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Analyzed are  the conditions under which the flow of a v iscoelas t ic  fluid becomes unstable 
and also cer ta in  cha rac t e r i s t i c s  of such flow. 

UnUke the flow of Newtonian o r  s t ructura l ly  viscous fluids, that of v iscoelas t ic  fluids is c h a r a c t e r -  
ized by severa l  features.  Specifically, the laminar  flow may become unstable [1] when the p a r a m e t e r s  
which govern the deformation p roces s  exceed cer ta in  c r i t i ca l  values. 

The flow of non-Newtonian fluids is mos t  co r r ec t ly  analyzed by exper imental  methods with an optical 
visual izat ion of the s t ream. 

The authors  used the s t roboscopic  technique of observat ion [2] for  studying the unstable flow mode 
in a s t r eam of a concentrated solution and the laminar  flow mode in a s t r eam of a weak solution of polymer ,  
both within the stabil ization zone. The tes t  fluids were  aqueous solutions of polyacrylamide  (PAA). 

The tes t  apparatus  constituted an open-loop sys tem with interchangeable rec tangular  channels of 
acry l ic  glass  and the configurat ion shown in Table 1. 

In tes ts  No. 1 and No. 2 the fluid was driven through the channel by means of compressed  air.  In 
tes ts  No. 3 and No. 4 the test  apparatus included also a cons tant - level  supply tank. Pa r t i c l e s  of aluminum 
dust injected into the fluid s t r eam were  photographed on still film with the use of an e lectronic  s t roboscope 
and tr ipIe la tera l  flash lights. The t racks  of these par t ic les  were  then p rocessed  so as yield instantaneous 
velocity prof i les  within the tes t  segment  of the channel. Average discharge  veloci t ies  of the fluid were  
de termined by the volumetr ic  method and by t rac ing the instantaneous prof i les  with a planimeter .  The 
p r e s s u r e  was sampled along the channels with the aid of manome te r  tubes. 

The rheological  cha rac t e r i s t i c s  of the concentrated solution were  obtained by means  of a model 
"Rheotes t  RV" ro ta ry  v i scomete r ,  while the values of the f i r s t  difference between normal  p r e s s u r e s  (Pll 
--P22) were  measured  with a ro t ame te r  of the conic - p lanar  type (Fig. 1). The v iscos i ty  cha rac t e r i s t i c s  
of the weak PAA solution were  determined with a modified capi l lary UbeIlode v i scomete r ,  with which the 
fluidity curve could be plotted in a single test.  All rheological  p roper t i e s  were  measured  at a t e m p e r a -  
ture of T = 19~ 

TABLE 1 

Width, mm Concentration of Geometryofthe 
Test number Height, mm Length, ram thesotution,% channelentrance 

2.5 [ 25 
3 30 
0.45 10 
0.5 10 

250 
600 
60 
3 

1 
1 
4.10-~ 
4.10-~ 

Rectangular 
Smoot5 
Rectangular 
iRectangular 
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Fig. 1. Rheological  c h a r a c t e r i s -  
t i c s  of the 1% aqueous PAA solution: 
fluidity r (m2/N �9  p r e s s u r e  P 
�9 (N/m2), T(N/m2). 

F o r  our  t e s t s  with the t)AA solutions the p rocedu re  and 
the opera t ing channels  were  f i r s t  spec ia l ly  checked out on wa te r  
and wa t e r - -g lyce r i ne  mix tu res .  

In the f i r s t  and in the second tes t  s e r i e s  (over the 10-75 
N / m  2 range  of shear ing  s t r e s s  in the s tabi l izat ion zone) we m e a -  
su red  the ve loc i ty  p ro f i l e s  and the p r e s s u r e  drops  along a chan-  
nel,  we a lso  photographed the flow pa t t e rn  at  the channel en -  
t r ance  and exit.  

