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M E C H A N I C A L  B E H A V I O R  OF U N S T A B L E  E M U L S I O N S  

A .  I .  G u z h o v ,  A .  P .  G r i s h i n ,  
L .  P .  M e d v e d e v a ,  a n d  V .  F .  M e d v e d e v  

UD'C 532.135:541.18.051.3 

Resul ts  of expe r imen ta l  s tudies of the rheologie  p rope r t i e s  of unstable mac roemul s ions  of the 
water  --  oil type a r e  p resen ted .  A reg ion  of non-Newtonian behavior  of the t e s t  emuls ions  is 
identified. 

The theologic  p roper t i e s  of emuls ions  a r e  f a r  f r o m  comple te ly  studied, s ince emuls ions  a r e  s y s t e m s  
difficult  to inves t iga te .*  This  is a s soc ia t ed  with the fact that the d i spe r sed  phase  is a de formable  fluid. The 
deg ree  of de fo rmat ion  depends on the globule s ize  and o n t h e  shear  r a t e .  Special  diff icult ies a r i s e  in studies 
of the theologic  p roper t i e s  of unstable  emuls ions .  

This  paper  is devoted to a p resen ta t ion  of expe r imen ta l  methods and re su l t s  for a study of the theo logy  
of unstable mac roemul s ions  of the water  - -  oil type .  The emuls ions  were  produced by turbulent  mixing of 
t r a n s f o r m e r  oil and an aqueous solution of 4411 disolvane at a concentra t ion of 0.02 wt. % during the i r  joint 
flow in a horizontal  cyl indrical  pipe.  

Differ ing degrees  of emuls ion  d i spe r s ion  were  achieved by varying the mean  flow veloci ty (w = 1.3 m / s e c  
and w = 1.7 m / s e c ) .  The content of;the d i spe r sed  phase var ied  f r o m  0 to 0.35; s t ra t i f ica t ion  of the flow 
occur red  at la rge  ~ with subsequent  invers ion  of emuls ion  phases .  

Since the emuls ions  studied were  unstable,  it was not poss ib le  to  invest igate  the i r  viscous p roper t i es  
under  s ta t ic  conditions. Viscosi ty  m e a s u r e m e n t s  of such emuls ions  were  accompl ished d i rec t ly  in the flow by 
means  of a cap i l l a ry  method.  The essen t i a l s  of the method developed for this purpose  a r e  i l lus t ra ted  by the 
scheme  shown in Fig. 1. 

The g lass  capi l la ry  2 was inse r ted  in the exper imenta l  pipe 1 with an internal  d i a m e t e r  of 39.4 mm along 
which the unstable emuls ion  flowed. The cap i l l a ry  tube was held in posit ion by means of a b r a s s  fitting equipped 
with a packing gland and seal ing nut. The cap i l l a ry  was inser ted  at r ight  angles to  the flow so  that  the upper 
end of the tube was located on the axis  of the pipe.  The lower end was inser ted  in the s topcock 3, which was 
connected to the ca l ibra ted  sea led  v e s s e l  4 by a flow passage  cons iderab ly  g r e a t e r  than the internal  d iamete r  

*The rheology of colloidal s y s t e m s  has been  developed in detai l .  

Academic ian  M. D. Mitlionshchikov Groznensk  Pe t ro l eum Inst i tute .  T rans l a t ed  f r o m  Inzhenerno-  
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Fig.  1o Ar rangemen t  
for  m e a s u r e m e n t  of 
the v i scos i ty  of un- 
s table  emuls ions .  

of the capi l la ry ,  as was the case  at the  fitting; this ensured  f ree  d i scharge  of emuls ion  f r o m  the capi l la ry  
into the ve s se l  4. F r o m  the la t te r ,  the emuls ion  was dra ined into a cyl inder  for  set t l ing by means  of the 
valve 5. 

