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Measured resul ts  are  presented for the hydrodynamic drag ar is ing in the flow of water con- 
taining small  amounts of polyoxyethylene or  guar  gum. 

The hydrodynamic drag of aqueous solutions of the polyoxyethylene Polyox WSR-301 and of the guar  
gum J 2 - F P  was investigated. The experiments  were  pe r fo rmed  with two devices.  One of them was built 
for the measuremen t  of the hydrodynamic drag created in the flow around a smooth disc which rotated in 
a case,  and the other,  for the measurement  of drag in a thin, smooth tube. 

To rota te  the case,  a cons tan t -cur ren t  motor  was used with an e lectromagnet ic  amplif ier  in a feed- 
back circuit  which made it possible to maintain a fixed rate  of rotation even when there  was a varying load 
moment  on the ro to r  shaft.  The rotations of the motor  were measured  by a photoelectr ic  sensor  connected 
to a digital frequency mete r .  The dr ive made it possible to maintain a given ra te  of rotation over the 
range 40 to 2600 rpm with 1% accuracy .  The e r r o r  in the measurement  of rotations was no more  than 0.5%. 
The moment of the hydrodynamic drag force  was calculated from a measured  force on a known a rm.  The 
magnitude of the force was measured  by a capacity sensor  with auxil iary equipment f rom the DISA company 
and recorded  with a se l f - record ing  potent iometer .  The construct ion of the sensor  made it possible to 
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Fig. 1. Dependence of torque drag coefficient for a d isc  in a 
case  on Reynolds number for (a) polyoxyethylene solutions of 
varying concentrat ions [1) c = 2.5"10-5; 2) 0.5"10-~; 3) 10-~; 
4) 3 �9 10-6; 5) 10-5; 6) water] and (b) guar  gum solutions of 
varying concentrat ions [1) c = 5-10-5; 2) 10-4; 3) 2-10-4; 4) 
5-10-4;  5) water] .  
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Dependence of d rag  coefficient  on Reynolds num- 
b e r  for  flow of polyoxyethylene solut ions along tubing with 
d = 3 mm, unshaped en t rance ,  and an in i t ia l  sec t ion  60d 
tong. 1) water ;  2) c = 10-6; 3) 2 .5-10-6;  4) 5 .10-6;  5) 
10-5; 6) 3-10-5;  I) k = 64/Re;  II) k = 0.3164/Re ~ 

change i ts  s ens i t i v i ty  by r ep l acemen t  of an e l a s t i c  p la te .  The min imum force  inc remen t  r e c o r d e d  by such 
a s y s t e m  was 2-3 g. The bas i c  d imens ions  of the device  a r e :  d isc  rad ius  r = 10.5 cm; in te rna l  rad ius  of 
the case ,  11.5 cm; d isc  th ickness ,  0.4 cm; gap between d i sc  and case ,  0.6 cm. 

The flow in tubing was c ra t ed  by means  of an expulsion device .  A i r  p r e s s u r e  suppl ied f rom com-  
p r e s s o r s  could r e a c h  18 a tm.  The in te rna l  d i a m e t e r  of the tubing was d = 3 mm. The por t ion  in which 
the p r e s s u r e  drop was m e a s u r e d  had a length of 30d. The tubing length f rom the measu r ing  por t ion  to the 
end of the tubing was 20d. Depending on the exper iment ,  the tubing e i ther  ahd sharp  edges at  the en t rance  
or  was shaped for  ~ l . 5 d  f rom the en t rance .  In both cases  the in i t ia l  sec t ion  of the tubing was in the plane 
of the in te rna l  wall of the p r e s s u r e  tank. A regula t ing  valve was loca ted  at the end of the tubing. The 
ave rage  veloci ty  could reach  u = 30 m / s e c .  Flow was m e a s u r e d  by the volume method with au tomat ic  m e a -  
su remen t  of flow t ime  into a t a r e d  conta iner .  The a c c u r a c y  of the t ime  m e a s u r e m e n t  was 0.01 sec .  The 
p r e s s u r e  drop  in the measu r ing  sec t ion  was r e c o r d e d  by means  of two liquid d i f fe ren t ia l  m a n o m e t e r s  with 
a s c a l e  length of 200 cm. Mercu ry  and carbon t e t r a c h l o r i d e  were  used  as working fluids in the m a n o m e t e r s .  
E i ther  manome te r  could be connected to the measu r ing  sec t ion  during an exper iment .  This p rovided  a 
m e a s u r e m e n t  of p r e s s u r e  loss  f rom 2 cm to 25 m of wa te r .  Measurement  e r r o r  was no m o r e  than 1%. 