In the channel with a r ec t angu la r  en t rance  sect ion (test 
No. 1) with low shear ing  s t r e s s e s  a t  the wal l  ffs  < 20N/m2) the 
fluid at  the en t rance  flowed in the je t  mode (stable) with a lmo s t  
the same  c h a r a c t e r i s t i c s  as  the flow of w a t e r  and of w a t e r - - g l y c -  
e r ine  mix ture .  The veloci ty  p ro f i l e s  m e a s u r e d  along the chan-  
nel did not d i f fe r  f rom the veloci ty  p ro f i l e s  of s t ruc tu ra l ly  v i s -  
cous  fluids [3]. 

With a subsequent  i nc rease  in the shear ing s t r e s s  ~'s there  
appea red  inside the p r e - e n t r y  c h a m b e r  two vor t i ces  and a n a t -  

row cone of fluid between them was fo rmed  enter ing the channel. At a shor t  d is tance  f r o m  the en t rance  
(x/deq = 0 to 0.25) the instantaneous veloci ty  p ro f i l e s  r evea led  the i r  f i r s t  evidence o f  a s y m m e t r y  (Fig. 2a, b). 

As the veloci ty  inc reased  fur ther ,  the flow mode changed substant ial ly.  The p r e - e n t r y  vo r t i ce s  b e -  
c a m e  unstable;  por t ions  of the fluid sl ipped into the channel  a l t e rna te ly  f rom the upper  and f rom the lower  
vor tex ,  while the r e spec t i ve  vor t ex  t apered  down. As the shear ing  s t r e s s  T s inc reased ,  these  osci l la t ions  
became  s t ronge r  and the cone of enter ing fluid ~vibrated" while the channel en t rance  was  per iod ica l ly  
"blocked. " The m e a s u r e m e n t s  of ve loci ty  p ro f i l e s  in this flow mode (Fig. 2d, x /deq  = 33) r evea led  m o m e n -  
t a r y  up to 25% f luctuat ions in the flow rate .  These  f luctuations were  m e a s u r e d  by t rac ing  with a p lan i -  
m e t e r  the instantaneous veloci ty  p ro f i l e s  which had been plotted fo r  the given channel section. These  m e a -  
s u r e m e n t s  a l so  r evea led  a region,  a few channel widths away f rom the en t rance  (maximum shear ing  s t r e s s  
Ts = 75 N / m  2, at x /deq  ~ 4), with v e r y  a s y m m e t r i c  instantaneous veloci ty  p ro f i l e s  di f ferent  at  d i f ferent  in-  
s tants  of t ime.  This  a s y m m e t r y  d i sappea red  at  d i s t ances  sufficiently fa r  away f r o m  the en t rance ,  but the 
veloci ty  p ro f i l e s  there  a s s um ed  a pecu l i a r  shape with a dis t inct  f lexure  point. An ext rapola t ion  of the 
p ro f i l e s  yielded a ve loc i ty  a t  the wal l  o ther  than zero .  Special  ve loci ty  t e s t s  a t  ~s = 75 N//m 2 yielded a slip 
veloci ty  poss ib ly  as  high as  10% of the ins tantaneous d i scha rge  veloci ty  (Fig. 3). The magnitude of the 
veloci ty  n e a r  the wall  was  de te rmined  within a 3% accuracy .  A c o m p a r i s o n  between the m e a s u r e d  veloci ty  
p rof i l e  and the one calcula ted  for  the usual  boundary conditions (without slip) on the bas i s  of a l inea r  ~--7 
re la t ion  (Fig. 1) is shown in Fig. 4. 

The flow pa t t e rn  at  the channel  exit  a l so  changed,  as  the shea r ing  s t r e s s  increased .  At low shear ing  
s t r e s s e s  the fluid d i scha rged  as  a jet.  With a h igher  ~'s, i r r e g u l a r i t i e s  appeared  in the je t  like those d e -  
sc r ibed  e a r l i e r  in [4]�9 With a fu r the r  i nc r ea se  in 7s,  the d i s c h a r g e  became  pulsating.  

The i r r e g u l a r i t i e s  in the je t  of a 1% PAA solution were  noted at  the channel exi t  only ove r  a na r row 
range  of shear ing  s t r e s s  about the 35 N / m  2 level .  F o r  this condition we calcula ted that  the r e v e r s i b l e  
e las t ic  de format ion  (Pll--P22)/TS w a s  approx ima te ly  equal  to 4. 

