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The results are presented of an experimental investigation of the pressure drop in 
expansions with various cone angles during the turbulent flow of aqueous poly- 
acrylamide solutions. 

By introducing into a liquid flow an additive which reduces turbulent friction it is 
possible to achieve a considerable reduction in the losses of energy during the motion of 
solids in water and in the transport of liquids in pipelines [i, 2]. Among such additives 
are known high molecular weight polymers, micelle-forming surface-active materials, fibers, 
and other small anisometrically shaped particles. Under turbulent flow conditions of the 
stream, the additive causes a reduction in the friction losses per unit length [2]. The ef- 
fect of the additive on the value of local losses is more complex in nature. Depending on 
the specific conditions of the liquid flow the additive can lead to a decrease or an increase 
in the local pressure drop in a pipeline [3-6]. The study of the effect of additives on the 
values of the local losses is of practical interest in the design and operation of pipeline 
systems for various purposes. 

The objective of the present work was to investigate the pressure-drop behavior of pipe- 
line expansions (diffusors) in the presence of a polyacrylamide (PAA) additive in the aqueous 
stream. 

Interchangeable expansions with cone angles ~ equal to 10, 15, 20, 30, ~0, 60, 80, and 
140 ~ were investigated; these were installed by means of threaded and flanged connections 
between the ends of tubes with diameters d = 5.81 mm and D = 20.95 ram, and has corresponding 
values of the diameters of the inlet and outlet openings. Sudden tube expansions were formed 
from coaxial flanged connections of tube sections of constant diameter D = 20.95 mm with inter- 
changeable tubes of diameters d equal to 5.81, 10.68, and 15.64 mm. The degree of expansion 
of the stream n = (D/d) 2 therefore had values of 13.0, 3.85, and 1.79. The sudden tube expan- 
sions were studied as special cases of the diffusor-type expansions in which the cone angle 
became equal to 180 ~ . The tube material was stainless steel. A sketch of the experimental 
pipeline is shown in Fig. I. The length s of the tube of diameter d ahead of the expansion 
was variable. The experimental results are given for s = 180d. The pressure drops in the 
measuring sections of the experimental pipeline were measured with water differential pizeo- 
meters to an accuracy of 1 mm H20. 

In preparing the solutions, use was made of polyacrylamide (PAA) type TU 6-01-1049-81 
in the form of a technical gel. A weighed portion of the PAl gel was placed in a glass 
cylinder with tap water (pH = 7.65) preheated to 35-40~ where it dissolved with periodic 
mixing after some days. After the completion of the dissolution of the PAA, the contents 
of the cylinder were poured into tanks of capacity 0.2 and 0.4 m 3, and were carefully mixed 
with tap water. The aqueous solutions of PAA which were obtained were held for 15-24 h, and 
were again mixed before the beginning of the experiment. The mass concentrations of the solu- 
tions, C, as determined from the content of PAA of 100% concentrations in them, valued from 
10 -7 to 5.10 -4 The solutions were used once only. The experiments were carried out with 
flow of the solution under the influence of gravity. The static head in the experimental 
pipeline was equal to 3.5 m. The working temperature of the solutions varied in the range 
18-23~ The flow rate of the solution passing through the experimental pipeline was control- 
led by means of the valve, and was determined by a volumetric measurement. 

The effectiveness of the solutions which were investigated was monitored from their 
effect on the pressure drop in the tube of diameter d. The friction factor I for the section 
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Fig. I. 
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Sketch of the experimental pipeline. 1-5) Tappings for 
pressure readings; 6) valve (dimensions in mm). 
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Fig. 2. Resistance coefficient of expansion ~ as a function of the 
Reynolds number Re at various cone angles (a): = = 30~ b) = = 20~ 
c) ~ = i0 ~ for the flow of water (i) and aqueous solutions of PAA 
with concentrations 10 -7 (2); 5.10 -7 (3); 10 -6 (4); 5-10 -6 (5); i0 -s 
( 6 ) ;  2 .10  -5 ( 7 ) ;  5 .10  -s  ( 8 ) ;  10 -4 ( 9 ) ;  3 .10 -4 ( i 0 ) ;  5 .10 -4 ( 1 1 ) ;  
d = 5 .81  mm; D = 20 .95 .  

