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The p r e s s u r e  losses  up to the ent rance  to nozzles  in the flow of inelas t ic  liquids in wide ranges  
of v i scos i t i e s  and flow r a t e s  a r e  de te rmined .  An empi r i ca l  equation is p roposed  for  calculat ing 
en t rance  p r e s s u r e  l o s s e s .  

The flow of a v i scoe las t i c  medium in the ini t ial  sect ion of a cyl indr ica l  channel has been studied in nu-  
me rous  theore t i ca l  and expe r imen ta l  r e p o r t s .  The cons iderab le  in te res t  in this p rob lem is explained by i ts  
urgency for  engineer ing applicat ion (such as the ext rus ion of p o l y m e r  solutions and mel t s  through shor t  noz-  
z les  o r  sp inners  in obtaining chemica l  f i laments ) ,  on the one hand, and by the g r e a t  complexi ty  of the ob-  
s e rved  phenomena ,  on the o ther .  The unsteady flow of p o l y m e r  s y s t e m s  is  c h a r a c t e r i z e d  by the s imul taneous  
development  of p las t ic  and e las t ic  deformat ions  and the effect  of thixotropic des t ruc t ion  of the s t ruc tu re ;  the 
conditions of the fo rmat ion  of the veloci ty prof i le  at the ent rance  to a cy l indr ica l  channel also exer t  a ce r ta in  
effect .  Whereas  in a r o t a ry  v i s c o s i m e t e r  one is  able to s epa ra t e  the r e v e r s i b l e  and i r r e v e r s i b l e  deformat ions  
expe r imen ta l ly ,  with flow in a cap i l l a ry  such a separa t ion  is  imposs ib le  in pr inc ip le ,  and is done by var ious  
ind i rec t  methods .  

To al low for  the addit ional energy  expendi tures  before  the nozzle  ent rance  and in the sect ion of unsteady 
flow one usual ly  uses  the so -ca l l ed  "inlet" c o r r e c t i o n  / in ,  which in a number  of r epo r t s  [1-4] is  cons idered  
as a p a r a m e t e r  of the v i scoe las t i c  behavior .  However ,  in [5] it  has been shown that the s t rength  of the s t r u c -  
tu re  mus t  c r e a t e  a la rge  en t rance  effect ,  so that  in the gene ra l  case  the possibi l i ty  of using m e a s u r e m e n t s  of 
inlet  co r r ec t i ons  as a method of es t imat ing  the highly e las t ic  p rope r t i e s  of a s y s t e m  is connected with the r e l a -  
t ionship of the effects  of the development  of p las t ic  r e v e r s i b l e  deformat ions  and of des t ruc t ion  of the s t ruc tu re .  

The published data relative to the quantity /geom, the "geometrical" or "Couette" correction, which de- 
termines the additional energy losses due to the reorganization of the velocity profile at the nozzle entrance, 
are contradictory. Couette [6] found that the value of the inlet correction is equivalent to the fictitious length- 
ening of a capillary by five to sex radii (/geom = nR, n = 5-6). In [7, 9] /geom was equal to 1.146R. Barr [8] 
took n = 0.9. Schurz [I0] indicates that according to the literature data n = 0.5-1.0, but he notes in this con- 
nection that the direct determination of /geom is possible only in measurements on inelastic liquids. The 
authors of [2, 11] assume that /geom is negligibly small in comparison with /in and does not depend on the dis- 
charge velocity; in [3, 12], conversely, it is noted that the energy dissipated in the entrance zone depends on 
the velocity gradient and can have rather large values. 

