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EFFECT OF THE TEMPERATURE ON THE HYDRODYNAMIC EFFICIENCY AND STABILITY 

OF POLYETHYLENE OXIDE AND POLYACRYL AMIDE 

B. P. Makogon, M. M. Pavelko, 
I. L. Povkh, and A. I. Toryanik 

UDC 532.517.4:532.77 

The article describes a comparative study of the effect of the temperature on 
the hydrodynamic efficiency and stability of polyethylene oxide (PEO) and poly- 
acryl amide (PAA). 

A number of authors [1-7] studied the effect of the temperature on the ability of poly- 
mers to reduce the hydrodynamic drag of turbulent flow. In the review [I] it was stated 
that a change of temperature from 4 to 37~ does not affect the ability of polyethylene 
oxide, polyacryl amide, and guarana resin to reduce hydrodynamic drag. Later, aqueous solu- 
tions of polyethylene oxide were investigated most thoroughly. It was experimentally demon- 
strated that increasing temperature leads to reduced hydrodynamic efficiency of PEO [2, 3] 
and increased threshold frictional stress on the wall [4]. The authors brought that into 
connection with the change of the temperature parameters of the solubility of PEO in water 
[2] and with the reduced anisotropy of viscosity upon reduced size of the macromolecules 
[4]. 

It must be noted that a change of temperature of aqueous solutions of PEO leads to a 
noticeable change of their molecular characteristics. When the temperature increases from 
20 to 90~ the hydration numbers of PEO decrease; that indicates weakened interaction be- 
tween the polymer and water. At the same time the virial coefficient, the characteristic 
viscosity, and the size of the molecular agglomerations also decrease [8]. The model of 
diluted aqueous solution of PEO, worked out by Toryanik [9], explains these changes by the 
destruction of the structure of water under the effect of the temperature. 

The effect of the temperature on the hydrodynamic efficiency of polyacryl amide has 
been studied less thoroughly. The authors of [5-7] observed a drop of the effect of hydro- 
dynamic drag reduction when the temperature rose. 

In distinction to PEO, the corresponding molecular characteristics of polyacryl amide 
are much less subject to the effect of the temperature. An increase of the temperature to 
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TABLE i. Influence of the Temperature on the Optimum Concen- 
tration and Maximum Hydrodynamic Efficiency of Aqueous Solutions 

of PEO and PAA 

Solutions of PEO Solutions of PAA 
Temp., ~ 

(Cp)opt' % (• % (Cp)opt' 07~ (ks ' % 

. i !  
;0 
6O 

0,00O3 
O,OOIJ 
0,0050 
0,0200 

(;4,0 
67,5 
71,0 

O, 11006 62,0 
0,0008 67,5 
r',j. '14 73,5 
o,'>50 75,5 
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Cn 

Fig. i. Influence of the temperature on the dependences of the 
effect of drag reduction A~/~ (%) on the concentration C D (%) of 
polyethylene oxide (a) and polyacryl amide (b): I) t = 5~ 
2) 20; 3) 50; 4) 80~ T w = 33 N/m 2. 

90~ leads to a relatively small change of the hydration numbers of PAA. Klenina et al. [i0] 
showed that in the temperature range 20 to 80~ the second virial coefficient decreases 
whereas the characteristic viscosity and the radius of inertia of the agglomerations remain 
practically unchanged. The observed correlation between the sizes of the PEO molecules and 
their ability to reduce turbulent friction and also the previously presented data on the 
effect of the temperature on the molecular parameters of PAA permit us to expect that the 
stability of the hydrodynamic efficiency of PAA under the effect of temperature is greater 
than that of PEO. 

Our work entailed studying the effect of the temperature in the range 6-80~ on the 
hydrodynamic efficiency and stability of polyethylene oxide and polyacryl amide. As objects 
of the investigation we chose an industrial sample of PEO Polyox Coagulant and a laboratory 
sample of linear nonhydrolyzed PAA synthesized at the Institute of MC of the Academy of 
Sciences of the USSR.* The characteristic viscosities of samples of PEO and PAA, determined 
at 30~ and zero shear rate q, were equal to 18.3 and 15.0 dl/g, respectively. This indi- 
cates that the molecular agglomerations of PAA and PEO at rest have similar dimensions, and 
it enables us to compare their hydrodynamic properties upon variation of parameters such as 
concentration, temperature, Reynolds number, shear stress, and shear rate. 