Visual  obse rva t ions  of the flow nea r  the channel exit  and m e a s u r e m e n t s  of the veloci ty  p ro f i l e s  at  
:~s = 50 N / m  2 revea led  a vor t ex  at the lower  channel edge, elongated in the d i rec t ion  of flow and reaching 
up to one fourth the channel  height in the ve r t i c a l  direct ion.  This  vor tex  has had its effect  on the veloci ty  
dis t r ibut ion.  The ve loc i ty  prof i le  m e a s u r e d  ahead of the vor t ex  9 m m  before  the exit  was  somewhat  a s y m -  
m e t r i c  (Fig. 2c, x /deq  =54) .  

The p r e s e n c e  of a vor t ex  was  pe rhaps  connected with the hor izonta l  posi t ion of the channel axis.  In 
a case  like this t he re  a p p e a r s  a force  in a v i scoe las t i c  fluid act ing in the d i rec t ion  of the lower  exit  edge 
of the channel (an analog of the force  appear ing  in a c o n i c - - p l a n a r  sys tem) .  A vor tex  at  the exi t  may  be 
gene ra t ed  by the "suppor t ing"  act ion of this force .  In our  t e s t s  the vor t ex  d i sappea red  when the channel 
was  ro ta ted  through 90 ~ (ver t ica l  d i scharge) ,  although the p r e - e n t r y  flow pa t t e rn  r ema ined  unchanged. 

Analogous t e s t s  we re  p e r f o r m e d  within the s ame  range  of shear ing  s t r e s s e s  in a channel with a 
smooth  en t rance  sect ion (test No. 2). According to the r e su l t s  of these  t e s t s ,  a change in the en t rance  

594 



Fig. 2. Veloci ty d is t r ibut ion  (test  No. 1) w x (cm/sec) .  The v e -  
loci ty  p ro f i l e s  a t  a fixed channel  sect ion r e f e r  to d i f ferent  ins tants  
of  t ime:  a) T s = 2 0 N / m  2, b) 35 N/m2, e) 50 N / m  2, d) 7 5 N / m  2. The 
photographs  show the flow pa t t e rn  at  the channel en t rance  and exit  
r e spec t ive ly .  
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Fig. 3. Instantaneous veloci ty  prof i le  w x (cm/sec)  a t  x /deq  
= 23 and ~'s = 75 N / m  2. 

Fig. 4. Compar i son  between the ca lcula ted  veloci ty  p rof i le  
(curve) and the m e a s u r e d  veloci ty  p rof i le  (dots), at  x /deq  
= 33 and ~'s = 75 N / m  2. 
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Fig. 5. Velocity p rof i te  in a s t r e a m  of a 0.004% aqueous so lu -  
t ion of PAA (test No. 3): 1) t es t  data  for  the PAA solution, 2) 
t e s t  data fo r  wate r ;  cu rves  r e p r e s e n t  calculat ions for  a N e w -  
tonian fluid according  to [8]; (a) Re = 1380; (b) Re = 1150. 

g e o m e t r y  f rom rec t angu la r  to smooth  tended to s tabi l ize  the flow within the ent rance  zone of the channel. 

With the m a x i m u m  shearing s t r e s s  (~s = 70 N/m2),  at  locat ions with a sma l l  cu rva tu re  f iat  vo r t i c e s  
appea red  apparent ly  so  weak,  however ,  that  m e a s u r e m e n t s  of the instantaneous veloci ty  p rof i l es  in the 
en t rance  zone as well  as  at  var ious  d is tances  behind the channel en t rance  revea led  ne i ther  a zone of a s y m -  
m e t r i c  veloci ty  p ro f i l e s  nor a zone with pulsa t ions  of the instantaneous flow rate .  