Polyoxyethylene  solut ions were  p r e p a r e d  by mixing the dry  powder  with wate r  or  by di lut ion of a con- 
cen t ra ted  solut ion no m o r e  than two hours  be fore  an exper iment .  The guar  gum solut ions were  held for 

.. " , , 3 , , . .  . . , *  
. . . . . . . . . .  

/0 ~ /0 ~' Re 

Fig.  3. Dependence of d rag  coeff icient  on Reynolds num- 
b e r  for  a polyoxyethylene solut ion at a concent ra t ion  c 
= 10 -5 in tubing with d = 3 mm and var ious  en t rance  con- 
d i t ions :  1) unshaped en t rance ,  in i t ia l  por t ion  60d; 2, 3, 4) 
shaped en t rance ,  in i t ia l  por t ions  185d, 275d, and 335d r e -  
spec t ive ly .  Solid symbols  r e f e r  to p o l y m e r  solut ion,  open 
symbo l s  to water .  
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Fig. 4. Dependence of d rag  coefficient  on Reynolds num- 
b e r  for  flow of guar  gum solutions along tubing with d = 3 
ram, a shaped ent rance ,  and an initial sect ion 185d long: 
1) water ;  2) c = 2 " 1 0 - 4 ;  3) c = 4 - 1 0  -4. 

1-2 days a f t e r  mixing.  Solutions used in the disc exper iments  were  p r e p a r e d  with dis t i l led water .  Tap 
wate r  was used in the tubing exper iments ;  before  p repa r ing  polyoxyethylene solutions at a concentra t ion 
of 10 -6 by weight, the tap water  was f i l te red  to r e m o v e  pa r t i cu la t e s ,  which p romote  rapid  aging of dilute 
solutions. 

In analyzing the data from disc experiments, values for solution viscosity measured in 8-mm tubing 
was used [1] while the viscosity was determined in a viseosimeter with an internal diameter of 3 mm for 
the tubing experiments. The latter differed little from the values measured earlier. 

Experimentally determined values of the drag coefficient for the disc in a case are given in Fig. 1. 
The experimental points correspond to the drag measured immediately after arrival at established rota- 
tion of a case containing a fresh portion of solution. The data for the drag coefficient obtained for a pure 
solvent agrees with that in the literature [2]. As follows from Fig. la, the drag coefficient curves ob- 
tained with polyoxyethylene solutions have a limiting asymptote. Similar asymptotic behavior of the drag 
coefficient was also observed for a disc rotating in an unbounded fluid [3]. 

Departure from the limiting asymptote and arrival at a curve corresponding to a Newtonian fluid is 
observed for low-concentration solutions as the Reynolds number increases. Such a rise in the curves is 
associated with irreversible changes in the solution which occur in the brief time it takes for the device to 
arrive at a constant rate of rotation. This was revealed in the following manner. 

The device was set in rotation at a rate corresponding to complete return of the drag to the Newtonian 
curve. Then the rate of the rotor was reduced to a rate for which a considerable reduction in drag was 
ordinarily observed. However, in this ease there was no such reduction in drag. It was also completely 
unobserved in the ease where the initial startup was made at a rate corresponding to the rising branch of 
the drag curve. 

The drag curves obtained with guar gum solutions (Fig. lb) do not have a limiting asymptote. A 
greater reduction is observed for the drag coefficient as compared with the values for water than for poly- 
oxyethylene solutions. 

Values of the drag coefficient A are shown in Fig. 2 for the flow of water and aqueous solutions of 
polyoxyethylene in tubing with an initial section of 60d and sharp edges at the entrance. The somewhat 
slower rise in the values of k to the Blasius curve for water results from the fact that turbulence is not 
completely developed in the short length of the initial portion. In the flow of water, on the other hand, a 
slightly earlier departure from the Poiseuille curve is observed which obviously results from the down- 
stream flow of perturbations produced at the sharp edges of the entrance section. The data obtained for 
the flow of polyoxyethylene solutions has a limiting asymptote which agrees with the asymptote given in 
[4]. Only the values of the drag for a polyoxyethylene concentration of 10 -G, the smallest concentration 
studied for flow in tubing, do not reach this asymptote. 

A question arises as to how stable the results are with respect to the conditions at the entrance and 
the length of the initial section. The answer is given in Fig. 3 where data is given for a polyoxyethylene 
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solution at a concentration of 10 -5. It is c lear  that the resul ts  obtained for the polymer  solution depend 
neither on the length of the initial section over the range f rom 60d to 335d nor on the smoothness of the 
entrance while k for water  depends significantly on these conditions. 