And there is no single opinion on the question of where the additional pressure drop takes place: Some 
investigators [1, 2] assume that the entire end effect is concentrated in front of the entrance to the capillary; 
others [9] declare for two components characterizing the pressure drops up to the entrance to a nozzle and in 
its initial section. 
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T A B L E  I .  C h a r a c t e r i s t i c s  of  N o z z l e s  

Index Length Hole radius Nozzle 
L. IO 3 , m R" 10 3, m Ratio L/R material 

1001 
1004 
1010 
1011 
1012 
1013 
1027 

11 
I 
3 
5 
7 

149,3 
100,6 
60,33 
28,62 
11,55 
5,188 
2,468 
2,369 
0,988 
0,535 
0,295 
0, I02 

0,466 
0,479 
0,469- 
0,467 
0,476 
0,469 
0,471 
0,469 
0,469 
0,477 
0,473 
0,477 

320,5 
209,9 
128,6 
61,29 
24,27 
11,07 
5,240 
5,05I 
2,172 
1,122 
0,624 
0,214 

Glass 
Same 

t 

w 

n 

n 

Stainless steel 
Same 

t 

T A B L E  2.  C h a r a c t e r i s t i c s  of  

V i s c o u s  L i q u i d s  

Index Viscosity ~, Density p, 
iN" sec /m z kg /m 2 

I II ] o,1121 
0,4396 

III 1 0,9756 
IV 4,184 
v 11,99 

872,3 
873,5 
877,0 
884,5 
87.3,7 

The present report is devoted to an experimental study of the entrance effect in the flow of inelastic 
liquids in wide ranges of viscosities and flow rates. 

The measurements were carried out on a GKVPD-150 constant-pressure g'as capillary viseosimeter 
[13]. Calibrated nozzles with flat inlets were used, made in the form of glass capillaries or metal disks with 
holes of the same radius and different lengths (Table I). In all the tests the temperature was held constant, 
25 •176 The relative error of the pressure measurements lay in the range of 0.5-1.5% depending on the 
absolute value of the applied pressure. The flow rate of liquid was determined by the weight method, with 
two successive batches being taken at each given pressure, 

Viscous liquids prepared and certified at the Moscow Center of Measures and Standards were extruded 
through the nozzles. The calibration liquids consist of mixtures of oils: GOST 982-56 transformer oil and 
GOST 12869-67 octol-600 oil. In the certification the viscosity of the liquids was determined on standard cap- 
illary viseosimeters with an accuracy of 0.3% at a temperature of 25 •176 the densities of the liquids 
were found by the pycnometric method with an accuracy of 1 kg/m 3. The characteristics of the viscous liquids 
are given in Table 2. 

In the course of the experiment it was established that in a wide range of velocities (three orders of 
magnitude) the calibration liquids are characterized by a Newtonian mode of flow. A special test for the Weis- 
senberg effect confirmed the absence of viscoelastic properties in the liquids. Consequently, the end effect 
in the flow of the given liquids in nozzles must be determined only by the energy dissipation connected with the 
jet flow and internal friction in the transfer of the liquid from the viscosimetric vessel into the orifs of the 

nozzle and with the formation of the velocity profile in the channel, i.e., /in =/geom" 

Typical pressure--flow-rate characteristic curves for the flow of viscous liquids in nozzles of different 
lengths are presented in Fig. I. Double logarithmic coordinates -- the reduced volumetric flow rate q = 4Q/ 
~R 3 and the reduced pressure drop AP/L -- were chosen for the construction of these functions, since in the 
analysis of the data of experiments on thin disks containing holes (diaphragms) the question naturally arises 
of the correctness of calculations of the velocity gradients and shear stresses by the well-kno~'n equations for 
steady flow. It is seen from Fig. 1 that the results of the experiment with nozzles of L/R = ii.07-320.5 are 
shown satisfactorily by a common straight line having a slope of 45 ~ whereas the functions for the diaphragms 
are shifted successively toward larger pressure drops with a decrease in L/R from 5.24 to 0.214. The value 
of the viscosity calculated for the common straight line is 4.169 N" see/m 2. The good agreement be'~ween the 
value obtained for the viscosity and the certification data for liquid IV indicates the steady nature of the flow 
in nozzles of L/R = 320.5-11.07. Conversely, the location of these functions for the diaphragms (L/R - 5.24- 
0.214) confirms the assumption that flow with an undeveloped velocity profile occurs in short holes. 
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Fig. 1 Fig.  2 
Fig. 1. P r e s s u r e - - f l o w - r a t e  charac te r i s t i c  curves  for  the flow of liquid IV (7 = 4.184 N . s e c / m  2) in nozzles 
of different lengths: 1) L / R  = 320; 2) 128; 3) 11.1; 4) 5.24; 5) 5.05; 6) 0.624; 7) 0.214. AP /L ,  (N/m2)/m; 4Q/ 
~R 3, see -1. 

