
the resul ts  mere ly  relate to the mode of flow in the par t icu lar  ins t rument  (with localized velocity distribution). 
It is c lea r  that in the lat ter  case any calculation should be based on the limiting s t r e s se s  for  a specimen of 
undisrupted s t ruc tu re ,  since the localization of the deformation in weakened a r ea s ,  which is responsible for 
the fall in r e s i s t ance ,  should be specific to this fo rm of s t ra in ,  par t icular ly  when the sense of strain is r e -  
versed .  

The s t ruc tu ra l  state of each of these specimens  is thus dependent on many external  fac tors ,  par t icular ly  
the t empera tu re ,  s torage conditions, and previous state of s t ra in ,  and therefore  the theology is substantially 
affected. The only way of incorporat ing the theological  behavior into production pract ice  is to compare  resul ts  
f rom tests  per formed under identical conditions. 
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E N T R A N C E  E F F E C T S  IN V I S C O E L A S T I C  F L U I D  

F L O W  IN C Y L I N D R I C A L  N O Z Z L E S  

V.  Z .  V o l k o v ,  V.  D .  F i k h m a n ,  
G.  V.  V i n o g r a d o v ,  a n d  A .  I .  I s a e v  

UDC 532.542:532.135 

The p re s su re  losses p r io r  to entry into a nozzle are  determined in the flow of a viscoelast ic  
medium in broad ranges of the viscosi ty and the discharge.  A general ized dependence of the 
entrance p r e s s u r e  losses on the rate of shear  is obtained in dimensionless form.  An empi r i -  
cal equation is proposed for  the computation of entrance p re s su re  losses .  

It is known that an "entry effect" [1], the crux of which is additional p re s su re  l o s se s  in the plast ic and 
elastic deformation of the medium during influx into the channel and in the shaping of the s t ream at the initial 
section of the channel,  occurs  in the flow of polymer  solutions and melts  in nozzles of finite length. The 
standard method of est imating the magnitude of the entrance effect at his t ime is the determination of the "en- 
t rance  cor rec t ion"  according to Bagley [2], which is expressed as an additional fictitious nozzle length (in 
radii).  However,  in a number of papers  [3], the co r rec tness  of the Bagley method is open to doubt. At the 
same t ime,  an objective quantitative determination of the entry effect during the flow of polymer  sys tems  
through a molding inst rument  is an actual scient i f ic- technical  problem whose solution is needed for  the produc-  
tion of highly productive p rocesses  of polymer  reworking.  
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TABLE 1. C ha rac t e r i s t i c s  of the Viscoelas t ic  Fluids (25~ 

"I Polymer 

IlVinylchloride (606) 
copolymcr with 
ac~]lonitdle (40%) 
sKhN=60/40 ' 

II 
Ill 

Acrylonitrile (92.5%) co-  IV 
polymer with vinyl ac- 
etate (6.75%) and 
metatylsulfonate 

v (o.7~o) 
Acrylonitrile (94.5oIc) 

] copolymer with me- 
VI thylacrylate (5.5%) 

Polymetaphenylene 
VII L~ophthalamide , 

PmPhlPhA 

Mv Solvent c , %  
I ~0,, 

m 2 

~0. G 0 = 

mz ] see 

6,0.I04 
11 

7,0.10~ 

6,0.104 

2, 5-105 

3,2.105 

Dimethyl  
formamlde 
DMFA 

Dimethyl 
acetamide 
DMAA 

18,0 1000,0 4,217 0,1523,60.10 -2 

20,0 998,8 8,913 0,6417,19.10 -2 
24,0 100s 7,18 2,27. t0 -1 

! 

19,1 I 989,523,28 1,83 7,87.10 -2 

I 14,2 ] 976,1144,16 120'0 ',53.10 -I 

19,4 11o16,oL ,28,20 89 8,44 1o-2 
19,4 11010,0]87,10 ]l J,8 2,27.10-' 

[ 

4 t 

.7 
\ 

2 

D 

2 4 

/ 

4~ 

f 
A 

3 / ~  

2 
8 7 0 9 ~n'SP 

Fig.  1 Fig. 2 
Fig .  1. Flow cu rves  of the fluids I (curve 1), V (2), and VII (3). ~,, sec-1;  r ,  N / m  2. 

