REDUCTION OF HYDRODYNAMIC RESISTANCE
BY SURFACTANTS
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Experimental results are given on reducing the hydrodynamic resistance in a flowing liquid
by adding surfactants; the effects are ascribed to micelles.

Much importance attaches to reducing hydrodynamic resistance via additives; the technique has var-
ious practical applications, although little is known abouf how the additives affect the turbulent flow. Mac~-
romolecular compounds can give up to 80% reduction in the hydrodynamic resistance, for example.

High polymers are not the only such materials however; gome surfactants can do the same. This
was first observed for napalm moving in flame throwers [1]. Results have been reported (2] for aluminum
dioleate in toluene and sodium oleate in water, where there was 30% resistance reduction. Potassium
chloride added to the aqueous sodium oleate solution increased the effect. There is also considerable re-
sistance reduction from special hard-water soaps [3]. Here we report experiments with aqueous solutions
of a mixture of cetyl trimethyl ammonium bromide and 1-naphthol. We examined the effects on the pres-
sure drop in a tube from the component ratio, the overall concentration, the temperature, and the age of
the solution. Soap solutions show no molecular destruction, which gives them an advantage over polymer
solutions.

There are only a few papers on the topic, and the number of results is very small, so it is difficult
to trace the basic trends in resistance reduction by surfactants. Also, the mechanism is entirely uncer-
tain.

Our purpose was to examine the effects of colloidal surfactants on the resistance and to relate the
effect to the critical micelle formation concentration.

We used the apparatus described in [4]; Fig. la shows the magnitude of the effect AN/ as a function
of the Reynolds number for various concentrations of common soap. There is a marked reduction in re-
sistance above a certain critical Reynolds number, and the magnitude of the effect (up to 65%) increases
with the Reynolds number and the solute concentration. Resistance begins to be reduced as soon as the
laminar flow gives way to a turbulent one, i.e., the threshold Reynolds number coincides with the critical
one. In the laminar range, the additive has an adverse effect, which increases with the concentration, on
account of the increased viscosity.

The curves for the various concentrations meet the abscissa at different points, which is due to
variation in viscosity and hence in the critical Reynolds number. The effect tends to a limit as the flow
rate increases. Common soap includes substances that adversely affect the capacity of the surfactant to
reduce the resistance, while giving a false impression of the true surfactant concentration, so the tests
with soap solutions merely confirm that surfactants can reduce the resistance.

More rigorous results were obtained with pure substances and distilled water. Figure 1b shows
AX/A as a function of concentration C of the surfactant. We used pure sodium palmitate and mixtures of
sodium palmitate and potassium stearate in various ratios.

The pure sodium palmitate begins to reduce the resistance at a certain initial concentration (C
=0.065%); the value of AA/A increases with the concentration and attains its maximum of AA/A = 28% at a
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Fig. 1. Resistance reduction AA/A (%) in a
tube of diameter 6 mm as a function of Reynolds
number deduced for the viscosity of the solvent:
a) ordinary soap solutions for C (%) of: 1) 0.5;
2) 0.8; 3) 1.1; b) sodium palmitate (%) +po-
tassium stearate (%): 1) 100 +0; 2) 90 + 10;

3) 70 + 30; 4) 60 + 40; 5) 55 +45; 6) 50 + 50;
7) 40 + 60; 8) 30 + 70.

certain optimal coneentration (C = 0.22%). The effect then begins to fall. This dependence of AA/A on the
concentration agrees qualitatively with the data for weak polymer solutions.

Curves 2-8 of Fig. 1b show AA/A for aqueous solutions of the sodium palmitate and potassium stea-
rate mixtures with various proportion, the effect is much increased by the use of a mixture and attains its
maximum (AA/A = 72%) for all ratios. Higher mixture concentrations are required to produce the effect
as the proportion of potassium stearate increases.

A sodium palmitate concentration in the range of C = 0.09—0.0975% is required to produce the effect
in the mixed solutions, so the sodium palmitate plays the main part; on the other hand, the potassium
stearate considerably accentuates the reduction (up to 72%) and in some way catalyzes the resistance re-
duction.

We determined the critical micelle formation concentration by measuring the electrical resistance
[5] to relate the reduction in hydrodynamic resistance to the micellar structure.

Figure 2 shows the results; it is currently considered [6] that low concentrations (up to the first
kink) produce true solutions of soap-like surfactants, i.e., the surfactant is present in molecular (ionic)
form. At higher concentrations, the individual molecules spontaneously clump together, with the hydro-
carbon radicals linked by van der Waals forces within the core of the micelle, while the polar groups are
directed into the water phase. The bulk properties of the solution are much affected by these micelles,
in particular the electrical resistance. The first kink (Fig. 2) corresponds to micelle production, and the
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Fig. 2. Reduction in resistance R (Ohms) as a
function of concentration C (%) for sodium palmi-
tate (%) + potassium stearate (%): 1) 100 + 0; 2)
90 + 10; 3) 70 + 30; 4) 50 +50; 5) 30 +70; 6) 0
+100.

corresponding concentration is calied the first critical concentration, where one gets Hartley micelles,
which are spherical groups of molecules or ions.

The sizes of the micelles increase with the surfactant concentration, and the hydrocarbon chains
tend to become more and more parallel. The result is that the micelles become of rod or plate forms.
This point corresponds to the second kink on the curve, namely the second critical concentration.

The following explanation may be proposed. Low sodium palmitate concentrations produce spherical
micelles, which become rods at higher concentrations; potassium stearate increases the number of free
ions in such a solution, and this increases the number of counter ions linked to the micelles, so the charge
on the latter is reduced. This reduces the effective electrolytic work against the repulsive forces needed
to inject a micelle-forming ion into a charged micelle. This therefore facilitates micelle formation, and
thus accentuates the resistance reduction. As the potassium stearate concentration increases, the magni-
tude of the effect remains the same, but the effect itself shifts to higher coneentrations.

The reason would appear to be that potassium stearate cannot produce rod micelles of the size needed

to reduce the resistance. A confirmation is that potassium stearate alone increases the hydrodynamic re-
sistance.

Figures 1b and 2 show that the resistance is reduced only at surfactant concentrations above the first
critical point, which indicates that the effect is related to the micellar structure.

It has been claimed {7] that a surfactant acts on a turbulent flow by rendering the surface hydrophobic,
with the resulting slip and viscosity reduction in a thin layer near the wall. We consider that the resistance
is reduced because of the rod micelles, as is evident from the variation in the critical concentration, so

we suppose that the resistance is reduced by a mechanism analogous to that suggested [8] for weak polymer
solutions.

NOTATION

C, concentration; R, electrical resistance; Re, Reynolds number; A, resistance coefficient.
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