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The experimental resul ts  are presented for a study of the turbulence intensity, coefficient 
of intermittence, and average velocity profile during the transition of the laminar flow of an 
aqueous dispersion of bentonite clay to turbulent flow. A calculation of the cri t ical  value of 
the Reynolds number is offered. 

Great interest  is currently displayed in the mechanics of disperse systems, caused both by the devel- 
opment of new technological processes and by the intensification of traditional processes in the chemical, 
construction, and mining indust r ies .  Pulps and washing liquids based on aqueous clay dispersions, which 
display non-Newtonian behavior, are widely used in these branches. 

The investigation of the rheological properties of non-Newtonian systems has led to the development 
of a large number of phenomenological models, a review of which is given in [1]. The application of the 
rheological models with experimentally determined parameters  for a given material  makes it possible to 
calculate the laminar motion of this material  in systems of simple geometry. 

The turbulent motion of disperse systems has been studied to a lesser  extent. The absence of experi-  
mental data on the local structure of the turbulence is connected with difficulties in the use of the popular 
experimental methods of measuring pulsation velocities in disperse systems and other non-Newtonian 
liquids. The re  are studies available in the l i terature devoted to the determination of the connection between 
the rheological properties of a material  and the integral parameters  of a turbulent stream. In such reports  
[2, 3] functions are developed which give the similarity of friction losses with respect  to the Reynolds num- 
ber .  

It is suggested that the generalized Reynolds number 

pDnU2~ (1) 
Reg--- k.8 n-x ' 

based on a power-law dependence presented in [1], which gives satisfactory similarity of the friction losses 
in laminar flow, be used for the turbulent region. However, the studies conducted in [3] show that the state 
of a disperse system is determined by the level of development of turbulent velocity pulsations. In order  
to understand the mechanism of turbulence in a disperse system one must study in detail the inter-  
action of the floeculent particles of the solid phase and the turbulent disturbances. 

The transition from laminar to turbulent motion occurs in a certain range of velocities when the cr i t i -  
cal velocity is exceeded. The analysis made in [2] of the dependence of friction losses on Reg led to the 

conclusion that this transitional mode can be extended to Reg = 50-70.103 when Re c = 2-3.103. In connec- 
tion with this it is of interest to study how turbulence develops in a tube at velocities exceeding the critical 
velocity. 

We attempted to obtain experimental data on the formation and development of turbulence during the 
flow of an aqueous dispersion of bentonite clay in a round smooth tube. The disperse systems contained 
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TABLE 1. Rheological  P a r a m e t e r s  of Disperse  Systems and Values 
of Cri t ical  Reynolds Numbers  

c, % s e ' c / m 2  He.lO-* 

2,0 
2,8 
2,90 
3,4 
3,5 
4,0 
4,7 
5~0 

0,165 1,85 0,43 
0,6 2,5 0,9 
1,08 4,1 0,6 
1,7 4,8 0,69 
1,6 3,1 1,6 
0,93 3,86 0,6 
2,53 4,9 1,0 
2~5 5,06 0,92 

n . k Re c �9 10 -3 

0,16 0,42 2,05 
0,18 0,55 2,45 
0,16 0,66 2,4 
0,15 1,1I 2,26 
0,2 0,54 2,5 

0,18 1~82 1,92 

~ x p e r  

12,5 
16,8 
14,4 
14,1 
25, l 
15,3 
21,0 
18,7 

~ek. I0-3 

13,1 
16,8 
14,7 
15,4 
20,4 
14,7 
17,5 
16,9 

from 2 to 5% of the solid phase,  more  than 90% of which consis ts  of par t ic les  with a d iameter  of less than 
10 -s m and has a highly developed specific surface of 700-800 m2/g [4]. Therefore  the sys tems  studied 
display marked plastic proper t ies  at relat ively low concentrat ions of the d isperse  phase. A study of such 
dispers ions  [5] showed the absence of elastic proper t ies  at low concentrat ions of the solid phase. 