3-4 of this tube (see Fig. i) was determined from the Darcy-Weisbach formula: Ah3_ 4 = X(s 

d)(vd2/2g). 
The loss in head in the expansion was calculated from the relationship h = ah4_ s - ahz_ 2 - 

Ah~_ 4 + ~dVd2/2g - ~DVD2/2g. In the calculations it was assumed that ~d ~ ~D ~ i. The resis- 
tance coefficient of the expansion ~, referred to the velocity of the stream in the tube cross 
section of diameter D, was determined from the Weisbach formula, h = ~VD2/2g. In practice, 
the viscosity of the liquid being investigated differed little from that of the solvent. The 
kinematic viscosity of the solution, like that of water, was taken to be a function of the 
temperature of the solution. 

Figure 2 shows the graphical relationships ~ = f(Re) for expansions with various values 
of ~ and C. For values of the Reynolds number 2.103 & Re & 4.5.103 the PAA additive showed 

no effect on the value of the coefficient ~. When Re > 4.5.10 ~ the additive led to an earlier 
onset of the self-similarly of the coefficient ~ with respect to the Reynolds number, which 

occurred in the investigated range of the latter. For the expansion with ~ = 30 ~ , an increase 
in the resistance was found which became larger with increase of the solution concentration 
(Fig. 2a). As the cone angle decreased, there was an expansion of the upper limit of the 
value of the solution concentration at which the reduction in the pressure drop of the expan- 
sion occurs. Thus, for the tube of d = 5.81 mm, the cone angle of which is equal to 0 ~ , a 
reduction in the pressure drop was obtained at all the investigated concentrations of the 
PAA solution. A saturation of the pressure drop reduction effect occurs for the tube at C = 
10 -4 , and for the expansion with a cone angle of i0 ~ at C = 5.10 -6 (Fig. 3a). A further in- 
crease in the concentration above these values for the tube and expansion, respectively, led 
to a decrease in the effectiveness of the solution. When C > 3.5"10 -s, the PAA additive led 
to an increase in the resistance of the expansion (curve 2). The maximum increase in resis- 
tance A~/~ = -143.5% was obtained at C = 5"10 -4 , and the maximum reduction (24.8%) at C = 5, 
10-s-10 -s. In the concentration range 10 -? to 5.10 -6 the reduction in resistance of the ex- 
pansion is the same as that in the case of the tube (curves 2 and 3 coincide). 

The expansion with a cone angle of i0 ~ was investigated for four values of s 70, ii0, 
180, and 250d. The increase of s led to an amplification of the resistance reduction effect 
at the end siction of the tube of diameter d. The same occurs in the expansion at solution 
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Fig. 3. Relative change in the resistance coefficient of an expansion 
as a function of the concentration C of the aqueous solution of PAA at 
various cone angles (a); i) ~ = 30~ 2) ~ = i0~ 3) curve AX/X = f(C) 
for tube of d = 5.81 mm, ~ = 0~ and as a function of the cone angle at 
various concentrations of the aqueous PAA solutions (b): i') C = 5.10-6; 
2') 10-5; 3') 5.10-5; 4') i0-~; 5') 5.10-4; d = 5.81 mm, D = 20.95 mm. 
Re = 4.104; A~/~ and AX/X in %; ~ in degrees. 

TABLE i. Dependence of A~/~ on the Concentration C of the PAA 
Solution and on the Degree of Expansion of the Stream n 

5,81 
10,68 
15,64 

D 

20,95 
20,95 
20,95 

n = ( D / d )  ~ 

13,0 
3,85 
1,79 

IO-~ 

q 

0 

= / 

C 

5 . 1 0 - ~  

oj' 
8 . 1 0 - ~  

--10,9 
0 

10--4 

--16,4 
0 

6,8 

3 . 1 0 - 4  

18,6 

concentrations less than I0 -s. When C > 3.5.10 -5 the value of A~/~ was independent of the 
length Z. 

A decrease in the resistance of the expansion was found for ~ ~ 20 ~ . At cone angles 
falling in the range 100-140 ~ , the expansion was least subject to the effect of the additive 
(Fig. 3b). 

The results of the investigations of the sudden tube expansions are given in Table i. 
As the degree of expansion of the stream n decreases, a transition from an increase to a de- 
crease in the resistance of the sudden expansion is observed due to the additive. A high 
concentration of the solution corresponds to a large increase in the resistance coefficient 

when n = 13.0 and to a large decrease when n = 1.79. The data which are presented here 
are in agreement with the results of the investigations of B. V. Lipatov [3]. 

