
The ins t rumental  e r r o r  in each case was not more  than 1%, but the table does show that the spread in the 
resu l t s  is over  1%, which is due to the random e r r o r s  a r i s ing  f rom visual  determinat ion.  

The s tandard deviation may be employed [6] to de te rmine  the purely  random e r r o r  of measu remen t  in 
each method: one assumes  that the data f rom a s e r i e s  of measu remen t s  f i tStudent ' s  dis tr ibut ion,  and a c o u f i -  
dence l imit  ~ of 0.99 is adopted (a is the probabi l i ty  that the t rue  resu l t  fal ls  in the confidence range) ,  in which 
the resu l t s  for  the TI-110 indicator  a re  as follows: f i r s t  method (109 + 1.8~ second method 109.5 �9 I~ and 
third method 109.5 �9 0.5~ 

The theory of e r r o r s  [6] shows that not less  than 25 measu remen t s  are  requi red  in the f i r s t  method to 
obtain the melt ing point with an e r r o r  of not more  than 1%, as against not less than ten measu remen t s  in the 
second method,  whereas  the third method does not give a sp read  over  1% in any case.  

This  method was used to measure  the switching points of indicators  developed at  the All-Uni0n Lumino-  
phor  R e s e a r c h  Inst i tute ,  as well  as fo r  ex t r a -pu r i ty  substances with melt ing points in the range 50-1200~ [7]. 
These  indicators  have been used to advantage in r e s e a r c h  on the the rmal  p ro ce s se s  in the VV-12 high- through-  
put glass-blowing machine.  
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T H E O R Y  OF  A C A P I L L A R Y  V I S C O M E T E R  

N.  G.  S a g a i d a k o v a  UDC 532.517.2 

P rob lems  in the theory  of a capi l lary  v i s co m e te r  a re  considered where  the tes t  fluid flows 
through the capi l lary  under  a vary ing  p r e s s u r e  drop. The effect  of t rans ien ts  on the flow is 
evaluated.  

Calculation of the v iscos i ty  according to the capi l lary  method is based on the dependence of the volume V 
of incompress ib le  fluid which during t ime r flows through a capi l lary  of radius R and length L on the constant 
p r e s s u r e  d i f fe rence  ~ P  between both ends ,  namely 

nR%P~ (1) 
8VL 

Relat ion (1) was f i r s t  es tabl ished exper imenta l ly  [1] and then confirmed theore t ica l ly  on the basis of the 
s teady-s ta te  solution to the N a v i e r - S t o k e s  equation [2]. 

In p rac t i ca l  v i s come t ry  one often uses  ins t ruments  where  the tes t  fluid flows through the capi l lary  under 
a vary ing  p r e s s u r e  drop Ap(T). Most common among such ins t ruments  ~s the G o lu b ev -  Pe t rov  v i scomete r  [3]. 
With it has been measured  the v iscos i ty  of wa te r ,  ammonia ,  carbonic  acid,  noble gases ,  a lcohols ,  and other  
fluids over  wide ranges of s ta tes .  A ccording to the conventional method by which tes t  data obtained with a 

Trans la t ed  f rom Inzhenerno-Fiz icheski i  Zhurnal ,  Vol. 36, No. 4, pp. 689-694, Apri l ,  1979. Original 
a r t ic le  submit ted Apri l  6, 1978. 
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TABLE I.  Charac ter i s t ics  of Viscometers  Used for  Obtaining the 
Exper imenta l  Data in [10] 

Visco- 
R.lOS,m 

3,651 

3,398 

6,950 

L.10~,n3 

4,80 

5,99 

5,35 

Hi.102,/13 

7,801 

7,438 

8,890 

During 
flow 
between 

I - - I I  
1 - - I I I  

I--I1 
1--111 

1--11 
,r--11! 