Fig.  2. Dependence of p r e s s u r e  drop on relat ive length of nozzle for  flow of liquid IV in the initial section 
of the channel.  AP,  N/m2; L / R ,  units. Reduced flow rate  q: 1) 1.103; 2) 1.104; 3) 1.105 sec -1. 
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The "branching" of the p r e s su re - - f l ow- ra t e  charac te r i s t i c  curves  for  long nozzles in the region of large 
flow ra tes  is due to the the rma l  effect  of the flow of a viscous liquid- a di rect  measurement  of the tempera ture  
of the jet d ischarging f rom the nozzle of L / R  = 320.5 at a flow rate q = 3.10 3 s e c  -1  showed a heating of 1.8~ 
Allowance for the the rmal  effect through the known tempera tu re  coefficient of the viscosi ty  made it possible to 
obtain the t rue  viscosi ty  in all ca ses .  

It must  also be noted that the p r e s su re - - f l ow- ra t e  charac te r i s t i c  curves for  glass  and metal  nozzles of 
the same length (L/R = 5.24 and 5.05, respectively) coincide.  

The data of Fig.  1 were used to cons t ruc t  dependences of the p r e s s u r e  drop on the nozzle length by Bag- 
l ey ' s  method [1]. An analysis  of the "Bagley d iag rams"  for  nozzles of L /R  = 320.5-11.07 showed that within 
the limits of accuracy  of the graphic construct ion the A P - - L / R  dependences for  all the liquids studied are  ex- 
t rapolated to the origin of coordinates  and do not give an inlet correc t ion;  at the same t ime,  the "Bagley dia- 
g r ams"  for  short  nozzles  (Fig. 2) a re  nonlinear ,  and consequently the i r  extrapolation to a zero p res su re  drop 
in o rde r  to determine the t radi t ional  inlet co r rec t ion  [1] is impossible .  

The nonlinear t rend of the A P - - L / R  dependence in the initial section of a channel for a Newtonian liquid 
was noted ea r l i e r  [14]. An important  feature of our  data is the fact that they were obtained with the use of very 
short  nozzles (L/R = 11.07-0.214); this makes it possible to rel iably extrapolate curves  1-3 (Fig. 2) to a zero 
channel length and thereby find the final values of the p re s su re  drop APin taking place up to the nozzle entrance.  

F r o m  the experimental  facts presented it follows that in the flow of viscous liquids in cyl indrical  nozzles  
the end effect in genera l  is composed of the p r e s s u r e  losses  up to the entrance of the channel and in its initial 
section: 

hPen d = hPin + APinic (1~ 

Here the quantity APin de termines  the additional expenditures of energy on jet flow and the internal  f r i c -  
tion in the flow of the liquid into the channel while APinit de termines  the expenditures in the t ransformat ion  of 
the rec tangular  velocity profile into the parabolic  profi le corresponding to steady flow. The authors of [9], who 
studied the flow of a viscoelast ic  medium (4 and 8% solutions of polyisobutylene in t r an s fo rmer  oil), came to a 
s imi la r  conclusion ea r l i e r .  The quantity APinit  depends on the Reynolds number ,  so that the problem of the 
allowance for  APinit in the end effect must  be solved after  an est imate  of Re. In our experiments  with q = 1.104 
sec -1 the values of Re were 1.0 and 0.08 for  liquids III and V, respect ively ,  while the lengths of the sections of 
stabil ization of the velocity profi le,  calculated by the equation I4nit = 0.16R Re of S. M. Targ  [15], proved to 
equal 0.159R and 0.013R. The examples presented  show that in a number  of cases  in prac t ice  there  is every 

reason to ignore APinit and take APend = APin. 
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Fig.  3 Fig.  4 
Fig.  3. Dependence of inlet  p r e s s u r e  losses  on reduced flow ra te  in the 
flow of liquid IV. APin, N/m2; 4Q/~R 3, sec -~, 

Fig. 4. Dependence of inlet  p r e s s u r e  losses  on v iscos i ty  of liquid. APin , 
N/m2; ~?, N - s e c / m  2. Reduced flow ra te  q: 1.102; 2) 1.103; 3) 1.i04; 4) 1-105 
sec - I  . 

