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FLUID FRICTION OF A POLYMER SOLUTION FLOWING
IN A LARGE-DIAMETER PIPE

Yu. F. Ivanyuta and L, A, Chekalova UDC 532.135

Experimental data are given from comparative tests to determine the fluid friction in flows of a
Polyox solution with a concentration ¢ = 7* 1078 g/cm3 in pipes bhaving diameters d = 35.5 mm and
d= 514 mm,

§1, The discovery of drag reduction effected in turbulent flows of water near a rigid wall by the addi-
tion of small quantities of high-molecular-weight compounds (polymers) to the flow has in the last few years
motivated extensive research aimed at explaining this phenomenon and devising practical methods for predict-
ing the attainable net effect. One of the possible techniques for calculating the net effect of drag reduction in
pipe flows of polymer solutions has been proposed by the authors [1]. The method is based on universal
graphs of the investigated influence of polymer additives as a function of the type of polymer, flow velocity
in the pipe, and concentration of the solution [1, 2], However, all the experimental material used for analysis
and plotted in the form of universal graphs refers to flows in pipes whose diameters do not exceed 35 mm and
the flow velocity is such that the range of Reynolds numbers is 7- 10° to 3-10°, The published data on the
influence of polymer additives in a flow on the friction in pipes have also been obtained in the same range of
pipe diameters (d < 50 mm) and Reynolds numbers (Re < 5 105) and correspond qualitatively to the results of
our earlier generalization [1, 2].

Thus, all the cited experiments have been conducted under conditions of a limited range of Reynolds
numbers in comparatively small-diameter pipes, The difficulties inherent in the experimental investigation of
the characteristics of turbulent flow of polymer solutions in pipes of large diameter stem primarily from the
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Fig. 1. Coefficient of fluid friction versus Reynolds number Re
for flow of water and a Polyox solution with concentration ¢ =
7.107¢ g/em® in pipes with diameters d = 35.5 mm (a) and d =
514 mm (b). 1) Water; 2) Polyox solution; 3) Galavics' tests
with water [4]: I) 1/VA = 2log RevA—0.8.
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Fig. 2, Coefficient of fluid friction A versus
Reynolds number Re for flows of Polyox solutions
at different concentrations in a pipe of diameter
d=35.5mm. a: 1) ¢ = 5-10"¢ g/cm?; 2) 10-5; 3)
2.107% b:c=210-5 g/cm?; 1) fresh solution; 2)
solution after one run; 3) after two runs; 4) after
three runs.

need to prepare a large quantity of the solution (as much as several thousand tons). This fact accounts for
the publication of only one known paper [3], in which a flow of a polyacryl amide (Separan AP-30) solution with
a concentration ¢ = 5.107° g/em? in a pipe with diameter d = 254 mm at Reynolds numbers Re = 7- 10* to
7-10° is investigated.

The results of this investigation can only be viewed as qualitative; they show that a considerable drag
reduction is to be expected (40% in the experimental data) in large-diameter pipes at large Reynolds numbers,
The investigation, however, does not support any conclusion as to whether this reduction is less than or greater
than the reduction in flows of the same solutions in smaller-diameter pipes.

The objective of the present experiments was to compare directly the effects of polymer additives in
flows in large- and small-diameter pipes, as well as to assess the possibility of predicting the magnitude of
those effects for large Reynolds numbers.

§2. All the experiments were conducted on two different arrangements, The small-diameter pipe (d =
35.5 mm) was connected into 2 standard closed-cycle water tunnel system with a capacity of ~ 500 liters [1].
The large-diameter pipe (d = 514 mm) was installed in a water tunnel with open-cycle operation. A pump
supplied water from an open tank into the pipe with d = 514 mm, which had a total length of 40 m, The volume
of the tank, including the bypass, was ~5000 tons. The straight pipe section containing the measurement part
had a length of 25 m.

Data from measurements of the fluid friction associated with water flowing in the closed-cycle hydraulic
apparatus are given in Fig. 1, where they evince a fully developed turbulent flow regime in the hydraulically
smooth pipe in the range of Reynolds numbers Re = 10% to 2 10°,

The fluid friction of water in the pipe with d = 514 mm was measured in the range of Reynolds numbers
Re = 1.8+ 10° to 5.2- 10% (Fig. 1). These data are in good agreement with the corresponding measurement
results obtained by Galavics [4] for water flowing in a technically smooth pipe with a roughness height R/kg =
1300.