6,611 
5,105 
5,534 
4,229 
6,581 
4,021 

7,19 
6,40 
6,48 
5,67 
7,65 
6,25 

0,1654 
0,4243 
0,2940 
0,5632 
0,3112 
0,7949 

0,3796 
0,8480 
0,4716 
0,7610 
'0,662 
1,338 

/St 
Contacts 

:z,~//I 1 

/s2 
/ 

Fig. 1. Schematic 
d iagram of the v i s -  
cometer .  

Golubev - P e t r o v  v i scomete r  are  evaluated [4], calculations are  made on the basis of Eq. (1)with the constant 
p ressu re  drop replaced by the logari thmic mean of the initial p re s su re  drop AP i and the final p ressu re  drop 
Apf. This mode of averaging is based on special  cal ibrat ion tests  involving the viscosi ty  of water  [5] and has 
not been justified theoretically.  The exponential variat ion of the p r e s su re s  a t  both ends on the capil lary with 
t ime while a liquid or  a gas flow through the lat ter  under a tmospher ic  p res su re  is also based on visual ob-  
servat ions  of how the meniscus of m e r c u r y  [6] and that of the test  fluid [7] in the v i scomete r  drop. Meanwhile, 
the differences between the readings of a cons tan t -pressure  v i scomete r  and a va r i ab l e -p re s su re  v i scomete r  
respect ively do exceed the total experimental  e r r o r  and cast  some doubt on the validity of using the s teady-  
sate solution (1) for  evaluation of data obtained under conditions of a varying p res su re  drop. 

A theoret ical  express ion for  experimental  determination of the viscosi ty  under conditions of a varying 
p ressu re  drop has been derived in ea r l i e r  studies [8, 9] for  a Rankin v iscometer .  In [8] the authors s tar t  with 
the Hagen-Po i seu i l l e  equation, i .e. ,  the s teady-s ta te  solution; in [9] the authors s ta r t  with the differential 
equation of motion, but the assumptions made in the p rocess  of its solution lead to a resul t  inconsistent with 
the physical  nature of the p rocess .  

In this study the trend of the p res su re  drop as a function of time will be established by solving the dif-  
ferential  equation of motion and subsequently analyzing the effect of t ransiency on that relation. 

The motion of an incompressible  fluid in a capil lary can be descr ibed by the N a v i e r - S t o k e s  equation of 
laminar  flow paral lel  to and symmetr ica l ly  with respec t  to the axis 

rl o~u 1 1 
p : + " -- , (2) r ~r O L 0r 

where U is the velocity of a fluid part icle  at t ime r at distance r f rom the axis of the capil lary and AP(r) is the 
p res su re  drop f rom one end of the capi l lary to the other.  This equation does not take into account losses  of 
p r e s s u r e  on generating the kinetic energy of flow and on forming a parabolic  velocity profile in the entrance 
zone of the capil lary.  These effects can be accounted for,  a s i s  done conventionally [4], if the trend of U(r) as 
a function of time is known. In deriving a functional relation between the p ressu re  drop and t ime,  we consider  
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a viscometer different from the conventional one in that it has a cylindrical test space and intermediate con- 
tacts (Fig. i). Viscometers of such a construction (their geometrical parameters are given in Table 1) have 
been used for measuring the viscosity of several Freons and of nitrogen at various temperatures and pres- 
sures [10]. The errors in recording the mercury level in the wide arm of the test space can be greatly re- 
duced by automating the process of viscometer calibration. Stability of separation of the mercury meniscus 
from the contacts was quite satisfactorily confirmed by the reproducibility (within 0.2-0.3%) of the experimen- 
tal values. 