Fo r  a compar i son  of the l i t e ra tu re  data p resen ted  above on the s ize  of the inlet  co r r ec t i on  with our  r e -  
sults  the values of APin obtained were  conver ted  to / in  on the assumpt ion  of a l inear  p r e s s u r e  drop (Table 3). 
An analys is  of the values o f / i n  p resen ted  in the table does not allow one to draw definite conclusions concern-  
ing the dependence of the inlet co r rec t ion  on the flow ra te  and v iscos i ty  of the liquid. Thus ,  the inlet  effect  
in the flow of inelas t ic  liquids in cyl indr ica l  nozzles can be es t imated  quanti tat ively only with the he[p of the 
p r e s s u r e  losses  APin up to the ent rance  to the capi l la ry .  

The dependence of APin on the reduced flow ra te  was studied for  five viscous liquids in the range  of 
q = 102-105 sec -i  and in all  ca ses  it is l inear  in double logar i thmic  coordinates .  A typica l  g raph  of the func- 
tion log APin - -  log q is p resen ted  in Fig.  3 for  liquid IV (7 = 4.184 N . sec /m2) .  The conducting of t es t s  with 
a se t  of liquids ca l ib ra ted  by v iscos i ty  (two o r d e r s  of magnitude) made it  poss ib le  to cons t ruc t  dependences 
of the inlet  lo s ses  on the v i scos i ty  with the condition q = const  (Fig. 4). Here  also we obse rve  a l inear  depen-  
dence of the function log APin --  log 7. The la t t e r  fact makes  it  poss ib le  to quanti tat ively desc r ibe  tk~s depen-  
dence by a power - l aw  function of the type 

APin ~ m] b, (2) 

where  a is the value of APin in te rcep ted  by the s t ra igh t  line on the ordinate  axis and b is the slope of the 
s t ra igh t  line. An analysis  of the s izes  of the coeff icients  a and b ~ t h  var ia t ion  in q f r o m  1- 102 to 1.105 sec - i  
showed that they, in turn,  a r e  functions of the reduced flow ra te :  

lga = 0.78 " 0 . 8 4  lgq 

or  
a = 6.03q~ 

b = 0.24 + 0.20 lgq. 

(3) 

(4) 

(5) 

Consequently,  the e m p i r i c a l  dependence of the inlet  p r e s s u r e  losses  on the v i scos i ty  of the liquid and 
the reduced flow ra te  takes  the fo rm 

hPin = 6.03qO.S~' ~10..~4+0.20 lg q. (6) 

A check of Eq. (6) in the inves t igated ranges  of v i scos i ty  (0.1-12.0 N - s e c / m  2) and reduced flow ra tes  
(1- 102-1 �9 105 sec -t) showed that  the ca lcula ted  values  of APin dif fer  f r o m  the exper imen ta l  values by no more  
than 7%. 