A p r e s s u r e  takeoff  which connected with the t r a n s p a r e n t  s e p a r a t o r y  v e s s e l  7 was cons t ruc ted  in  the 
s ame  plane as the cap i l l a ry  and at the level  of its upper  end. The connecting line was horizontal  and could 
be  shut off by the valve 6. Emuls ion  enter ing the s e p a r a t o r y  ve s se l  f r o m  the pipe was forced back  into 
the pipe by c o m p r e s s e d  a i r  fed f r o m  a c o m p r e s s o r  through the valves  12 and 11 so that the fluid level  in 
the s e p a r a t o r y  ves se l  did not exceed the level  of the connecting line and, consequently,  the level  of the 
upper  end of the cap i l l a ry .  Thus,  the a i r  p r e s s u r e  in the s e p a r a t o r y  ve s se l  was kept equal to the  p r e s -  
su re  in the pipe.  After  an  exper iment ,  the emuls ion  was dra ined f r o m  the s e p a r a t o r y  v e s s e l  7 through 
the valve 8. The requ i red  p r e s s u r e  d i f ferent ia l  on the cap i l l a ry  was maintained through the es tab l i shment  
of a definite p r e s s u r e  in the measur ing  ve s s e l  4 by means of the spr ing- loaded  p r e s s u r e  r egu la to r  10 af ter  
the  valve 11 had been  c losed.  The p r e s s u r e  d i f ferent ia l  was measu red  with the U-shaped dif ferent ia l  
m a n o m e t e r  9 having a m e r c u r y  or wa te r  fil l ing. 

The d imensions  of v i s c o m e t e r  pa r t s  (length and radius  of capi l la ry ,  ve s se l  volume) were  se lec ted  
so  that  a l aminar  flow mode was rea l i zed  in the cap i l l a ry  and the measur ing  t ime  fell  within the range  

f ~ m  o - -  f 

o - -  3 

(: --5 ! 

J /  o'3L_ 
r ~ o 

Fig. 2. Dependence of r e l a t ive  
v i scos i ty  of water  - -  oil emuls ion  
on content of d i spe r sed  phase:  
1-6) d a v =  0.18 ram; Ps  = 95.5, 
87.15, 56.65, 41.65, 24.15, and 
16.67 N / m  2. 
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Fig. 3. Flow curves for w a t e r - -  oil emulsions : 1-3) day = 0.18 ram; 
= 0.1, 0.2, and 0.3. Ps, N/m2. 

Fig. 4. Flow curves for w a t e r - - o i l  emuls ions:  1,2) @ = 0.3; d a v =  
0.18 and 0.306 mm. 

100-600 see~ The longer the capil lary,  the g rea t e r  the corffidence in the accuracy  of viscosi ty measu re -  
ments;  however,  s t ra t i f icat ion of phases can occur in a long capi l lary in the case of unstable emulsions.  
It was found experimental ly  that the most suitable capi l lary length was 15-20 cm. In the present  case ,  
v iscos i ty  measurements  were made with a capi l lary 19 em long having an internal d iameter  of 2.94 mm. 

Viscosity measurements  were made in the following way. After establishment of the emulsion flow 
mode in the pipe and of the p res su re  differential  on the capil lary,  the stopcock 3 was opened. The emul-  
sion began to flow out of the pipe into the measur ing vesse l  through the capi l lary.  When a stable flow was 
established,  the t ime taken to fill a given volume of the measur ing vesse l  4 was determined with a s top-  
watch and valve 3 was closed.  The emulsion was drained into the cylinder and the content of d ispersed 
phase determined after  settling. 

Calculation of the effective viscosi ty  of the emulsion including losses on entrance and exit was c a r -  
ried out in accordance  with the equation derived by Langhaar [1]: 

IIr~hp 0 149 PeQ 
~ L e f =  8 l Q  " I l l  " 

The emulsion density was calculated f rom the rule for additivity of the fractions of the two fluids 
present :  

= - r  + r 

The shear  ra te  and shear  s t r e s s  were calculated f rom the equations 

4Q 
v s - -  i ] r a  ' 

Ps -~ Apt 
2l 

( i )  

(2) 

(3) 

(4) 

The degree  of d ispers ion  of the emulsion was est imated by means of numerous observations with a 
microscope .  A sample for study was taken di rec t ly  f rom the pipe and quickly deposited in a thin layer on 
a glass  slide, which prevented coalescence of water  globules.  The emulsions studied were polydisperse  
sys t ems .  Their  degree of d ispers ion  was charac ter ized  by an average  globule d iameter  which was ca lcu-  
lated f rom a given distr ibution by the method of the mean volumetr ic  d iameter :  

day = i=, (5) 

The average  d iameter  of water  globules in a water --  oil emuls ion was 0.306 mm for a flow rate  of 
1.3 m / s e c ,  and 0.18 mm for a flow rate  of 1.7 m / s e c .  