In t e s t s  No. 3 and No. 4 with weak PAA solutions the shear ing  s t r e s s  at the channel wal l  ranged f r o m  
25 to 1 0 0 N / m  2 and this ,  judging by the flow curve ,  made  it feas ib le  to p e r f o r m  these  t e s t s  under  an a lmos t  
constant  v i scos i ty  (u = 1 .2N.  s e c / m  2 a t  T s > 15N/ra2). The veloci ty  p ro f i l e s  m e a s u r e d  in the ent rance  zone 
of the channel  a r e  shown in Fig. 5. These  data indicate that the boundary l a y e r  in a s t r e a m  of a PAA so lu -  
t ion builds up s lower  and that the development  of a se l f -ad jo in t  veloci ty  prof i le  r equ i r e s  an init ial  channel 
segment  which is longer  than in the case  of a Newtonian fluid. Also addit ional p r e s s u r e  losses~ (not in-  
c u r r e d  in a Newtonian fluid) have been revea led  in the initial  channel segment .  The r e su l t s  of analogous 
t e s t s  with c i r c u l a r  channels  a r e  shown in [5]. 

The magnitude of (PIl~P22)/T s, calcula ted  accord ing  to the data in [6] with Ts > 2 5 N / m  ~, was g r e a t e r  
than 10. N e v e r t h e l e s s ,  no instabi l i ty  was  noted in these  tes t s .  

Thus ,  the flow c h a r a c t e r i s t i c s  of a 1% PAA solution in a channel with a r ec t angu la r  en t rance  sect ion 
changed,  as the veloci ty  inc reased ,  f rom stable  l a m i n a r  to pulsat ing with slip at  the wall  and d is tor t ion  of 
the jet  shape at  the exit .  

One may hypothesize  that  instabi l i ty  of the v i scoe las t i c  flow was due to pe r tu rba t ions  seen  in the p r e -  
ent ry  zone. P r i o r  to dis t inct  f luctuations of the flow ra t e ,  the veloci ty  prof i le  m e a s u r e d  in the enter ing 
fluid cone (Fig. 2c) had a pecu l i a r  shape and became  unstable  as  a r e su l t  of sma l l  pe r tu rba t ions  [7]. As 
the veloci ty  i nc reased ,  the flow pa t t e rn  a t  the en t rance  became a complex  pulsat ing one. The apprec iab le  
e f fec t  of en t rance  pe r tu rba t ions  on the instabi l i ty of a v i scoe las t i c  flow was  conf i rmed  fu r the r  by the ab -  
sence  of flow ins tabi l i t ies  within the s ame  range  of shear ing  s t r e s s e s  ~s in the channel with a smooth en -  
t r ance  section.  

Af te r  the flow of a v i scoe las t i c  fluid through hor izonta l  channels  under  higher  shear ing s t r e s s e s  has 
become  pulsat ing,  one can dis t inguish th ree  flow zones:  the ent rance  zone with an a s y m m e t r i c  veloci ty  p r o -  
f i le ,  a s tabi l ized zone, and a vor t ex  zone at  the lower  edge. In long tubes (L/deq >> 1) the je t  d is tor t ion a t  
the exi t  may  be a s s u m e d  unre la ted  to the en t rance  conditions but, r a t he r ,  a r e su l t  of pe r tu rba t ions  o r i g i -  
nating f r o m  an exi t  vor tex .  In shor t  tubes (L/deq s m a l l e r  than the re la t ive  length of the segment  with an 
a s y m m e t r i c  veloci ty  profi le)  the jet  d i scha rge  c h a r a c t e r i s t i c s  a t  the exi t  may  be re la ted  to the conditions 
of  unstable  de fo rmat ion  within the en t rance  zone. 

TS 

deq 
X 

NOTATION 

is the shear ing  s t r e s s  a t  the channel  wall ,  de t e rmined  by the p r e s s u r e  drop a c r o s s  the s tabi l ized 
flow zone,  N/m2; 
is the equivalent  d i a m e t e r  of the channel; 
is the d is tance  f rom the channel en t rance ,  m;  
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# 

P11 - -  P22 

1. 

2, 
3. 

4o 
5. 

6o 
7. 
8. 

is the fluidity, m2/N . sec; 
is the dynamic viscosity, N" sec/m2; 
is the f i rs t  difference between normal s t resses ,  N/m z. 
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