The volume dV of fluid flowing in the capillary and the change of pressure drop clAP(r) between the ends 
of the capillary occurring in time dr can be expressed in terms of changes in the mercury levels Hi and H2, 
namely 

l 
d V  = - -  d ( H ,  - -  t t ~ )  1 1 ' (3) 

dAP (T) = d (Hi - -  H2) gPHg' (4) 

where  S 1 and S 2 are  the c ro s s - s ec t i ona l  a reas  of the two cyl indrical  containers  of the v i scomete r .  Meanwhile, 

R 

dV ---- ~ 2uUrdr. (5) 
0 

Express ions  (3), (4), and (5) inser ted  into Eq. (2) t r ans fo rm the la t te r  to 

R 

0 0 

An analogous equation was obtained in [9] fo r  descr ib ing  the flow in a Rankin v i scomete r .  Owing to the ma the -  
mat ica l  diff icult ies in obtaining an exact  solution,  an approximate solution was obtained in [9] indicating an 
osc i l l a to ry  var ia t ion of the p r e s s u r e  drop during gravi ty flow through the capi l lary - inconsis tent  with the 
physical  nature of the phenomenon. This  r e su l t  can be explained as a consequence of seeking in [9] a solution 
to an equation like (6) in the fo rm of a double infinite s e r i e s  in powers of the p a r a m e t e r  h = ~/pR 2, although this 
is not a smal l  p a r a m e t e r  in v iscos i ty  measu remen t s .  

In o rde r  to obtain an approximate  solution to the integrodffferent ia l  equation (6), it will  be suggested 
he re  that the acce le ra t ion  0U/at  due to a change of p r e s s u r e  Ap(r)  drop during flow is negligible in compar i -  
son with the sect ional  veloci ty  gradient  due to v iscous  fo rces .  Then 

R 

p ( ~ r  ~ q- r dr pL ~- . Utrdrdx---0, (7) 
0 0 

where  U 1 is the approximate  value o f  veloci ty  U on the assumption that  aU/~r = 0. If at the instant  z = 0, some 
t ime a f te r  the fluid has physical ly begun to move in the capi l lary ,  the p r e s s u r e  drop f rom one end to the other  
end of this capi l la ry  is APi ,  then 

Ui (r, 0) =~ APi (7') 

The boundary conditions here are determined by adhesion of the fluid to the capillary wall and by the finiteness 
of the fluid velocity along the capillary axis, namely 

U, (R, x) -- 0, U, (0, x) ~ ~. (7") 

The solution to the quasisteady problem formulated according toEq. (7) with the initial condition (T) and the 
boundary conditions (7") is 

_- A~ t exp (_mx)(R~ - -  r~), 
4nL 
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T A B L E  2. Some R e s u l t s  of  E x p e r i m e n t a l  D e t e r m i n a t i o n  P e r t a i n i n g  
to the V i s c o s i t y  of  L iqu ids  and G a s e s ,  and of Ca lcu la t ions  P e r t a i n -  
ing to the  C h a r a c t e r i s t i c  F low N u m b e r s  
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- F28 
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0,57 2,2 ;200 l 
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3,2 0,03 229 ] 
3,2 ] 0,8 233 

I 
1,02 [-.1,21 407 
0,94 [ 0,5 157 
2,3 [ 0,03 178 
0,64 I 0,02 120 
1,05 t 2,5 93O 
1,003 t 0,99 260 

*F indicates Freon., 
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66,3 

124 [ 48,4 
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111,6 123O0 
76,3 1520 
663 61,8 
179 43,6 

trip 

1/sec 

0,0011 
0,004 
0,004 
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0,003 
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0,0005 
0,002 

t m .100% NRe 

0,002 78,6 
0,01 670 
0,02 987 
0,02 1017 
0,001 3~ 
0,001 
0,003 760 

870 0,003 5r  
0,001 
0,001 
0;001 
0,004 

NHo" 10-J 

0,67 
0,67 
0,67 
0,67 
2,49 
2,49 
2,49 
2,49 
3,7 
3,7 
3,7 
3,7 

"~'r ,o<'  " i :1% 
/00 I 2 3  

/ I ' ' 
t 

0 ,Y00 . 600 900 /200 NRe 
Fig .  2. Dependence  of the n u m b e r  v r /R  2 
on the n u m b e r  NRe ,  a t  v a r i o u s  v a l u e s  of  
the h o m o c h r o n i s m  n u m b e r  NHo:  1) 0.67-  
i0~; 2) 2.49- 106; 3) 3,70- 106. 