Emulsion viscosi ty  measurements  were made for various values of capi l lary p res su re  differential .  
Figure 2 shows the dependence on d i spersed-phase  content of the relat ive viscosi ty  of a water --  oi]L emul-  
sion with d a v =  0.18 mm obtained for var ious values of the shear  s t r e s s .  Analysis of the curves shows 
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that  emuls ion  v i scos i ty  i n c r e a s e s  as the d i s p e r s e d - p h a s e  conter~ increaseso  In the defined range  of shear  
s t r e s s e s ,  emuls ion  v i scos i ty  d e c r e a s e s  as P s  i n c r e a s e s .  T h e r e  a r e  l imiting m a x i m u m  and min imum 
values  of shea r  s t r e s s  at which the v i scos i ty  of the t e s t  emuls ion  ceases  to  depend on the shear  s t r e s s .  
The upper  curve  in Fig. 2 gives  the dependence of the m a x i m u m  v i scos i ty  of a wa te r  - -  oil emuls ion  on 
d i s p e r s e d - p h a s e  content, and the lowest  curve  shows how the min imum v i scos i ty  of the s a m e  emuls ion  
v a r i e s  with 4. 

The curve  for  m a x i m u m  v i scos i ty  is  desc r ibed  by the Br inkman  equation [2], 

~e=  pa~( 1 __ ~ ) - m ,  (6) 

which is obtained f r o m  the Eins te in  equat ion [3, 4] for  a large number  of globules in an emuls ion  without 
cons idera t ion  of de format ion .  The curve  for  the min imum v i scos i ty  is desc r ibed  by the Leviton and 
Leighton equat ion [5], 

In/Xe = 2,5 ( _ ~  h+ 0.4/a m ) (q5 + qb 5/3 + qSH/z), (7) 

which the authors  obtained f r o m  the Tay l o r  equat ion [6] by extending i ts  reg ion  of appl icat ion to  more  con- 
c e m r a t e d  emuls ions  with �9 <- 0.4. 

F igure  3 shows the dependence of shea r  r a t e  on shea r  s t r e s s ,  or the so -ca l l ed  flow curves ,  for  
w a t e r - -  oil emuls ions  with di f ferent  d i s p e r s e d - p h a s e  eontents .  The eurves  c l ea r ly  show that one can piek 
out t h r ee  s t ra igh t  sec t ions  in each of the th ree  flow curves  p resen ted .  

Drops  of a t e s t  emul s ion  having an ins t ens ion  of 14.2 "10 -8 N / m  2 underwent de format ion  in 
the  flow. When Ps < Pmin,  the de fo rma t ion  was so  sma l l  it did not have a significant effect  on the v i s c o s -  
ity of the  e m u l s i o n  and t h e r e f o r e  the ini t ial  por t ions  of the curves  in Fig.  3 a r e  s t ra igh t  lines s ta r t ing  
f r o m  the or igin .  The s lopes  give the value of the m a x i m u m  viscos i ty  desc r ibed  by the Br inkman  equation. 

The effect  of d rop  de fo rma t ion  on the rheologic  p rope r t i e s  of an emuls ion  appea r s  in the following 
manne r .  Globules of the d i spe r sed  phase  a r e  elongated with the r i s e  in applied s t r e s s  as the flow ra te  
i n c r e a s e s ,  changing f r o m  sphe re s  to e l l ipsoids .  The de fo rma t ion  of a drop,  which is a ssoc ia ted  with an 
i nc r ea se  in i ts  su r face ,  r e q u i r e s  an  addit ional  shea r  s t r e s s .  At the s ame  t ime ,  drop  or ienta t ion along 
the  flow occurs  which r e s u l t s  in a d e c r e a s e  in the expendi ture  of energy  to overcome r e s i s t a n c e  to the 
flow of the d i spe r s ion  med ium around a globule and leads to a reduct ion  in the effect ive v i scos i ty .  D e -  
fo rma t ion  and or ienta t ion of globules i n t h e  flow re su l t s  in non-Newtonian behav ior  of an  emuls ion  in the 
r eg ion  Pmin  < Ps < P m a x  where  the theologic  equation of the emuls ion  has the f o r m  

Ps = Po + ~eVs �9 (8) 

At high shea r  r a t e s ,  the drops  in an emuls ion  will be maximal ly  deformed and oriented in the flow, 
and the emuls ion  v i scos i ty ,  having reached  a min imum value,  will cease  to depend on the shea r  r a t e .  In 
the flow curves  shown in Fig. 3, the m i n i m um value of the v i scos i ty  co r r e sponds  to  the l inear  port ions 
obtained when Ps > Pmax" These  final l inear  port ions once again  show a propor t ional i ty  between shear  
s t r e s s  and shea r  r a t e .  