Fig.  2. P r e s s u r e - f l o w  c h a r a c t e r i s t i c s  of fluid V flow in nozzles of different  length. 
Nozzle L /R:  1) 320, 242, 128; 2) 11, 1; 3) 2, 17; 4) 0, 214. A P / L ,  (N/m2)/m; 4Q/  
~rR 3, sec-1.  

It was noted in our  f i r s t  r epo r t  [4] that  the to ta l  value of the ent rance  effect  is  due to the contribution of 
th ree  components:  the v i scous ,  the e las t i c ,  and" the s t ruc tu ra l .  According to the r e su l t s  of an exper imenta l  
invest igat ion of a flow of v iscous  inelas t ic  f luids,  a deduction was made about the dependence of the ent rance  
p r e s s u r e  losses  on the v i scos i ty  of the med ium and the d i scha rge ,  genera l ized  as the empi r i ca l  fo rmula  

APe: = 6.03 qO.S4 0.24-t-0.20 lgq (1) 

Resul ts  of m e a s u r i n g  the en t rance  p r e s s u r e  losses  in the flow of v i scoe las t ic  fluids a r e  d iscussed  in 
this r epo r t .  P o l y m e r  solut ions in organic  solvents  typica l  to synthetic f iber  production (Table 1) were  the ob- 
jec t s  of the invest igat ion.  A descr ip t ion  of the expe r imen ta l  appara tus  and the c h a r a c t e r i s t i c s  of the nozzle 
has a l ready  been p resen ted  [4]. It is just  n e c e s s a r y  to indicate here  that the highly e las t ic  and re laxat ional  
p r o p e r t i e s  of the solutions were  es t imated  by means  of the flow curves  by the method proposed in [5], which 
p e r m i t s  de te rmina t ion  of the ini t ial  no rm a l  s t r e s s  coeff icient  ~0 f rom the resu l t s  of cap i l l a ry  v i s c o m e t r y  to an 
accuracy  no worse  than that  of d i rec t  m e a s u r e m e n t  on rota t ional  e l a s t ov i s come te r s  (relat ive e r r o r  ~20%). 

Flow curves  of po l ym er  solutions of a different  nature  a r e  shown in Fig.  1. It should be noted that the 
cu rves  were  not co r r ec t ed  fo r  the t h e r m a l  effect  of the flow in the high d i scharge  region,  although the t e m p e r -  
a ture  r i s e  of the escaping j e f w a s  indeed r eco rded  (for example ,  by 1.7~ for  the fluid VII with log T = 3.5 sec-1) .  
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T A B L E  2. C o m p a r i s o n  of the  E n t r a n c e  P r e s s u r e  L o s s e s  APen  and 
E n t r a n c e  C o r r e c t i o n s  l e n  

Reduced 
discharge 
q~ sec-I 

1.10 2 
3,16.10 ~ 

1.IO ~ 
3,16-10 a 

1.10 4 

Fluid II 

&Pen, 
N/m2 

1,73. l0 s 
4,50. l0 s 
1,15.104 
2,88.104 
7,20.104 

~erl= 
nR 

1,19 
1,34 
1,67 
2,22 
3,37 

Fluid V Fluid VII 

APe n &Pen len 

3,70.108 1,29 
9,50.103 I, 84 
2,43-104 2,89 
6,18.104 .... 4,89 
1,72. I0 5 ":I0,0 

9,55.103 
2, I9.10 a 
4,90. I0 a 
1,10.109 
2,51.10 a 

/en 

1,26 
1,69 
2,46 
3,94 
6,85 

_: 5P'/O " _~ 
~13~ _ ~ - Z ~  I ~P'zO' 

3g l I*~ / I  _ _ _ _  f5 !0 

i t ' - "  2~/ / I I 
/ /  I 

/ / \ i  i I 
V / / - -  I _ '  1, , ~: 

6 4 ~ L/@ 

lg &Pen ]- ; ~;~ . / / q ~ /  

J 1. 4a 
3L2 3 ~ ~-p  

F i g .  3 F i g .  4 
F i g .  3. Dependence  of the  p r e s s u r e  d r o p  on the  r e l a t i v e  n o z z l e  length  f o r  f lu id  
V f low in the  i n i t i a l  s e c t i o n  of the  channe l .  Reduced  d i s c h a r g e  q: 1) 1- 102; 2) 
3.16-103; 3) 3 .16 .104  s e c  -1. A p ,  N/m2; L / R ,  un i t s .  

