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A method is developed by which the mic rocha rac t e r i s t i c s  of turbulent flow can be analyzed 
in the case of a medium which ca r r i e s  s t reams  of gaseous suspensions.  The Lagrangian 
scales,  the pulsation rate,  and the rate of turbulent diffusion are determined f rom the heat 
distr ibution in the wake of a l inear source .  

An analysis of method by which measurements  can be made in turbulent d ispers ion  s t reams  has r e -  
vealed that contact methods usually applied to continuous media ( thermoanemometer ,  thermal  and dynamic 
turbulometers ,  etc.) are  basical ly unsuitable here .  This is explained by the pract ica l  unfeasibility of de-  
termining the effect of solid par t ic les  on the sensing element of the measur ing device.  For  dispers ion 
s t r eams  it is possible to use only those methods which are  based on studying the behavior of indicators.  
The use here  of d iscre te  admixtures [1, 2], however, can change the flow pat tern and thus considerably 
affect the measured  quantities. 

Most promising,  as to the possibil i ty of using passive admixtures,  a re  methods based on the pheno- 
mena of turbulent diffusion f rom the source.  These methods had not found a wide use yet for homogeneous 
s t reams ,  because they were based only on simplified p remises  in the theory of turbulent diffusion and on 
the measurement  of real ly  nonexistent jet "boundar ies ,  whose location was determined 0nly by the sens i -  
tivity of the recording ins t ruments  [3-5]. The effect of the source and of the admixture indicator on the 
turbulence of the s t r eam was obvious here .  In the case of pure air, it resul ted in a higher pulsation rate 
than that recorded by a the rmoanemometer  [6]. Fur ther  developments in the theory of diffusion f rom a 
source  into a turbulent s t r eam [7, 8] have made it possible to determine the charac te r i s t i c  quantities f rom 
measurements  per formed at a distance f rom the admixture inlet and, therefore,  to avoid the effect of the 
source  on the measured  charac te r i s t i c s .  In order  to completely avoid the danger of art if icial  turbul iza-  
tion, it is neces sa ry  to replace the contact t ransducer  of admixture concentrat ion (thermoeouple, separator)  
by some highly sensit ive contact less  method. In order  to develop a method of analyzing the charac te r i s t i cs  
of a c a r r i e r  turbulence, it is obviously necessa ry  to have means of detecting the effect of solid par t ic les  
on the resul ts  of measu remen t s .  A thermal  wake has been chosen as the passive source  of admixture, be- 
cause of the s implici ty with which such a source of the smal les t  possible size could be produced exper i -  
mental ly and because it is so convenient to use.  In this case the turbulence charac te r i s t i cs  of the c a r r i e r  
medium are determined f rom the tempera ture  distr ibution in the wake behind the source .  

An analysis of var ious  methods of contact iess  measurements  has shown that optical methods have the 
grea tes t  spatial  resolving power.  The stipulation that the admixture be passive,  so as to ensure a smal l  
t empera ture  drop, makes it difficult to use in te r fe rometer  methods.  The high degree of localization of in- 
homogeneit ies,  on the other hand, causes  considerable temperature  gradients .  This is then a reason why 
the Tepler  schl ieren method should be used. In order  to determine the tempera ture  field by the schl ieren  
method (0 = fin)), one measures  the displacement ~ in the plane of the Foucault knife, which is proport ional  
to the gradient  of the refract ive  index n: 

y 

n(x ,  y)=no ~+-77- ~(x, y )d  . (1) 

o 
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Fig.  1. Microphotogram of the c r o s s  sec t ion  of 
a t he rma l  wake behind a source .  