The theological  proper t ies  of the sys tems  studied were determined on a capi l lary v i scos imete r  hav- 
ing tubes with d iameters  of 4 and 6 mm and lengths of x = 452 and 360, respect ively.  The flow curves  ob- 
tained were plotted in the following coordinates ,  which are consistent ,  as shown in [1]: 

APD 32Q 
~ R =  4L ' 7 =  ~ D  a (2) 

The study was conducted in a wide range of variat ion in the variable ? from 10 to 2.103 1 /see .  The fo rma-  
tion of turbulent pulsations was determined visually f rom the stability of the effluent jet. The pa ramete r s  
of the Bingham--Shvedov model -- the l imiting shear  s t r e s s  T 0 and the plastic viscosi ty gp -- were de te r -  
mined from the flow curves .  The index of non-Newtonian behavior n and the consis tency k wei:e determined 
by the Metzner--Reed method [2] at the shear  velocit ies corresponding to the c r i t ica l  velocity.  The resul t s  
obtained are  presented in Table 1. 

The measurement  of the local cha rac te r i s t i c s  of the flow was made in a round smooth tube with 
D = 95 mm and made of insulating mater ia l  (viniplast). The sections in which the measurements  were made 
were  50 to 100 d iameters  away f rom the entrance.  According to an est imate based on the experiments  of 
[6] such a length is sufficient for the development of hydrodynamical ly stable flow. 

A sys tem of openings located in the sections with coordinates x = 105, 85, 70, 55, and 40 was used 
to determine the p res su re  gradient.  The p re s su re  drop was measured relat ive to the downstream section 
after  washing the sys tem with water .  The dynamic velocity U. was calculated from the known pressu re  
gradients .  

The average velocity profile was determined with a mic ro ro to r  10 mm in d iameter  with an e lec t ro -  
lytic contact.  The number  of revolutions of the vanewheel  was recorded  with a PS-20 counter ,  making it 
possible to determine the rotat ion rate  with high accuracy.  Some of the measurements  of the average 
velocity profile were made with Pi to t - -Prandt l  tube with an inner d iameter  of 2.5 mm. The measurement  
was made after  washing the tube with water ,  when reproducibil i ty of the resu l t s  was achieved. The data 
measured  by the two methods are in good agreement .  An unsystematic  sca t ter  of points in the region near  
the wall at y = 0.2 exists  at very  low veloci t ies  of laminar  flow. 

A conduction anemometer ,  for which the principle of operation was descr ibed in [7], was used to 
measure  the turbulent velocity pulsations. The e lec t r ica l  signal cor responding  to the instantaneous value 
of the pulsation velocity,  was recorded  by an N-105 loop osci l lograph.  The conduction anemometerused  as 
the p r imary  conver te r  has a C-shaped magnet sys tem into the gap of which the channel is placed. A con-  
stant magnetic field with induction B 0 = 1 T whose heterogeneity does not exceed 3% is produced in the mea-  
surement  zone. Two- and th ree -e lec t rode  probes with e lec t rodes  of platinum wire 0.4 mm in d iameter  
which were set up at a separat ion of l = 2.5 mm were used to read the induced potentials.  

The instantaneous value of the local velocity between the e lect rodes  was determined from the voltage 
E at the output of the amplif ier  of the conduction anemometer  f rom the equation 

E 
tt  

kbkaBol (3) 

In our studies (7) the cal ibrat ion coefficient k b was equal to 0.5. The noise of the measurement  sys -  
tem was determined by two methods:  with the magnetic field disconnected and with laminar  flow in the tube. 
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Fig. 1. Dependence of turbulence intensity on velocity 
U0(m/sec) in t ransi t ional  region for different concen-  
t ra t ions of solid phase: 1) c = 0; 2) 2.2%; 3) 3.4%; a) 
solid curves  y = 0.22, dashed curves  y = 1.0; b) solid 
curves  y = 0.04, dashed y = 1.0. 