F ig .  4. Dependence  of the e n t r a n c e  p r e s s u r e  l o s s e s  in f luid V f low on the  r e -  
duced  d i s c h a r g e :  1) APVn; 2) APen ;  3 ) (APen- -APVn) .  A P e n ,  N / m 2 ;  4Q/TrR 3, 
s e c  - l .  

The  p r e s s u r e - f l o w  c h a r a c t e r i s t i c s  of f lu id  V f low in n o z z l e s  of d i f f e r e n t  ex ten t  a r e  shown in F ig .  2. The  
r e d u c e d  f l o w - - r e d u c e d  p r e s s u r e  c o o r d i n a t e s  a r e  s e l e c t e d  b e c a u s e  of  the  l a ck  of c o m p u t a t i o n a l  f o r m u l a s  to d e -  
t e r m i n e  the  v e l o c i t y  and s h e a r  s t r e s s  g r a d i e n t s  d u r i n g  the f low of v i s c o e l a s t i c  m e d i a  in the  t r a n s i t i o n  m o d e ,  
when the  v e l o c i t y  p r o f i l e  i s  s t i l l  not fu l ly  d e v e l o p e d .  C u r v e  1 i s  ob ta ined  by us ing  t h r e e  c a p i l l a r i e s :  L / R  = 320, 
242, and 128. Good a g r e e m e n t  be tween  the m e a s u r e m e n t  r e s u l t s  on long c a p i l l a r i e s  i n d i c a t e s  the p r e s e n c e  of 
a f low with a d e v e l o p i n g  v e l o c i t y  p r o f i l e  in  a s u f f i c i e n t l y  long s e c t i o n  of the  chm~nel. The  d e p e n d e n c e s  f o r  s h o r t  
n o z z l e s  (curves  2-4) a r e  sh i f t ed  t o w a r d  h i g h e r  p r e s s u r e  d r o p s ,  i . e . ,  the  r e l a t i v e  channe l  l ength  L / R  = 11.1 i s  
a l r e a d y  i n s u f f i c i e n t  f o r  s t r e a m  f o r m a t i o n .  The  c h a r a c t e r i s t i c  b r e a k  in t h e s e  c u r v e s  i s  a s s o c i a t e d  with the o n -  
s e t  of an i r r e g u l a r  f low ( " e l a s t i c  t u r b u l e n c e " ) .  The  m a g n i t u d e  of the  r e d u c e d  d i s c h a r g e ,  above  which such  an 
i r r e g u l a r i t y  was o b s e r v e d  v i s u a l l y  in the  m a j o r i t y  of c a s e s ,  i s  deno ted  by the  d a s h e d - d o t  l ines  in the  f i g u r e .  

D e p e n d e n c e s  of the  p r e s s u r e  d r o p  on the  nozz l e  length  fo r  a c o n s t a n t  d i s c h a r g e  ( "Bag ley  d i a g r a m "  [2]) 
w e r e  c o n s t r u c t e d  by m e a n s  of the  p r e s s u r e - f l o w  c h a r a c t e r i s t i c s  f o r  the  r a n g e s  L / R  = 320-11.1  and 11 .1 -0 .214 .  
It a p p e a r e d  tha t  the  d e p e n d e n c e s  A P - - L / R  in the  L / R  = 320-11.1  r a n g e  w e r e  e x t r a p o l a t e d  to the o r i g i n  f o r  a ! l  
the  f lu ids  i n v e s t i g a t e d ,  i . e . ,  d e t e r m i n a t i o n  of the  e n t r a n c e  c o r r e c t i o n  fo r  long n o z z l e s  i s  i m p o s s i b l e .  O t h e r  
i n v e s t i g a t o r s  [3] ob t a ined  an ana logous  r e s u l t  e a r l i e r .  