The solutions were prepared in distilled water with an addition of potassium iodide 
which proved to be a good antioxidant. An addition of 0.05% potassium iodide makes it possi- 
ble to keep the investigated solutions for i0 days at room temperature or for 1 h at 80~ 
without loss of their efficiency. The viscosity of the solutions was measured with a Simm-- 
Krosers rotational viscometer at a shear rate of less than 1 sec -:, and with a capillary 
viscometer with 0.56-mm diameter at a shear rate of 1100-2300 sec-:. The hydrodynamic drag 
coefficient was measured with an open-type pumpless installation with automatic recording 
of the time of discharge. In its design described in [II] some changes were introduced. 

*The authors express their thanks to V. I. Kurlyankina and V. A. Molotkov (Institute of 
Macromolecular Compounds of the Academy of Sciences of the USSR, Leningrad) for the samples 
of po!yacryl amide they supplied. 
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Fig. 2. Dependence of the hydrodynamic drag co- 
efficient X on the Reynolds number for aqueous 
solutions of PEO (a) and PAA (b) with a concentra- 
tion C_ = 0.0005%: i) t = 6~ 2) 20; 3) 50; 
4) 80~ and water: 5) turbulent regime; 6) laminar 
regime. 

Instead of electronic heat control, a water thermostat was used, and this made it possible 
to shorten the time of establishing the temperature. The relatively complex system of auto- 
matically recording the time of discharge was simplified by replacing the inductive sensors 
by hermetic contacts, and the metal ball by a permanent magnet. This improved the reliabil- 
ity of the system without impairing the accuracy of measurement (on the order of 2%). 

Viscometer measurements of the aqueous solutions of the investigated polymers showed 
that it is not only the viscosity of the solutions that depends on the shear rate but the 
characteristic viscosity as well. For instance, for PEO at zero shear rate it is equal to 
18.3 dl/g, and for q ~ii00-2300 sec -I [hi =10.6 dl/g. For PAA these values are 15.0 and 
9.0 dl/g, respectively. Such a substantial change of the characteristic viscosity (of the 
order of 40%) indicates that there occurs deformation and orientation of the polymer mole- 
cules in the flow. 

In the water channel, the velocity gradient near the wall immediately after the trans- 
ient flow regime is of the order of magnitude 4000 sec -~, and after that it increases tens 
of times; this is bound to lead to considerable deformation and orientation of the macro- 
molecules. 

The influence of the temperature on the concentration dependences of the effect of re- 
ducing turbulent friction for the solutions of PEO and PAA is shown in Fig. I~ All the 
curves have the typical shape with the maximum of the effect at the optimum concentration of 
the polymer. Increasing temperature leads to reduced hydrodynamic efficiency of PEO. This 
is testified to by the decreased effect in the range of low concentrations, where it is most 
sensitive to changes of the external conditions, and by the increase of optimum concentration 
by almost two orders of magnitude. It can be seen from Table 1 that this is accompanied by 
some increase of the maximum effect of drag reduction attained with optimum concentration. 

In distinction to PEO, the efficiency of PAA at low concentrations in the solution is 
practically independent of the temperature, With increasing temperature the optimum concen- 
tration increases, but noticeably more slowly than for PEO, and the maximum drag reduction 
increases more rapidly than for PEO. 

The influence of the Reynolds number on the hydrodynamic drag coefficient of aqueous 
solutions of PEO and PAA at different temperatures is shown in Fig. 2. For aqueous solutions 
of PEO an increase in temperature leads to a shift of the dependences log X = f(log Re) 
toward larger values of X and Re. After some Reynolds number characteristic of the given 
temperature has been reached, the hydrodynamic drag coefficient decreases. 