The r m s  values and spec t ra l  densit ies of the noise obtained in the two cases  were the same. The r m s  value 
of the noise reduced to the amplifier  input is 4 mW in the t ransmiss ion  band from 1 Hz to 1 kHz, 

To distinguish the principal relat ionships of the formation and development of turbulence the intensity 
of the longitudinal and t r ansver se  components of the pulsation velocity was measured at points of the c ross  
section with the coordinates y --- 1 and 0.04 and y = 1 and 0.22, respect ively ,  for different flow ra tes .  The 
resul ts  of the measurements  are presented in Fig.  1. Here one can c lear ly  determine the cr i t ical  velocity 
Uc of the formation of turbulent dis turbances which develop with an increase  in the flow rate .  This pro-  
ceeds monotonically for the t r ansve r se  component and for the longitudinal component at the axis of the tube. 
The velocity Ut after  which the curves  change to sloping straight  lines can be taken as the s tar t  of the r e -  
gion of development of the turbulence. The curves  for the longitudinal component have an inflection with 
a maximum which is reached at a velocity 1.6-1.7 t imes grea te r  than the cr i t ical  velocity.  Then after  some 
decrease  in intensity the turbulence changes little, which also cor responds  to the s tar t  of the region of 
development of the turbulence. Havingdetermined the boundaries of the transi t ional  region we established 
that the rat io Ut/U c = 1.8-2.5 and that it dec reases  with an increase  in the c r i t ica l  velocity. 

In the transit ional  region the flow in the tube represen ts  an alternation of laminar  and turbulent mo-  
tion. This is well seen in Fig.  2, where osc i l l0grams of the longitudinal component of the pulsation velo-  
city recorded  at severa l  points of the c ross  section are shown. The quantitative charac te r i s t i c  of this pro-  
cess  is the coefficient of intermit tence v which was calculated from the osc i l lograms  for severa l  velocit ies 
at different points of the c r o s s  section. 

The measurements  were made with a special  pickup at all the points at once. A family of curves  of 
the distribution of the coefficient of intermittence over the c ross  section of the tube for a d isperse  sys tem 
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Fig. 2. Oscillograms of longitudinal component of pul- 
sation velocity at different points of tube cross section: 
1)y =0.005; 2)0.2; 3) 0.3; 4) 1.0; 5) time markings. 

with a concentrat ion c = 3.4% is shown in Fig. 3. An interest ing proper ty  of the curves  obtained is the 
maximum which at close to the c r i t ica l  velocity is located in a region near  the wall with the coordinate 
y = 0.15 and with an increase  in velocity spreads toward the axis of the tube. In compar ing  the graphs of 
Fig.  3 one can note that the velocity at which Vmax = i cor responds  to the maximum value of the longitudi- 
nal component at the point with the coordinate y = 0.04. Up to this velocity the turbulence intensity increases  
in proport ion to the coefficient of intermit tence at all points of the c ros s  section. 

Prof i les  of the average velocity were measured in laminar ,  t ransi t ional ,  and turbulent modes of 
motion of the d isperse  sys tem from the axis of the tube to the wall. Three  qualitatively different dis t r ibu-  
t ions of the relat ive velocity which correspond to the different modes of motion are presented in Fig. ~. 
During laminar  motion a typical velocity profile exists which has a flat core  occupying the cent ra l  region 
of the tube and a gradient part ,  close to a parabola,  which is located c lose r  to the wall. When the velocity 
exceeds the cr i t ica l  value the core  is considerably reduced while the profile becomes flatter near  the wall. 
Applying to the analysis  the resu l t s  of the measurement  of the coefficient of intermit tence we note that at 
this velocity it reaches  a value of 0.4 near  the wall, while in the immediate vicinity of the axis of the tube 
it does not exceed 0.1. Thus, the reason for the flattening of the average velocity profile near  the wall is 
the turbulent t r ans fe r  of momentum which becomes  significant here.  In the centra l  part  of the tube the in- 
dividual velocity pulsations can be considered as oscil lat ions of a core  which is preserved.  A further in- 
c r ease  in the velocity leads to s profile qualitatively s imi lar  to a turbulent profile for a non-Newtonian 
liquid, but s teeper .  Such an average velocity distribution cor responds  to a coefficient of intermit tence 
close to i at the wall of the tube and close to 0.5 in the centra l  part .  An increase  in the flow rate leads to 
filling in and flattening of the profile,  which approaches the turbulent profile within the l imits of the velo-  
city range investigated. 
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Fig. 3 
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Fig. 4 
Fig. 3. Distribution of coefficient of intermit tence over  tube 
c r o s s  section at different veloci t ies :  1) U 0 = 1.2 m/see ;  2) 1.0; 
3) 0.9; 4) 0.75; 5) 0.68; 6) 0.65; 7) 0.62. 