For the experiments we used Polyox WSR-301 (polyethylene oxide), from which a solution having a single
concentration was prepared. Polyox powder (40 kg) was dispersed uniformly over the surface of the open part
of the tank. Due to the large surface area of the tank it was possible to disperse the powder uniformly without
lumping. As soon as the solution was prepared a small pump was immediately turned on, pumping the solu-
tion from the open part of the tank into the bypass channel to promote vigorous mixing.
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Fig. 3, Maximum frictional drag reduction 8 = (74—
Tp)/Tw versus relative concentration c/c; of polymer
solution at temperature t = 10 to 20°C. 1) Polyox, ¢ =
2.7-10-% g/cm3 [1]; 2) Polyox, ¢ = 7.7+ 10~% g/em?®; 3)
polyacryl amide, ¢ = 2,7.107% [1]; 4) guar gum, c =

6.7+ 10~* g/cm? [1]; 5) guar gum, ¢ = 6.7 107* g/cm? [5];
6) Polyox, ¢ = 2.10"° g/cm?,

Two hours after the instant of preparation the fluid friction of the solution was determined as a function
of its flow velocity in the large-diameter pipe., The measurement data areplotted in dimensionless form as A
versus Re in Fig. 1. The experiment was repeated three times and yielded identical results. During each
experiment the prepared solution passed only once through the pump and experimental pipe due to the large
volume of the tank in which the solution was prepared and due to the brevity of the measurement periods.

Concurrently with the tested flows of Polyox solution in the large-diameter pipe (d = 514 mm) we tested
the same solution in the small water-tunnel system with a working section of diameter d = 35.5 mm. The
required quantity of the solution (~ 500 liters) was drawn from the open tank and transferred into the test sec-
tion without the use of a pump. The results obtained for this solution flowing in the pipe with diameter d =
35.5 mm are also given in Fig. 1. Since the Polyox solution was tested simultaneously in pipes with diameters
d = 514 mm and d = 35,5 mm, its quality may be presumed uniform. ’

A comparison of the results of the tests shows that the effectiveness (property of reducing frictional
drag) of the same Polyox solution flowing in pipes of different diameters is identical (S; = 20%).

It may therefore be concluded on the basis of the given measurements that the maximum drag reduction
in pipes is determined solely by the particular concentration of the polymer solution and is independent of the
pipe diameter.

APPENDIX

Determination of the Solution Concentration

For preparation of the polymer solution 40 kg of powdered Polyox were dispersed over the surface in the
open part of the tank. However, some of the powder found its way into stagnant regions of the tank (in the
corners of the open tank and partially in the bypass channel), and some of the powder settled to the bottom.
Consequently, not all of the powder became mixed and involved in the experiments. It was therefore difficult
to determine the true concentration of the prepared solution. For a more precise determination of the solution
concentration and its quality we conducted a preliminary study.

Polymers, as we know [1, 2], can be characterized by two parameters: 1) the threshold value 7+ of the
tangential frictional stress; 2) the characteristic concentration ¢, of a solution of the given type of polymer for
maximum drag reduction in the flow, S; = 60%. The first of these parameters characterizes the condition for
existence of the effect when 7 > 7%, and the second the specific effectiveness of the polymer from the stand-
point of drag reduction, The values of these parameters are affected not only by the type of polymer, but also
by the conditions under which tie solution is prepared. It is well known that the effectiveness of solutions of
the same concentration depends on the solution temperature, the time to prepare it, the magnitude of the acting
shear stresses at the time of solution preparation, the active duration of those stresses, etc. It is noted that
in all cases, except the influence of temperature, simultaneous variation of both parameters is observed.

It was assumed in the present study that for one type of polymer at a constant solution temperature it
should be possible to find a relationship between the variations of the two parameters; accordingly, we
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Fig. 4. Thresholdfrictional stress
Tk, dyn/cmz, versus concentration
¢y, g/cm?, t = 10°C.

conducted a series of tests in the closed-cycle water tunnel system with a working section of diameter d =
35.5 mm, using Polyox solutions from the same batch as that from which the 40 kg were taken for prepara-
tion of the polymer solution in the main experiment. The solutions were prepared in concentrations of 5- 10-¢,
10_‘? and2.107° g/ cm?®. The measured values of the fluid friction of the solutions as a function of their flow veloc-
ity in the pipe with diameter d = 35,5 mm are given in dimensionless plots of A versus Re in Fig. 2a, b. The
solution with a concentration of 2- 107° g/cm® was tested repeatedly, providing a basis for estimation of the
decrease in its effectiveness from one run to another (Fig. 2b). The temperature of the solutions fluctuated
only slightly (7 to 12°C), corresponding to the temperature of the main experiment.