In conclusion,  let  us com pa re  our  expe r imen ta l  data  on inlet  p r e s s u r e  losses  in the flow of v iscous  
liquids with the resu l t s  obtained by o ther  inves t iga to r s .  The flow of a viscous  Newtonian liquid through a fine 
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T A B L E  3. C o m p a r i s o n  of In l e t  P r e s s u r e  L o s s e s  A P i n  and  In le t  C o r r e c t i o n s  / i n  

Reduced 
flow rate q, i 
sea -I 

aPtn' N/m~ 

1.102 7,50.I0 t 
1.10 a 4,75.10 ~ 
1.104 1,42.103 
l.lO 5 6,20.10 ~ 

( i n = . n  �9 

3,36 
2,13 
0 ,~  
0,28 

APin 

t,20.102 
1,08.103 
6,00.103 
3,00.104 

II 

l in 

1,34 
1,21 
0,67 
0,34 

Liquid 
n[ 

aVin 

3,50.10~ 
2,80.103 
1,80.104 
1,05.10 s 

tin 

1,75 
1,40 
0,90 
0,52 

aPin 

6,90.10 ~ 
6,90.I0 a 
6,90.104 
6,90.10 s 

Iv 

tin 

0,83 
0,83 
0,83 
0,83 

APin 

1,60.108 
1,75.104 
1,80.10 ~ 
1,60.10 ~ 

v 

/in 

0,66 
0,72 
0,74 
0,65 

T A B L E  4. V a l u e s  of  C o e f f i c i e n t  C O in  Eq.  (7) C a l c u l a t e d  f r o m  E x -  
p e r i m e n t a l  V a l u e s  of A P i n  

log q, sec-1 

2,0 
2,5 
3,0 
3,5 
4,0 
4,5 
5,0 

8,518' 
4,670* 
5,394 
3,161 
1,612 
1,077 
0,704* 

Values of C o for liquids 
iI iII 

3,475* 4,564* 
3,113 3,630 
3,128 3,652 
2,106 2,846 
1,738 2,348 
1,328 1,650 
0,869 1,369 

IV 

2,099* 
1,925" 
2,099 
1,925 
2,099 
1,925 
2,099 

1,699 
1,914 
1,858 
1,981 
1,912 
1,847 
1,699" 

*The values of the pressure drops in nozzles 5 and 7, obtained through extrapolation 
of the pressure-flow rate characteristic curves (see Fig. 1, for example), were used 
in determining the corresponding values of APin. 

r o u n d  ho le  was  s t u d i e d  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  by the  a u t h o r s  of [16]. On the  b a s i s  of the  H e l m h o l t z  
t h e o r e m  of  t h e  m i n i m u m  d i s s i p a t i o n  of  e n e r g y  t h e y  d e r i v e d  an equa t ion  f o r  the  a v e r a g e  p r e s s u r e  d r o p  in a 
d i a p h r a g m :  

Q 
AP----CoB R z , (7) 

w h e r e  Co i s  the  "hole  c o n s t a n t , "  equa l  to  3.310 f o r  a p l a n e  v e l o c i t y  p r o f i l e  a t  the  d i a p h r a g m ,  1.500 f o r  a v e l o c -  
i ty  d i s t r i b u t i o n  p r o p o r t i o n a l  to the  1 /2  p o w e r  of t he  fu l ly  d e v e l o p e d  p a r a b o l i c  p r o f i l e ,  and 3.825 f o r  a p a r a -  
bo l i c  v e l o c i t y  p r o f i l e .  E q u a t i o n  (7) was  c h e c k e d  e x p e r i m e n t a l l y  on v i s c o u s  o i l  (7 = 21.94 N" s e c / m  2 at  25~ 
u s i n g  d i a p h r a g m s  of  R = {1-2 .5) .10  -4 m ,  L = 3"10 -4 m ,  and an  i n l e t  ang le  of 21-35  ~ Va lues  of C O = 1 .91-1 .93  
w e r e  o b t a i n e d  in  the  r a n g e  of  s h e a r  v e l o c i t i e s  of  10 -70  s e c  -1. 

The  p r o b l e m  of  t he  f l0w of  a v i s c o u s  Newton ian  i n c o m p r e s s i b l e  m e d i u m  in the  c a v i t y  of  a h y p e r b o l o i d  of  
r o t a t i o n  i s  s o l v e d  a n a l y t i c a l l y  in  [17]. F o r  the  p a r t i c u l a r  c a s e  of  a r i g h t  ang le  the  equa t ion  d e r i v e d  by the  
a u t h o r s  f o r  the  p r e s s u r e  d r o p  in  the  u p p e r  p a r t  of  the  h y p e r b o l o i d  g i v e s  the  s o l u t i o n  of the  p r o b l e m  of  f low in 
a r o u n d  ho le :  

AP = 15 B Q (8) R~ 

T h u s ,  i f  t he  s t r e a m l i n e s  up  to  t he  e n t r a n c e  to  t h e  ho le  a r e  h y p e r b o l a s  then  the  "hole  c o n s t a n t "  equa l s  

1.5.  