where 

m . . . .  4~gpggR"( 1_~ + l_~_z)~-~14  ' 

and pf  = ~ f / R  a r e  r o o t s  of  t h e  B e s s e l  funct ion J0(r /R).  T h i s  t o g e t h e r  wi th  Eqs .  (2), (3), and (5) y i e l d s  

AP (v) = AP i exp (-- m" O. (9) 

Consequen t ly ,  a l o g a r i t h m i c  a v e r a g i n g  of  the p r e s s u r e  d r o p  o v e r  t i m e  in the e a s e  of  a q u a s i s t e a d y  f low i s  
c o r r e c t  only f o r  v i s c o m e t e r s  wi th  a cy l i nd r i ca l  t e s t  space  and th is  has  been  c o n f i r m e d  e x p e r i m e n t a l l y  [6, 7]. 

In o r d e r  to e s t i m a t e  the e r r o r  due to d i s r e g a r d i n g  the t r a n s i e n e y  when Eq.  (6) is  r e p l a c e d  with  Eq.  (7), 
one h a s  to i n s e r t  into Eq.  (2) the v a l u e  of  AP(T) a c c o r d i n g  to e x p r e s s i o n  (9) 

( O~U i OU ) AP i rr~)= OU 
v \  Or e +--r --Or + ~ e x p ( -  Or " (10) 

T h e  in i t ia l  condi t ion is  (7') and the boundary  condi t ions  a r e  (7"). The  so lu t ion  to  the s e c o n d - o r d e r  l i n e a r  d i f -  
f e r e n t i a l  equa t ion  with  the t r a n s i e n t  inhomogene i ty  (10) is  

U (r, I:) = - -  2R2APi~-~ ~ exp ( ,  vp~x) -{- ~ 2Jo (pfr) , ~ ,  So(pfr )  • 

X - -  
AP i 1 

pL vpf - -  m 
[exp ( - -  rnx) - -  exp ( - -  vp~)]. 
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The f i r s t  t e r m  of express ion  (11) descr ibes  the radial  veloci ty prof i le  in the capil lary at the t ime zero  and de-  
c reases  propor t ional ly  to exp (-  vpf2~): 

~r ~r , , ~ _  2N~H ~t2" 
' ~ V - ~ ' ~  - %~ f (12) 

An evaluation of (vA~ 2) from viscosity data for several Freons [10] and for nitrogen (Table 2) reveals that 
exp (-vp}T) tends to zero for T-- 0.05 sec. In the physical sense the first term characterizes the change in 
velocity of laminar flow following a step change of the driving force from some magnitude to zero. A com- 
parative evaluation of quantities v/R 2 and m (Table 2) in the second term of expression (11) suggests that, with- 
in an accuracy better than 0.02%, m can be regarded relative to v/R 2. Consequently, the quasisteady solution 
(8) and the t rans ien t  solution (11) to the integrodifferent ia l  equation (6) become equivalent when the c h a r a c t e r i s -  
t ic  flow numbers  vr/R z and NHo are  within the range of values indicated in Fig. 2. Here  the dashed lines r e -  
p r e sen t  the l imiting values of VT~ 2 below which d is regard ing  the t rans iency  will  r esu l t  in an e r r o r  l a rge r  than 
o.o~. 

It appears  f rom the preceding discussion that flow charac te r ized  by cer ta in  values of numbers  v~'/R 2 and 
NHo can be descr ibed  by the quasis teady model without, for  all p rac t ica l  purposes ,  affecting the accuracy  of 
exper imenta l  resu l t s .  An exponential  var ia t ion  of the p r e s s u r e  drop with t ime during quasis teady flow is 
c o r r e c t  to assume also for  v i s come te r s  of other  cons t ruct ions ,  as long as the tes t  space in them has a uniform 
c ross  sect ion throughout its height ,  as has been confi rmed exper imenta l ly  [6, 7]. 

