Tekhnika, Minsk {(1970).

I. L. Povkh, Technical Hydromechanics [in Russian], Mashinostroenie, leningrad (1976).
I. L. Povkh and A. B. Stupin, Inzh.-Fiz. Zh., 22, No. 1 (1972).

A. I. Toryanik and V. G. Pogrebnyak, Izv. Vyssh. Uchebn. Zaved., Priborostr., 18, No.

6 (1975).

V. G. Pogrebnyak and A. I. Toryanik, Izv. Vyssh. Uchebn. Zaved. Priborostr., 21, No. 4
(1978).

N. Gaylord (editor), Polyethers, Part 1. Polyalkylene Oxides and Other Polyethers, Inter-
science, New York (1962).

V. G. Pogrebnyak and A. I. Toryanik, in: Phy31cal Hydrodynamlcs [in Ru551an], Vishcha
Shkola, Kiev—Donetsk (1977), p. 104,

V. G. Pogrebnyak et al., Mol., Biol., 12, No. 3 (1978).

V. G. Pogrebnyak and A, I. Toryanik, Vys. Soed., 21A, No. 4 (1979).

V. N. Tsvetkov, V. E. Eskin, and S. Ya. Frenkel', Structure of Macromolecules in Solu-
tions [in Russian], Nauka, Moscow (1964).

E. W. Merrill et al., Polymer, 7, No. 2 (1966).

0. N. Dyment, K. S. Kazanskii, and A. M. Miroshnikov, Glycols and Other Derivatives of
Ethylene and Propylene Oxides [in Russian], Khimiya, Moscow (1976).

S. A. Vlasov and V. N. Kalashnikov, Inzh.-Fiz. Zh., 34, No. 4 (1978).

J. W. Hoyt, in: A. W. Marris and J. T. S. Wang (editors), Symposium on Rheology, Am.
Soc. Mech. Eng. (1965), p. 74.

G. V. Vinogradov and A. Ya. Malkin, Rheology of Polymers [in Russian], Khimiya, Moscow
(1977).

H. Morawetz, Macromolecules in Solution, Interscience, New York (1965).

P. G. de Gennes, The Physics of Liquid Crystals, Clarendon Press, Oxford (1974).

A. B. Stupin, P.V. Aslanov, and S. N. Maksyutenko, Dep. VINITI, No. 3041-76, August 6
(1976) .

J. P. de Loof et al., Second International Conference on Drag Reduction, Cambridge (1977),
B 2.