The results of the foregoing measurements were used to determine the initial threshold Reynolds num-
bers, the corresponding threshold tangential frictional stresses 7+ at the wall, and the maximum drag reduc-
tion S5, attained in each specific case. The drag reduction S; corresponds to the parameter ¢, characterizing
the effectiveness of the given solution as determined from Fig. 3, which is taken in part from our earlier work

[1].

For example, in the case of a Polyox solution with ¢ = 2:105 g/cm?® (Fig. 2) we obtain as a result of a
second run in the pipe with diameter d = 35.5 mm:

Reth: =4.5.10% U™ 1.72 m/sec: Agpr = 0.022;
Sp = 41%; c/cy = 0.3 (on the basis of the dependence given in Fig. 3).

For these conditions the value of the first parameter T« (threshold frictional stress) is

Athr 2 ~ 2
5 PV 2= 81 dyn/cm’,

Ty =

and the value of the second parameter ¢, (characteristic concentration of solution) is
¢y = cl{clCg)s,—t19 =2-10755/cm?/0.3 = 6.7-1075 g/cm®,

The data obtained and processed as indicated for pipe flows of Polyox solutions yield a simple relation-
ship between the two parameters (Fig. 4). Consequently, for one given type of polymer it is possible to
estimate the effectiveness of that solution even in the event of its degradation.

The curves given in Figs. 3 and 4 also permit us to determine the concentration of the solution when the
tangential frictional stress 7% at the wall and the maximum drag reduction S, at the wall are known, as in
experiments with Polyox solutions flowing in small- and large-diameter pipes. For example, the threshold
tangential frictional stress at the wall in these experiments was (Fig. 1) 7% = 130 dyn/cm?

For this value of the first parameter, according to the curve in Fig. 4, it is possible to determine the
value of the second parameter: ¢, = 10~ g/cm®,

We use the curve of Fig. 3 to find the dimensionless solution concentration corresponding to a value of
the drag reduction S; = 20%, namely c/c, = 0,07,
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“Consequently, the true value of the concentration of the Polyox solution in the main experiments, based
on our determination of the effective drag reduction in flow of the solution in pipes of different diameters, is

¢ = ¢, (c/Cy)s,=209% = 1074.0.07 = 7-107% g/cm®,

This result does not conflict with the expected concentration of the Polyox solution (¢ < 8- 1078 g/ cm3) when the
inevitable material losses associated with the particular technique for preparation of the solution are taken
into account.

NOTATION

d, pipe diameter; t, flow temperature; ¢, weight concentration of polymer solution; v, kinematic vis-
cosity of water; Vps kinematic viscosity of polymer solution; n = v_/v, relative viscosity of polymer solution;
p, density of water; Ty, Tp, tangential frictional stresses at the wall in pipe flows of water and polymer solu~
tion, respectively; T, threshold tangential frictional stress at the wall; vg, average velocity in terms of mass
flow of liquid in the pipe; Ay, A, coefficients of fluid friction in pipe flows of water and polymer solution,
respectively; Re, Reynolds number; c,, weight concentration of polymer solutionatt, °C, for 60% drag reduction;
S= (Tw-—Tp)/TW, drag reduction at vg = const for flow of polymer solution; S;, maximum drag reduction for
flow of a polymer solution of concentration c; ¢y, characteristic concentration of polymer solution for maxi-
mum drag reduction S; = 60%.
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PERISTALTIC FLOW OF A NON-NEWTONIAN
VISCOPLASTIC LIQUID IN A S1LOT CHANNEL

V. I. Vishnyakov, K. B. Pavlov, UDC 532,54:; 532.135
and A, S. Romanov

The "narrow-band" asymptotic method {5] has been used to consider the peristaltic flow of a visco-
plastic medium ina slot channel, It is found that the mode of flow differs substantially from that
in a channel with rigid walls when the axial pressure gradient is small.

Considerable attention has recently been given to the flow of liquids in channels with elastic walls in
connection with many aspects of biomechanics [1], with particular interest attaching to non-Newtonian fluids
with anomalous mechanical properties [2]. One class of non-Newtonian liquid is that of nonlinear-viscosity
media, for which the simplest rheological law is one that relates the stress tensor deviator s;; to the strain-
rate tensor fij- In particular, a viscoplastic liquid is a medium with nonlinear viscosity, for which the
rheological law can be put in the following form [3]:

8= 2[0+ w/(2fsfi) 1y for (28:8:)'° 2 o,

fi]' =0 for (2Sijsij)l/2 <TO'

@)

Here we consider the peristaltic motion of a viscoplastic liquid (1) in a slot channel with elastic walls;
in the general case, the peristaltic flow of the medium is due to the joint action of the deformable walls and a
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