In p rac t i ca l  calculations of the v iscos i ty  f rom exper imenta l  data it is n ece s sa ry  to add cor rec t ions  for  
the kinetic energy as well  as for  the turbulence of flow at the ent rance  to the capi l lary 

1 I-2-1 U(0, ~)dr, aP, = m,~)O~, 0 = - 7 - .  (13) 
0 

where  the empi r i ca l  coefficient  mi accounts for  loss of p r e s s u r e  within the ent rance  zone of the capi l lary and 
U r ep re sen t s  the average  mean,  over  t ime and c ross  sect ion,  veloci ty  of the fluid. Toge ther  with solution (8), 
then,  re la t ions  (13) yield the conventional [4] co r rec t ion  for  the kinetic energy and the exis tence  of an ent rance  
zone. 

v, 7, p 

Prig 
g 
P 
T 
P c r  and T c r  
H 1 and H 2 
H i and Hf 
2~Hln 
Vmea 
R 
L 
AP 

NRe 
NHo 

NOTATION 

are  respec t ive ly  the kinematic  v i scos i ty ,  the dynamic v i scos i ty ,  and the density of the fluid 
flowing through the capi l lary;  
is the density of m e r c u r c y ;  
is the acce le ra t ion  of f ree  fall;  
is the t es t  p r e s s u r e ;  
is the tes t  t empera tu re ;  
a re  the p r e s su re  and the t empera tu re  at the cr i t ica l  point; 
a re  the m e r c u r y  levels  in the v i s co m e te r  at t ime T; 
a re  the initial and the final m e r c u r y  levels  in the v i scomete r ;  
is the logar i thmic  mean di f ference of m e r c u r y  levels  during flow; 
is the volume of the tes t  space;  
is the capi l lary  radius;  
is the capi l lary length; 
is the p r e s s u r e  drop f rom one end of the capi l lary to the other ;  
is the root  of the Besse l  function J0(r); 
is the Reynolds number;  
is the homochronism number.  
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C H A R A C T E R I S T I C S  OF  A F L O W  OF M O N O D I S P E R S E  

G A S - L I Q U I D  M I X T U R E  IN A V E R T I C A L  T U B E  

N.  V.  V a l u k i n a ,  B .  K.  K o z ' m e n k o ,  
a n d  O. N.  K a s h i n s k i i  

UDC 532.529.5 

The resu l t s  of measu remen t  of the wall shear  s t r e s s ,  and the void and l iquid-veloci ty prof i les  
in an ascending two-phase flow containing gas bubbles of uniform size a re  given. It is shown 
that the bubble size h a s  a significant effect  on the flow s t ruc ture  and charac te r i s t i c s .  

The need to investigate the fine s t ruc ture  of two-phase flows is due to the complex motion of the phases 
and to the large number  of p a r a m e t e r s  that affect  the charac te r i s t i c s  of such flows. Several  exper imenta l  
studies [1-3] have shown that there  may be different  local void distributions over  the tube cross  sect ion,  which 
must  obviously affect  o ther  charac te r i s t i c s  of the flow (velocity prof i le ,  wall shear  s t r e s s ,  hea t -  and m a s s -  
t r ans fe r  coefficients).  Bubbly flow, which is often encountered in engineer ing applicat ions,  has been most  
poorly investigated so far .  The present ly  available and ve ry  few measurements  of the fr ic t ion fac tor  in these 
conditions [4-6] indicate the Presence of a region of  sharp  increase  in the wall shear  s t r e s s  in comparison 
with single-phase flow at low values of void fract ion.  The relat ions 7 / r 0 ~  were  not identical in the different  
investigations and in a number  of cases  a single re la t ion could not be obtained even in the same exper iment  [5, 
6]. It follows f rom this that in a par t icu la r  region of p a r a m e t e r s  we do not have sufficient knowledge of the 

tz 

; 7 2  

S 

Fig. 1. Genera tor  of cal ibrated 
gas bubbles: 1) case;  2, 3) r ings;  
4) inser t ;  5) gas input; 6) sl i t  
liquid input; 7) central  liquid in-  
put. 
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