Fig. 4. Distribution of average velocity over c ro s s  section 
of tube in laminar  (a), t ransi t ional  (b), and turbulent (c: clay 
dispers ion,  d: water) regions of motion. 
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The choice of the pa rame te r  which de te rmines  the t ransi t ion from laminar  to turbulent flow and the 
calculation of i ts c r i t i ca l  value f rom the rheological  cha rac t e r i s t i c s  of the sys tem have important  significance .... 
Values of the Reynolds number  Rec ca lcula ted  f rom the exper imental ly  determined c r i t i ca l  flow ra te  in ac-  
cordance with Eq. (1) are  presented in Table 1. Its average value is 2280 with an r m s  deviation of 10.5%. 
However,  the determinat ion of the pa r ame te r s  of the rheological  model used here  for the shear  veloci t ies  
cor responding  to the cr i t ica l  velocity in tubes of large d iamete r  is difficult.  

A local stability pa rame te r  is suggested whose application in t e rm s  of the Bingham--Shvedov Model 
leads to the following equations [9]: 

1 4 1 - -  - -  C~ --~ - - 5  4 

3 3 (4) 
Rek = . &z He, 

He ~z 
Re --- 2300. (5) 

a r e  (I .c r  3' 

These  equations make it possible to calculate Rek,  knowing the rheological  p a r am e te r s  r 0 and #p, which 
are  re ia t ively  easy to de te rmine ,  and the tube d iameter .  The coordinate cor responding  to the maximum 
value of the proposed stability pa rame te r  is determined by the equation 

y = 0.423 (1 - -  cr (6) 

Fo r  the sys tem studied y = 0.1-0.15, which coincides with the coordinate of the maximum value of the co-  
efficient of in termi t tence .  

F o r  the large values of a which were  observed in the exper iment  Eq. (4) can be simplified: 

�9 Rek -- VRe~He' (7) 

which resu l t s  in an e r r o r  of less than 6% for a >-- 0.75. The values of Rek calculated f rom Eq. (7) and de te r -  
mined exper imental ly  are  presented in Table 1. The r m s  deviation of the exper imenta l  values f rom the 
calculated values is 13%. 

Thus,  the use of a conduction anemometer  to measure  the turbulence intensity allows one to c lear ly  
different iate  the regions of laminar ,  t ransi t ional ,  and turbulent motion of d isperse  sys tems .  The develop- 
ment of the turbulence and of the average velocity profi le  in the t ransi t ional  region is determined by the 
change in the coefficient of in termit tence .  F o r  d i sperse  sys tems  it is possible to calculate the cr i t ica l  
value of the Reynolds number  using Eq. (7). 

P 
T0 
~p 
n 
k 
kb, ka, u 
e 

D 
x , y  

a = r 0 / r R  
U0, Uc, Ut, U, 

U ,  V 

TR 
T 
B0 
E 
Beg,  Rec 
Re k = PUcD/~p 
He = p~,D2/p2.. 

NOTATION 

is the density; 
is the l imiting shear  s t r ess ;  
is the plastic viscosi ty;  
is the index of non-Newtonian behavior;  
is the consis tency;  
are  the coefficients  of cal ibrat ion,  amplification, and intermit tence;  
is the weight concentration; 
is the d iamete r  of tube; 
are  the distance f rom entrance to tube and f rom wall,  r espec t ive ly ,  d imensionless  with 

r e spec t  to the d iameter ;  
is the re la t ive  c r i t i ca l  size of core  of average  velocity profile;  
a re  the flow ra t e ,  veloci t ies  at beginning and end of t ransi t ional  section,  and dynamic 

veloci ty,  respect ively;  
a re  the longitudinal and t r ansve r se  components of pulsation velocity;  
is the shear  s t r e s s  at wail; 
is the average shear  ra te ;  
is the magnetic field strength; 
is the voltage at amplif ier  ouput; 
a re  the general ized Reynolds number  for  power-law model and its c r i t i ca l  value; 
is the c r i t i ca l  value of Reynolds number  for Bingham--Shvedov model; 
is the Heds t rom number;  
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is the flow rate; 
is the pressure drops 
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