The "Bag ley  d i a g r a m s "  f o r  the  i n i t i a l  s e c t i o n  of  the  channe l  (F ig .  3) t u rn  out to be n o n l i n e a r ,  which ,  in 
p r i n c i p l e ,  e x c l u d e s  t h e i r  e x t r a p o l a t i o n  to a z e r o  p r e s s u r e  d r o p  in o r d e r  to d e t e r m i n e  the t r a d i t i o n a l  c o r r e c t i o n  
/ e n  = hR. A s i m i l a r  c h a r a c t e r  of the  A P - - L R  g r a p h s  for  s h o r t  n o z z l e s  has  a l r e a d y  been  n o i e d r e p e a t e d l y  [6]. 
The  e s s e n t i a l  d i f f e r e n c e  be tween  o u r  r e s u l t s  and known da t a  i s  that  n o z z l e s  wi th  L / R  equa l  to  0.214 w e r e  u sed  
in the  p r e s e n t  i n v e s t i g a t i o n  (the a c t u a l  l ength  i s  L ~ 1 .10  -4 m) ,  i . e . ,  p r a c t i c a l l y  m e m b r a n e s  with ho l e s ;  t h i s  
c i r c u m s t a n c e  p e r m i t s  r e l i a b l e  e x t r a p o l a t i o n  of the  c u r v e s  1-2 (F ig .  3) to  z e r o  channe l  l eng th  and ,  t h e r e f o r e ,  
d e t e r m i n a t i o n  of the  p r e s s u r e  l o s s  p r i o r  to  e n t r a n c e  into  t he  nozz l e  A P e n .  
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Fig. 5. Generalized dependence 
of the reduced entrance p re s su re  
losses on the reduced shear  veloc-  
ity. Points are  the fluid indica-  
tor .  

An analysis of the experimental  resul ts  we obtained in the flow of viscoelast ic  fluids with a broad set of 
values 70 (4.217-87.10 N. s e c / m  2) and ~0 (0.152-20.0 N. sec2/m 2-) verif ies  the deduction of Kuvshinskii et al. 
[6] that the te rmina l  effect dissociated into two components character iz ing the additional p ressure  drops before 
entry into the channel and on its initial section. Convincing proofs of this situation a re  also presented by Han 
et al. [7], who per formed d i rec t  measurements  of the p re s su re  distribution along the channel length. 

Comparat ive resul ts  on the magnitudes of the entrance p re s su re  losses  and entrance cor rec t ions  are  
presented in Table 2. The values o f / e n  = nR were obtained by conversion of APen under the assumption of a 
l inear p r e s s u r e  drop. Let us note that /en = (3-15)R in [8] for  po lymer  solutions. 

The empir ica l  relat ionship (1), which established a dependence between the entrance p re s su re  losses 
during the flow of inelastic fluids, and the d ischarge  and the viscosi ty ,  was used to evaluate the "viscous" 
component (ApVn) of the total p r e s s u r e  losses  p r io r  to entry into the nozzle (APen). Hence, the value of the 
viscosi ty  was taken equal to its effective magnitude determined f rom the flow curve for  a given discharge.  
The resul ts  being r e f e r r ed  to here  a re  presented in Fig. 4, f rom which it is seen that the relat ive fraction of 
the viscous component will be less ,  the g rea t e r  the discharge;  at the same t ime,  the contribution of Apv n be- 
comes inessential  only for  very  significant q(1 o 104-1 �9 105 sec-1). 

It follows f rom the above on the three components of the entrance effect that the difference Al)en--ApV n 
determines  the total magnitude of the elast ic  and s t ruc tura l  par ts  of the complete entrance p res su re  losses .  
The distribution of this la t ter  is impossible  as yet  because of the lack of rotat ional  devices permit t ing the r e -  
alization of high shear  velocit ies (1.103-1 �9 105 sec- i ) .  In this respec t  the Han [9] proposal  on the est imation of 
the highly elast ic proper t ies  of running sys tems  by means of the " terminal  p r e s su re "  is interest ing.  