The analogous dependences for aqueous solutions of PAA show substantial differences. 
In the range of low Reynolds numbers a change in temperature has practically no effect on 
the hydrodynamic drag coefficient. With large Reynolds numbers the efficiency of PAA in- 
creases with increasing temperature of the solutions. 
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Fig. 3. Dependence of the effect of hydrodynamic drag reduc- 
tion A%/% (%) in aqueous solutions of PEO (a) and PAA (b) on 
the frictional stress T w (N/m 2) on the wall: i) t = 6~ 
2) 20; 3) 50; 4) 80~ Cp = 0.0005%. 
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Fig. 4. Change of the relative hydrodynamic 
efficiency K = (Ak/k)n/(Ak/l)n=: of solutions 
of PEO (a) and of PAA (b) on the number of 
runs n through the channel: I) t = 6~ 2) 20; 
3) 50; 4) 80=C; Cp =0.0005%; T w = 20 N/m 2. 

In the exmmination of the influence of the flow on the polymer molecules, a more physi- 
cal magnitude than the Reynolds number is the shear stress ~w on the wall because on it, in 
particular, is the degree of deformation and orientation of the macromolecules in the viscous 
subiayer dependent. It is therefore of interest to compare the hydrodynamic efficiency of 
the solutions when there are equal shear stresses on the wall. Figure 3 shows the dependen~ 
ces of the effect of hydrodynamic drag reduction on the shear stress at different tempera- 
tures. In the range of low temperatures, where the size of the PEO and PAA molecuies is 
similar, they have the same ability to reduce turbulent friction. Increasing temperature 
leads to a certain increase in the efficiency of PAA and a noticeable drop in the efficiency 
of PEO. The low efficiency of polymers at 6 and 20~ and small shear stresses is due to the 
fact that the turbulent flow regime at these temperatures begins after shear stresses of 9.0 
and 4.0 N/m =, respectively, have been attained. 

From the dependences presented in Fig. 3 it can be seen that the hydrodynamic efficiency 
of PAA at all temperatures begins to drop after the shear stresses on the wall have attained 
the order of 35 N/m i. With the solutions of PEO, lower shear stresses correspond to higher 
temperatures, and then their efficiency drops. In addition, the efficiency of PAA drops more 
rapidly than the efficiency of PEO. 

The degradation of solutions of PEO and PAA, i.e., the drop of their hydrodynamic effi- 
ciency9 was studied by running them many times through a channel. It can be seen from the 
graphs in Fig. 4 that with increasing temperature, the degradation of the solutions of PEO, 
represented in the form of the dependence of the relative efficiency on the number of runs, 
increases very rapidly. The aqueous solutions of PAA proved to be stabler. Usually the 
drop in efficiency after numerous runs is ascribed to the rupture of the polymer chains under 
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the effect of the hydrodynamic forces, i.e., destruction [3]. In that case the reduction in 
size of the macromolecules has to be accompanied by an increase of their resistance to shear 
stresses. These assumptions contradict the experimental data because increasing temperature 
leads to a reduction in size of the PEO macromolecules, and degradation at the same time in- 
creases. This approach does not explain the dependences of the effect of hydrodynamic drag 
reduction on the frictional stress on the wall either. In that case an increase in tempera- 
ture, leading to reduced size of the PEO molecules and of the forces acting on them, is 
bound to lead to increased frictional stress corresponding to the drop in efficiency, and 
not to its decrease, as the experimental data (see Fig. 3) show. 

The obtained results on the degradation of the solutions may be explained by the con- 
formational changes of the polymer agglomerations because impaired effect of hydrodynamic 
drag reduction may not only be due to the rupture of polymer chains, but also to their re- 
duced size, as was shown above. With rising temperature the system polyethylene oxide-water 
approaches the point of phase stratification. This entails stronger interaction type poly- 
mer-polymer, and the interaction type polymer-water abates [8]. The application of a shear 
field makes these differences in molecular interaction even greater [12]. Proceeding from 
this, we may assume that the degradation of diluted solutions is associated with the forma- 
tion of intramolecular bonds leading to the freezing of invariable agglomerative conforma- 
tions, and possibly also to an additional convolution of the polyethylene oxide chains. 