Us ing  Eq .  (7) we c a l c u l a t e d  the  v a l u e s  of the  "hole  c o n s t a n t "  f r o m  the  e x p e r i m e n t a l  v a l u e s  of  the  i n l e t  
p r e s s u r e  l o s s e s .  The  r e s u l t s  of the  c a l c u l a t i o n s ,  p r e s e n t e d  in  T a b l e  4,  show tha t  the  s h a p e  of  the  s t r e a m -  
l i n e s  in  f r o n t  of  the  e n t r a n c e  to  a r o u n d  ho le  can  be  a r b i t r a r y  and be  d e t e r m i n e d  by the  v i s c o s i t y  of the  l iquid  
and the  m o d e  of  f low.  

N O T A T I O N  

L ,  l eng th  of n o z z l e ;  R ,  r a d i u s  of  ho le ;  Q,  v o l u m e t r i c  f low r a t e  of l iquid;  q = 4 Q / ~ R  3, r e d u c e d  f low r a t e  
of  l iqu id ;  A p ,  p r e s s u r e  d r o p  in  f low of l iqu id  t h r o u g h  n o z z l e ;  A P i n  , p r e s s u r e  l o s s e s  up t o  e n t r a n c e  of  l iqu id  
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into nozzle; APinit ,  additional p r e s s u r e  losses  in initial  sect ion of channel caused by unsteady mode of flow; 
APend, end effect  in flow of liquids in cyl indr ical  nozzles;  Linit ,  length of sect ion of stabil ization of velocity 
profi le  in channel; / in = nR, inlet  cor rec t ion ;  /geom,  "geometr ica l"  o r  "Couette" cor rec t ion ;  7, v iscosi ty  of 
liquid; p, density; Re, Reynolds number;  Co, "hole constant .  " 
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E N E R G Y - S E P A R A T I O N  E F F E C T  IN A GAS E J E C T O R  

A.  A.  S t o l y a r o v  UDC 533.697.5 

A new effect  of inverse  energy separat ion in a gas e jec tor  is d iscovered.  

In those cases  when the output c ross  section of a constr ic t ing mixing chamber  of a gas e jec tor  is blocked 
to d ischarge  or  when an e jec to r  with a cyl indr ical  mixing chamber  works against a gr id  with a high enough 
hydraulic r es i s t ance  the r e v e r s e  d ischarge  of the ejecting gas f rom the mixing chamber  through the inlet for  
the e jected gas can take place.  Despite the fact  that such modes have an important  effect on the operat ion of 
a whole s e r i e s  of sy s t ems ,  including the gas e jec tors  of supersonic  wind tunnels and the tes t  stands of jet  
engines,  for  example ,  especia l ly  during s t a r t -up ,  insufficient attention has been paid to thei r  investigation. 

In the course  of exper imenta l  studies of the indicated modes of operat ion of a gas e jec tor  operat ing on 
a i r  at a high absolute p r e s s u r e  we d iscovered  a new effect  of inverse  energy separat ion in a homogeneous gas 
s t r e a m  which is init ially steady with respec t  to the stagnation p r e s su re s  and t empera tu res ,  consist ing in the 
fact  that the different  a i r  zones moving along the e jec tor  acquire  different  t em p e ra tu r e s ,  with some of them 
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Original a r t ic le  submitted October 23, 1975. 

I This material is protected by copyright registered in the name of  Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part] 
of  this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, | 
microfilming, recording or otherwise, without written permission of  the publisher. A copy of  this article is available from the publisher for $ Z 50. J 

1469 