We per formed two special  se r ies  of t e s t s  on fluid VII during the experiment  in o rde r  to determine the 
influence of the hole d iameter  on the quantity APen. Nozzles with R = 4.70" 10 -4 m and R = 2.20-10 -4 m were 
used; the ratio between the r e s e r v o i r  radius and the hole radius R r / R  was 10.6 and 22.7, respect ively .  P r a c -  
tically identical values of APen were obtained in both se r ies  in the whole range of d ischarges  investigated (q = 
1.102-1 �9 105 sec-1). 

The relaxational  nature of the effects accompanying the flow of the viscoelast ic  medium, the viscosi ty 
anomaly,  high elast ici ty,  and thixotropy affords a foundation for  general izing the data obtained on the entrance 
p res su re  losses .  Let APen be determined in the general  case  by the following function of many variables:  

ADen : f [V, R, ~] (~), 0 (~)l- (2) 

Then on the basis of dimensional  analysis  the power- law equation 

APen=a[V]u[0(~)]a-1 ~(~) (3) 

ca~ he obtained. Regrouping the fac tors  in (3) and combining quantities with identical exponents, we obtain 
a formula for the p r e s s u r e  loss at the entrance in the fo rm of the dimensionless equation 

APo.o (4) 

It is known that fo r  a broad c i rc le  of po lymer  sys tems  there  exist a general ized relaxational charac ter i s t ic  [10] 
and a t empera tu re - invar ian t  v iscosi ty  charac te r i s t i c  [11], which in the general  case are  
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o . _  f, (+oo) 9 _  : (+Oo). 
Oo % 

Substituting the values of 0 and ~? f rom (5) into (4) and replacing Yav by y, we obtain 

~1o Go 

Hence,  i t  follows that a single dependence should exist  between the reduced value of the ent rance  p r e s s u r e  
losses  and the reduced s t r a in  ra te  for  p o l y m e r s .  P r o c e s s i n g  the resu l t s  of ex~periment showed that  such a 
dependence actually exis ts  (Fig. 5). In construct ing the genera] ized dependence,  the values of q = 4Q/vR 3 
were  conver ted  into the cor responding  quantit ies 7 by using flow cu rves .  The a r r a n g e m e n t  of the points on 
the graph  affords a possibi l i ty  for a quantitative descr ip t ion of the dependence mentioned in the fo rm of a 
power - l aw  equation 

AP = 2.4 ~1r (.~oo)O.TS, 
eFl O0 

which reproduces  the resu l t s  of exper iment  with a re la t ive  e r r o r  not exceeding 30~. 

(5) 

(6) 

(7) 

N O T A T I O N  

L, nozzle length; R,  hole radius;  Q, volume fluid d ischarge;  q = 4Q/ rR 3, reduced fluid d ischarge;  V, 
mean  l inear  s t r e a m  velocity in the nozzle;  7av = V/R,  ave rage  shea r  veiocity;  ~, shea r  veloci ty on the cap i l -  
lary  wall; r ,  shea r  s t r e s s  on the cap i l l a rywal l ;  Ap, p r e s s u r e  drop in fluid flow through nozzles;  APen, p r e s s u r e  
losses  p r i o r  to fluid entry  into the nozzle;  ApVn, "v iscous"  component  of the ent rance  p r e s s u r e  losses ;  /en = 
nR, ent rance  cor rec t ion ;  Rr ,  r e s e r v o i r  radius  in f ront  of the nozzle;  Mv, mean viscous molecu la r  weight of 
the po lymer ;  C, po lymer  concentrat ion in the solution; p, solution density;  ~0, ini t ial  v iscosi ty;  ~0, ini t ial  no r -  
mal  s t r e s s  coefficient;  00 = ~r/~0, cha rac t e r i s t i c  re laxat ion t ime; Go = ~0/00, init ial  modulus of high elas t ic i ty;  
~(y), 0 (Y), dependences of the effect ive v iscos i ty  and relaxat ion t ime  on the shea r  velocity;  a ,  a ,  constants .  
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