Here  f denotes the focal length of the ins t rument  and 
n o is the r e f r ac t i ve  index at a segment  without in-  
homogenei t ies ,  with the y - ax i s  perpendicu la r  to t h e  
i l luminating ape r tu re  and to the knife edge. t t  fo l -  
lows f rom (1) that the longer  the path of light r ays  
in an inhomogeneity , the m o r e  they r e f r ac t .  In 
o r d e r  to inc rease  the sensi t iv i ty  of an ins t rument  to 
sma l l  gradients ,  therefore ,  one uses  not a point 
source  but a line source  of admixture  oriented p a r -  
a l le l  to the light path. The conventional method of 
plotting i sograds  f rom the d i sp lacement  of the Fou- 
cault  knife did not ensure  an adequate accuracy  and, 
there fore ,  the be t te r  method of absolute pho tome te r -  
ing was used.  The calculat ion fo rmu la s  in this 
method applied to homogeneous s t r e a m s ,  as  well as 
questions of sens i t iv i ty  a n d  m e a s u r e m e n t  range,  
were  d iscussed  thoroughly in [9]. 

In o rde r  to p e r f o r m  m e a s u r e m e n t s  in d i spe r s ion  s t r e a m s ,  i .e. ,  in o rde r  to de te rmine  ~(x, y) for  
re la t ion  (1), it is  n e c e s s a r y  to cons ider  the effect  of p a r t i c l e s  on the shadow pa t te rn .  Diffusive sca t t e r ing  
of light at the pa r t i c l e s  r e su l t s  in the appearance  of an additional background il lumination, which for  actual 
pa r t i c l e s  is a function of concentra t ion only. In o rder  to de te rmine  the effect ive readout  point (E0, 40), it 
is n e c e s s a r y  during the motion of the d i spe r s ion  s t r e a m  to p e r f o r m  pa i rwise  luminance m e a s u r e m e n t s :  
with the t h e r m a l  wake included (E + E0, ~ + ~0) and excluded, respec t ive ly ,  matched with the d i sp lacement  
of the Foucault  knife by ~I(E0 + El, . ~0 + ~l). 

Since the image  is picked up within the range of no rma l  exposures ,  hence the luminance can be ex-  
p r e s s e d  in t e r m s  of the blackening of the negative:  

where  ~/is the f i lm cont ras t  fac tor .  
is  photometered:  

D O - -  D 1 = lg (hJho). 

Here  h I and h 0 a r e  the d is tances  of the photometer ing cu rves  f rom the d a r k - c u r r e n t  line. 
to (2) and (3), 

_(h, t,- 
hO l/~ 

~o = ~1 hTVV__ h~_j/v �9 

Relation (5) yields the sought effect ive init ial  readout  point.  Analogously,  

Do--D, 
Eo ~o 10 v , ( 2 )  

E0 + El ~o + ~I 

The blackening of the seh l i e ren  negat ive is  de te rmined  when the l a t t e r  

(~) 

Then, according 

(4) 

(5) 

~o+~1 Eo+E~ E o + E I =  \ ho ] . (6) 
Substituting for (~1 + ~0) f rom (5), we have 

h-l /v  _ h'~l/v 

This formula can be used for determining the refraction angles of light in an inhomogeneity, on the basis 
of m i e r o p h o t o g r a m s  taken f rom seh l i e ren  negat ives  Of the d i spe r s ion  s t r e a m .  A typical  such m i c r o -  
photogram is shown in Fig. 1. The middle hump co r re sponds  to a t he rma l  wake, the outer  peaks  c o r -  
respond  to di f f ract ion m a x i m a  at the channel wal ls .  The hor izontal  line in the center  por t ion of this m i c r o -  
photogram was obtained during photometer ing  of the r e f e r ence  negative (the ape r tu r e  was opened addi-  
t ionally by ~1), and the one in the upper  port ion co r r e sponds  to the t he rma l  wake.  With the aid of re la t ions  
(1) and (7), the field of the r e f r ac t i ve  index n was de te rmined  f rom the mic ropho tog rams .  The re la t ion  be-  
tween the t e m p e r a t u r e  excess  and the r e f r ac t ive  index in an i sobar ic  p r o c e s s  can be expressed ,  according 
to [9], in the following form:  
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0(x, y ) =  n ~  y) (273+0o). (8) 
n(x, y) - - i  

With this formula it is possible to calculate tlm tempera ture  distribution f rom the c ross  section of a d is -  
pers ion  s t r eam at var ious dis tances f rom the heat source.  