F igure  3 indicates  that  the values  of/~e and P0 appear ing  in Eq. (8) a r e  functions of the d i s p e r s e d -  
phase  content .  For  Pc, this  functional r e l a t i on  t akes  the f o r m  of a quadrat ic  function: 

~___e = 1 + 0.25~ + 4(/,~. (9) 
~trn 

Measuremen t s  of the v i scos i ty  of wa te r  - -  oil emuls ions  of a low degree  of d i spe r s ion  (dav= 0.306 
mm) p e r f o r m e d  over  a wide range  of shea r  s t r e s s e s  (from 3.79 to  56.65 N / m  2) a lso  revea led  the exis tence  
of m a x i m u m  and m i n i m um  v i scos i t i e s  which a r e  desc r ibed  by the s a m e  equations (6) and (7). The p r e s -  
ence of wa t e r  globules of l a r g e r  s ize  in the emuls ion  changes the shape of the theologic  curve  somewhat .  
F igure  4 c o m p a r e s  flow curves  for  w a t e r ,  oil emuls ions  differ ing in degree  of d i spe r s ion .  Drops  of 
l a r g e r  s ize  a r e  subject  to de fo rma t ion  at lower values  of shea r  s t r e s s .  For  a wa te r  - -  oil emuls ion  with 
dav = 0.18 ram, Pmin  = 27 N/m2; for  a wa te r  - -  oil emuls ion  with day = 0.306 m m ,  Pmin  = 10 N / m  2. The 
l inear  por t ion  of curve  2 (Fig. 4) f r o m  Pmin  to  Pmax  has the s ame  slope' as  the cor responding  por t ion of 
curve  1 [the slope gives the value of Pe in Eq.  (8)], but it is s h o r t e r  and in t e r sec t s  the a b s c i s s a  at a lower 
value of P0. The addit ional shea r  s t r e s s  has a higher  value for  the more  d i s p e r s e  emuls ions .  T h u s ,  P0 
is a function of d i s p e r s e d - p h a s e  content and of the deg ree  of d i s p e r s i o n  of an emuls ion .  
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N O T A T I O N  

Om, Pph, Pe, densities ofdispersionmedium, d ispersed phase, and emulsion, respectively; kg/m3; 
~m, Pph, Pe, ViSCositiesofdispersionmedium, dispersed phase, and emulsion, respectively,  N,sec/m2; 
#ef, effective viscosity of emulsion, N.see/m2;  ~, volumetric concentration of dispersed phase; dav, aver-  
age volumetric diameter of globule, mm; ni, number of globules with diameter di; k, number of globule 
sizes;  w, average velocity of emulsion in a tube, m/sec;  Q, volumetric emulsion flow rate in a capillary, 
m3/see; r ,  l ,  radius and length of capillary, m; Ap, pressure  differential on capillary, N/m2; Vs, shear 
rate ,  sec-l ;  Ps, shear s t ress ,  N/m2; Pmin, Pmax' limiting minimum and maximum shear s t resses ,  N/m2; 
Po, additional shear s t ress ,  N/m 2. 
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IMPROVEMENTS IN THE DYNAMIC 

THERMOCOUPLE TECHNIQUE 

S. P. Polyakov and P. F. Bulanyi UDC 5;37.562.083 

The paF~er describes an improved method for measuring the temperature of a low-temperature 
plasma~ The method has been verified experimentally. An electronic method for inserting i~he 
thermocouple into the plasma is described. An e r ro r  analysis is given. 

Reiser  and Olsen [1] describe a method of measuring the temperature of a low-temperature plasma 
using a periodically heated thermocouple. The essence of the method is that a thermoeouple is inserted into 
Che plasma for a time tl, and then cools for a time t 2. The process is repeated a number of t imes,  and then 
the experiment is changed so that the time spent in the plasma is t 3 and in cooling, t 4. For this situation the 
energy-balance equation is 

0 0 0 0 

The heat flux values in Eq. (1) are replaced by the expressions 

Ol = ~ lS  (To-- (q) ,  Q~ = % s ( r l  - -  0), 

Qa = % S  ( T  c - -  T~), Q,= % S  (~F 2 - -  To). (2) 

From Eqs. (1) and (2), using the fact that T O is known, we finally obtain 

T c = ~ +  T1--T= (3) 
1 T l t l t4  

To implement the technique we developed a device for periodically exposing the thermocouple to the test plasma. 
The periodicity is generated by a light beam, interrupted by a synchronous rotating shutter and a photodetector, 
which controls the periodic insertion of the thermocouple. 
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