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TURBULENT-FLOW RESISTANCE FOR SOLUTIONS OF POLYMERS
AND MICELLE-FORMING SURFACTANTS ‘

I. L. Povkh, V. G. Pogrebnyak, and A. I. Toryanik . UDC 532.517.4

Calculation method and results are presented for the hydrodynamic-resistance
coefficients of solutions of polymers and surfactants.

There are various methods ‘of reducing resistance such as boundary-layer suction and
injection, vibration of the surface with an appropriate frequency and amplitude, etc., but
in recent years considerable attention has been given to the use of polymers and micelle-
forming surfactants in turbulent flows. Many different points of view have been expressed
[1~10] on the mechanism.

On our view, the reduced hydrodynamic resistance in solutions of polymers and surfac-
tants is due to the anisotropy in the viscosity arising in the viscous sublayer and the
transitional layer on account of deformation and orientation of the macromolecules and
micelles alongthe flow, i.e., thedifferences inresistance to the displacement and growth of
turbulent eddies in the various directions. The elevated shear viscosity in the perpen- .
dicular direction results in additional resistance to pulsation and therefore reduces the
general level of mixing. Therefore, the pulsation frequency in polymer and surfactant solu-
tions tends to be lower tham that in the solvent at the same Reynolds number, i.e., the
generation of turbulence is reduced and the turbulent dissipation in the fiow is lower.

Here we present calculations on this basis for the reduction in turbulent friction for
polymers and surfactants, and a comparison is made with experiment.
" The following formula [11] is used to derive the resistance law for polymers and surfac-
tants:
2

cl

APy === 0 . ¢!

)

L
R

Formula (1) relates the pressure difference AP, across acylindrical tubeof length 7 and radius
R to the resistance coefficient ), the geometrical dimensions of the part of the tube, the
density o, and the mean flow velocity U. We substitute in (1) the Reynolds number Re =
2 RO/v (v is the kinematic viscosity) to get that the pressure difference in laminar flow
is given by

APy = ApRe? hv2, (2)

Donets University. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 37, No. 5, pp.
793-797, November, 1979. Original article submitted May 17, 1979.
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Fig. 1. Resistance coefficient for aqueous poly-
ethylene oxide solutions of molecular mass 3-10°
and various concentrations in relation to Reyunolds
number at 20°C:1-4) theoretical curves; 5-8) ob-
served points; 1,5) Hz0; 2,6) 0.0001%; 3,7)
0.0027%; 4,8) 0.003%Z; 9) Virk asymptote.
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Fig. 2. Resistance coefficient for water—salt
(7.5% KC1, pH = 11) solutions of potassium oleate
in relation to Reynolds number at 20°C: 1-3) theo-
retical curves; 4-6) observed points; land 4) H,0; 2
and 5) 0.05%; 3) and 6) 0.2%.

while for turbulent flow it is given by

APy, = ApRe?h. v?, (3
where A = 1/8R®,

The difference APy between these values for turbulent and laminar modes is governed by
the rate of mixing due to the pulsation; an increase in shear viscosity perpendicular to
the flow such as arises in oriented media reduces AP, for solutions of polymers and surfac-
tants and governs the reduction in the hydrodynamic resistance.

To incorporate these features of polymers and surfactants we consider two values of
the viscosity,vy and v, [11]: Sincethere isa highervelocity gradient near thewall,
the long macromolecules and micelles are oriented along the flow; this increases the shear
viscosity perpendicular to the flow (v,) whiledecreasing it in the longitudinal direction v

x*
Then (2) takes the following form for polymers and surfactants:
AP oy p= ApRe%y pvi, (&)
Since an increase invy should reduce APTp’ we get
AP = 2 {5)
. TP f(v)/vy .

The function f(v) is derived from the condition that if Vy = vy, then APTp = APqy, 80 f(v) =
APp,vi; we substitute this into (5) to get
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2
v AP
AP_ = AP % - Tw (6)
. 2 9 N
Tp Tw ,v£21 K2
where K, is the anisotropy coefficient for the viscosity. Subscript wrelates to the solvent
(water), while subscript p relates to the polymer solution. Then if we know the anisotropy
coefficient and the difference between the pressures for the solvent, we can determine the
‘pressure difference for polymers and surfactants,

The relative change in X reflects the fall in turbulent resistance and can be put as

Y )2
Mgﬁz[l_m<i)2j.100%, )
7”'Tw A L APoTw th

where t is the time taken for a given volume of liquid to flow through the tube.

From (2)-(7) we get the resistance reduction in relation to the anisotropy coefficient
for three cases:

b UP:= w
. 59 .
Ay et Ore— Rl Ka 8)
) ooy
2 -
) Rep__.Rew
Ab oy Ayt G gV KG (L) (9)
A }\'TW ' 'Vw ’
3) APc)Tp:APoTW
An =1_(7»zw+(hw—xmvka )2_ (10)

The resistance coefficients ATy and A are calculated from standard equations [11]:
hp = 0,3164/Re’ -, (11)

th=:64/Re. (12)

We determine AX/) fromone of the equations (8)-(10) and use (11) to get the resistance coefficients
for the solutions, i.e., we get the resistance law for the polymer and surfactant solutions
from the resistance law for the solvent.

The viscosity anisotropy in the turbulent flow occurs in the viscous sublayer and in_
transional layer, so in (8)-(10) we have introduced the effective anisotropy coefficient ¥K,-
which is averaged over the thickness of the boundary layer.

In the case of a dilute solution of linear flexible-chainmacromolecules, we can estimate
the true anisotropy coefficient fromthe theoryof anisotropichydrodynamic interaction [12~15],
which gives a good description of the effects of shear velocity on the characteristic viscos-
ity for aqueous solutions of polyethylene oxide [10]. On that theory, the limiting value of
§ (as g » @) is 8§, = f/f, — 1 = —1/2. Since the coefficient of friction f is proportional
to the viscosity, we have § = v,/v_, — 1, and, therefore, since Ka=Vy/VX,the anisotropy coef-
ficient expressed as a funection of 8§ in the form K, = 1/(1 + 8). Thus Ky = 2 for the con=
centration at which the reduction is optimal. For tlows in tubes of small diameter we put
Ka f'ﬁa and use one of the equations (8)-(10) to get the maximum reduction in the hydro-
dynamic resistance in the flow of a dilute flexible-chain polymer solution as 75%, which
agrees with the experimental evidence [16].

We can represent K, as vo/vy for concentrated surfactant solutions, where v, is the
viscosity at zero shear stress and v, is the value corresponding to the shear stress for the
given Reynolds number (K, can be measured directly by the method of [17]).
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Figures 1 and 2 show resistance coefficients for aqueous solutions of polyethylene
oxide of molecular mass 3-10° and for water—salt (7.5% KCl, pH = 11) solutions of potassium
oleate, respectively, for flowin a tube of diameter 2.68:10~% m (the anisotropy coefficient
for the polyethylene oxide solutions was calculated from the above theory). There is good
agreement between the calculated and observed resistance coefficients in the region of opti-
mum re51stance reduction.

NOTATION
AP: pressure drop, N/m®; I, length, m; R, fadius, m; k, drag coefficient; p, density,
kg/m®; U, mean flow speed, m/sec; v, kinematic viscosity, m */sec; K_, anisotropy coeffient;

a?*
Re, Reynolds number; f, coeff1c1entof friction; g, velocity gradient, sec™'; t, time, sec.
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