In aqueous solutions of PAA a rise in temperature does not lead to substantial changes 
of molecular interactions including interactions type polymer-polymer. With rising tempera- 
ture additional intramolecular bonds therefore do not form, and the stability of polyacryl 
amide to the effect of turbulent flow also changes only slightly. 

To verify the above assumption, it is necessary to check the molecular mass of the in- 
vestigated polymers by an independent method (e.g., according to the scattering of light). 
However, because of the extremely low concentration of the polymer in the solution (0.0005%) 
this is impossible. 

The experimental results obtained in a large temperature range enable us to evaluate 
two hypotheses on the onset of hydrodynamic drag reduction; one of them is based on the coin- 
cidence of time scales, the other on the coincidence of linear scales of polymer molecules 
and of turbulent pulsations. Berman and George [13] investigated water-glycerlne solutions 
of PEO. Additions of glycerin reduced the size of the macromolecules only slightly whereas 
viscosity and consequently also the relaxation time increased several times over. The auth- 
ors believe that the water-glycerin solutions ensure the critical test of the mechanism that 
is responsible for the onset of drag reduction. If the hypothesis of linear scale is cor- 
rect, then we would have to encounter a slight decrease of drag reduction. However, an ex- 
periment yields increased drag reduction, and the authors conclude that the hypothesis of 
time scales is correct. 

Analogous evaluations were carried out by using the experimental results presented in 
this article. They showed that the increased size of macromolecules led in all cases to an 
increase of their hydrodynamic efficiency whereas the criterion of time scales does not al- 
ways work. 

The approach based on comparing the time and linear scales of polymer molecules with 
the corresponding scales of turbulent pulsations proved to be erroneous. The concept of 
"suppressing turbulent pulsations" cannot be brought into connection with the reduction of 
turbulent friction because the creation of pulsations and their subsequent dissipation lead 
to irreversible energy losses, regardless of what kind of mechanism of suppressing pulsations 
is involved. 

Obviously, the phenomenon of hydrodynamic drag reduction is associated with processes 
that make the flow of polymer solutions less dissipative. This may occur because of aniso- 
tropy of viscosity in the laminar layer whose existence in polymer solutions does not only 
follow from general physical considerations but was also experimentally proved [14]. The 
greater the anisotropy of viscosity is, the more laminar is the flow, and the smaller is the hydrody- 
namic drag. In its turn, the anisotropy of viscosity is determined, on the onehand, by the flowcondi- 
tions (shear stress, velocity gradient), and on the other hand by the molecular parameters 
of the polymer solutions (molecular mass and concentration of the polymer, the thermodynamic 
properties of the solvent, the size of the polymer agglomerations and their flexibility). 
The results of the experimental investigations presented in this article indicate that with 

1150 



constant molecular mass, the hydrodynamic efficiency of a polymer is determined by the thermo- 
dynamic properties of its solution, on which the size of the macromolecules depends. However, 
in our opinion the mechanism of the phenomenon of reduction of turbulent friction is not based 
on the interaction of polymer molecules with turbulent pulsations upon coincidence of their 
linear scales, but on the retarded formation of turbulence thanks to the anisotropy of vis- 
cosity in the laminar layer. 

The reduced hydrodynamic efficiency of polymer solutions after numerous runs through the 
channel cannot always be ascribed to the rupture of the polymer molecules. It is obvious 
that a noticeable contribution to the reduction of efficiency is made by the conformational 
changes of the macromolecules. 

NOTATION 

q, shear rate; [n], characteristic viscosity; I, hydrodynamic drag coefficient; Re, 
Reynolds number; Tw, shear stress on the wall; AI/I, effect of hydrodynamic drag reduction; 
Cp, concentration of the polymer; t, temperature; K, relative hydrodynamic efficiency; n, 
number of runs; (Cp)opt, optimum concentration of the polymer; (Al/l)max, maximum hydrodynamic 
efficiency. 
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