It follows from the data given in Table i that it is possible to increase the zone in 
which the resistance of the expansion decreases, which is shown in Fig. 3b, by decreasing the 

degree of expansion of the stream n. The existence of a reduction in the resistance arises 
when a considerable part of the total resistance consists of friction losses [2]. This con- 
dition is satisfies at small values of e and n, which explains why there is a reduction in 
the resistance of the expansion when ~ ~ 20 ~ and in the sudden tube expansion for n = 1.79. 

It has been shown that the effect of the additive on local pressure losses in pipelines 
increases as the pipeline diameter decreases [3-13]. The relative change in the coefficient 
of local friction caused by the presence of the PAA additive in the aqueous stream depends 
on the concentration of the solution, the cone angle of the expansion, the degree of expan- 
sion of the stream, and also on the flow regime, the age of the solution, and the method used 
for its preparation. 
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NOTATION 

d, D, diameters of the inlet and outlet openings of the expansion and of the tubes at- 
tached to them; n = (D/d) 2, degree of enlargement of the stream in the expansion; ~, cone 
angle of the expansion; s length of tube of diameter d leading into the expansion; C, mass 
concentration of solution; h, head loss in expansion, mm H20; Ahl.2, ..., Ah4_s, head losses 
in the pipe sections 1-2, .... 4-5, respectively (see Fig. i); ~d, ~D and Vd, VD, kinetic 
energy corrections and mean flow velocities over the cross sections of tubes of diameters d 
and D, respectively; g, acceleration of free fall; Re = vdd/~, Reynolds number; ~, kinematic 
viscocity; l, friction factor for tube; kw, lp, friction factors for flows of water and 
aqueous polyacrylamide solutions, respectively; ~, resistance coefficient of expansion (or 
of sudden tube expansion); ~w, ~P, the same, for the flow of water and of aqueous polyacryl- 
amide solutions, respectively; A%/l = (%w -- IP)/%w, A~/~ = (~w - ~P)/~w, relative changes 
of the coefficients ~ and ~, respectively, caused by the introduction of the polyacrylamide 
additive under otherwise similar flow conditions. 

LITERATURE CITED 

i. I. L. Povkh, Technical Hydromechanics [in Russian], Leningrad (1976). 
2. I. L. Povkh, Visn. Akad. Nauk URSR, No. ii, 66-74 (1982). 
3. B. V. Lipatov, Izv. Akad. Nauk SSSR, Mekh. Zhidk. Gaza, No. 2, 153-156 (1972). 
4. B. V. Lipatov, Izv. Akad. Nauk SSSR, Mekh. Zhidk. Gaza, No. 2, 153-155 (1974). 
5. V. V. Chernyuk and B. F. Levitskii, Vestn. L'vov. Politekh. Inst., No. 174, 153-157 

(1983). 
6. V. V. Chernyuk and B. F. Levitskii, Vestn. L'vov. Politekh. Inst., No. 184, 123-126 

(1984). 
7. J. Harris and A. N. Magnall, Trans. Inst. Chem. Eng., 50, No. i, 61-68 (1972). 
8. Yu. F. Ivanyuta and L. A. Chekalova, Inzh.-Fiz. Zh., 26, No. 6, 965-971 (1974). 
9. V. B. Amfilokhiev, Tr. Leningr. Korablestroit. Inst., No. 89, 7-11 (1974). 

i0. G. S. Migirenko, M. V. Mizin, B. N. Semenov, et al., Izv. Sib. Otd. Akad. Nauk SSSR, 
Ser. Tekh. Nauk, No. 3, Part i, 51-56 (1976). 

ii. Tachibana Motoyoshi and Kita Masakazu, Bull. J.S.M.E., 21, No. 159, 1341-1348 (1978). 
12. V. N. Kalashnikov, The Flow of Polymer Solutions in Tubes of Variable Cross-Section [in 

Russian], Moscow (1980) (Preprint, Inst. Probl. Mekh. Akad. Nauk SSSR, No. 164). 
13. B. N. Semenov, Turbulent Shear Flow of Non-Newtonian Liquids [in Russian], Novosibirsk 

(1981), pp. 47-62. 

1004 