We will now briefly consider  the method of determining the intensity and the turbulence scales  f rom 
the turbulent diffusion cha rac te r i s t i c s .  We use here the dependence of the dispers ion on the distance f rom 
the source:  (y2) = f(x). This dependence can be found f rom the rat io of the moments  of temperature  over 
the c ross  section at var ious dis tances f rom the source:  

< Y~ (x) > = 

.f y~O (x, y) dy 
0 (9) 

c o  

.f o (x,y) @ 
e 

The diffusion of passive admixture par t ic les  in a d ispers ion s t r eam is determined as the sum total of 
severa l  mechanisms acting simultaneously:  

- -  < Y s > "  T < 6 > .  . ~ y 2 : > = < y ~ : > + < y ~ >  < y ~ > + < y 2 > ~ _  2 , y2 (10) 

Here Y~ represen ts  the turbulent d ispers ion of c a r r i e r  part icles ,  which is of interest  to us, Y~ represents  
the effect of molecular  diffusion, y2 represents  the mutual effect of molecular  and molar  diffusion, y2 
accounts for the finite dimensions of the source  of the thermal  wake, Y~ represen ts  the scat ter ing of liquid 
par t ic les  after collision with par t ic les  of the solid component, and y2 is determined by the t ranspor t  of ad- 
mixture during the diffusion of solid par t ic les .  The Y~ te rm drops out, since molecular  diffusion impedes 
the p rog re s s  of turbulent diffusion relat ive to the location of the admixture source .  The explanation for 
this is that molecular  diffusion tends to average out the t ranspor t  velocit ies over a cer ta in  volume, which 
in turn resul ts  in a velocity lower than its instantaneous value at a point [10]: 

< y2 (T) > = < Y~ (T) > + 2 a ,  - -  1 a (VV) 2 ,~a + ... 
3 

(11) 

Let us est imate the amount which each t e rm in express ion (10) contributes to the d ispers ion  of an ad- 
mixture.  According to [10], the molecular  diffusion at large values of r is 

< Y~ > - -  < Y~ > = 2a'~ - -  A < Y~ ('0 > ,  (12) 

where ~ is the molecular  thermal  diffusivity and the constant A ~ 1 / R e P r  = Pe -1. Both these t e rms  are  
much smal l e r  than ~ )  for fully developed s t r eams .  

Thus, for example, in our experiments  

< Y~> a 
- -  < 4 % .  (13)  

< Y~ > a* 

Besides,  the effect of (Y~) is to some measure  compensated by the magnitude of (Y~). Therefore ,  the 
e r r o r  incurred by d is regarding  molecular  effects is entirely permiss ib le .  The finite size of the source  
will be accounted for, according to [11], by the relation 

< y ~ > _  e~ 
16 ' (14) 

where d o is the source  d iameter .  

In our experiment the d iameter  of the heater  filament was d o = 0.1 mm and the measured  value of (y2) 
was by more  than three o rders  of magnitude g rea te r  than the value of (Y~}. When par t ic les  are  present  in 
the s t ream,  the admixture d i spe rses  more  due to a displacement  of a part icle  by some fract ion of its radius 
during its coll ision with a mote of liquid: 

y~ = x~ d~ .... (15) 
4 

We hypothesize, according to [1], that the number of collisions between an element of liquid and 
solid par t ic les  is proport ional  to the ratio of the volume flow rates  of the s t r eam components.  The total 
displacement  of a liquid as a resul t  of all "collisions~ with solid par t ic les  will be 
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Typica l  shape of a d i s -  
pe r s ion  curve .  