Note the depar ture  of the drag coefficient curve for  the polyoxyethylene solution upward f rom the 
Poiseuil le curve even for Re < 2300. The departure  is also observed for tubing with a smooth entrance,  
which significantly delays the t ransi t ion f rom laminar  mode to the turbulent mode in the case of water .  
This indicates the ear ly  creat ion of turbulent flow, previously noted [5], which is associated with p rope r -  
ties of the polymer  solution and not with tubing geometry .  The production of turbulence was also recorded  
with an induction p r e s s u r e  sensor  installed at 90d f rom the beginning of tubing with a sharp entrance.  The 
appearance of pulsations was noted for a polyoxyethylene solution at a concentration of 10 -5 when Re ~ 1350. 
An intermittent  flow mode was not observed,  in contrast  to a Newtonian fluid. Turbulent pulsations uni- 
formly  occupied the entire setup and increased in amplitude as the Reynolds number increased.  Such a 
pat tern  of the turbulence phenomenon was noted [6] in the flow around a f ree disc.  

The invariabili ty of the drag curves for  the polyoxyethylene solution in Fig. 3 indicates the absence 
of degradation over tubing lengths f rom 60d to 335d. However, this does not mean that degradation did not 
occur  in an initial length less than 60d. Just as in the case  of the drag curves for a disc in a case,  the 
values depart f rom the asymptote as Re increases  (the lower the concentration, the lower the Re value at 
which this occurs)  and r i se  to the drag curve for a Newtonian fluid. Thus, as in the case of a disc, a r r i -  
val at the Blasius curve is associa ted with degradation. Consequently, a polyoxyethylene solution at a 
concentration of 2 .5-10 -6 which has once passed through tubing at Re = 9.104, i . e . ,  at a point of total r e -  
turn of to the Blasius curve, does not yield a reduction in drag on second passage for the entire range of 
Reynolds numbers studied. 

Experiments involving peripheral  sampling of the fluids were per formed to determine i r revers ib le  
changes in the solutions. In these measurements ,  tubing consisting of two identical sections was used. 
The initial port ion of each section was 60d, the measur ing section was 30d, and the length beyond the mea-  
suring section was 20d. The f i rs t  half of the tubing ended in a diverging portion in which the second sec-  
tion, having at its beginning an internal converging portion, was ar ranged coaxially with a cer tain gap 
present .  Thus there  was a possibil i ty for c i rcumferent ia l  sampling of the fluid at the point where the two 
sections of the tubing joined. Sampling was accomplished at a fixed ra te  and therefore  one could have a 
flow in the second section with a lower Reynolds number than in the f i rs t  section. Loss of p r e s s u r e  at 
the sampling point was negligibly small .  The sampling experiments confirmed that the r is ing branch of 
the drag curves for flow of polyoxyethylene solutions a rose  because of degradation of the solution. The 
nature of this degradation is remarkable  in that the i r r eve r s ib le  changes in the solution occur in a very  
short  length of tubing, less than 60d. 

The specific features of the degradation require  special care  in the discussion and interpretat ion of 
data obtained in experiments with polyoxyethylene solutions. In par t icular ,  one should expect degradation 
to have  a s t rong effect on resul ts  for the flow of polyoxyethylene solutions in rough tubing. 

Data for guar  gum solutions obtained with tubing with a smooth entrance and an initial section 185d 
long is shown in Fig. 4. Some difference in the position of the t ransi t ion f rom laminar  flow to turbulent 
flow for flow of water in the tubing (open symbol 2 in Fig. 3 and symbol 1 in Fig. 4) is related to the fact 
the experiments were per formed with different tubing in which it was difficult to accomplish absolutely 
identical entrance shaping. As in the case of a disc in a case,  the data for the guar gum solutions differ 
significantly f rom the data for polyoxyethylene solutions. Asymptotic  behavior is not observed, at least  
not up to concentrat ions of 4 �9 10 -4. There  is a sharp t ransi t ion f rom laminar  flow to turbulent flow. There  
is no production of turbulence for Re < 2300. At the same t ime, a l e s se r  pers i s tence  is observed for the 
laminar  mode, which is quite long for the flow of water in the case of tubing with a smooth entrance.  
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NOTA TION 

is the disk radius; 
is the tube diameter; 
is the mean velocity of liquid in tube; 
is the drag coefficient of the tube; 
is the torque drag coefficient of the disk in the casing; 
is the torque; 
is the liquid density; 

111 (1971). 
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is the angular  veloci ty of the disk; 
is the Reynolds number  (for a disk, Re = r~2/v;  for  a tube, Re =ud /v ) ;  
is the liquid viscosi ty;  
is the d imensionless  weight concentrat ion of po lymer  in solution. 
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