3 2 ds 15 
< Y ~ > = - ~ - P X V s l - 2  - ' 1 -  z, (16) 

where p is  the probabi l i ty  of a coll is ion.  Fo r  the quartz sand par t i c les  
used in our exper iment ,  d s = 0.6 m m  and Vsl = 3.5 m / s e c .  Con- 
se rva t ive ly  assuming  p = 1 and X = 1/2, we obtain <y2)/~- = 10-2 
c m 2 / s e c  for  fl = 1%, which amounts to only tenths of a pe rcen t  of the 
total  value (y2) > /T .  It is a lso n e c e s s a r y  to e s t ima te  the d i spe r s ion  
of an admixture  due to the turbulent motion of solid pa r t i c l e s  in the 
s t r e a m .  A compar i son  between (Y26) and (Y~), which has  b e e n m a d e  
in [12] on the bas i s  of spec t r a l  calculat ions,  shows that for  thekind 
of pa r t i c l e s  and for  d is tances  f rom the source  m e a s u r e d  in our tes t s  
(1-30 ram) the magnitude of (y2> is negligibly smal l .  It is a lso i m -  
por tant  to e s t ima te  the f rac t ion  of the t he rma l  energy  expended on 

heating the pa r t i c l e s  up within the segment  of the tes t  wake under study. Consider ing that this segment  is 
t r i angu la r  in c r o s s  section, we obtain for  the quantity of heat  accumulated by the s t r e a m  components  

Q =  Vv pc6t; Qs =: V.[3 pscs6ts" (17) 
T "~S 

The st ipulation that the hot admixture  be pass ive  is  equivalent to st ipulating smal l  t e m p e r a t u r e  drops  
and allows us to wri te  (t o = ts0): 

Q s (18) 

The hea t - t r ans fe r ,  coefficient  for  the pa r t i c l e s  c~ s is de te rmined  consider ing that the heating of p a r t i -  
c les  is a t r ans ien t  p rocess ,  and the homochron i sm numbers  Ho a re  calculated f r o m  the average  sojourn  of 
a pa r t i c le  in a given volume: z s = l /2Vsl  Equating Qs f r o m  (17) and (18), we obtain 

6__(_t = 1 q-- 2Vvf~'psCs - -  1 +  2 9 s q V s  ( 1 9 )  

6is a s Fs v T s 3Ias 

F r o m  express ions  (17) and (19) one ean eas i ly  find the f rac t ion  of the t he rma l  energy expended on heating 
the pa r t i c l e s :  

Qs ~psCs~ 6is --CcS- [ 2psCsVs ] -1 (20) 
Q pc~s 6t ~t 1 + 31as 

The re su l t s  of calculat ions p e r f o r m e d  according to fo rmula  (20) for  those tes t  conditions (Re w = Vsld s 
/ v  = 160, v = 10-25 m / s e c ,  l = 0.03 m) show that in the studied range of d i scharge  concentra t ions  (~ < I0 
k g .  s e c / k g ,  sec) the pa r t i c les  accumula te  less  than 2% of the heat .  

In this way, a compara t ive  analys is  of the t e r m s  in express ion  (10) shows that it is  sufficiently accu-  
ra te  to let  (y2) = (y~). Consequently,  f r o m  the exper imenta l ly  de te rminab le  values  of m e a n - s q u a r e d  d i s -  
p lacement  of the admixture  one can find the racial  d i spe r s ion  of the c a r r i e r  medium.  The averaging  in (9) 
m a y  be cons idered  he re  done over  an infinitely long t ime period,  since the observa t ion  t ime "r* = 0.5 sec 
chosen on the bas i s  of photographic exposure  c r i t e r i a  is m o r e  than three  o r d e r s  of magnitude longer than 
the l a rges t  exper imenta l ly  at tainable Lagrangian  t ime  sca le .  

The (y2(x)) function is c lose ly  approximated  by a s e c o n d - o r d e r  pa rabo la  along the initial segment  
and it becomes  a s t ra igh t  line at a sufficient dis tance (Fig. 2). Along the initial segment  (smal l  T) 

Ka 2=  < v , ~  = ~ y 2 ( x ) : >  (21) 
v 2 x2 

This  s imple  method of de termining  the intensi ty of turbulence is not usable,  however ,  on account of 
the la rge  e r r o r  due to the admixture  source .  At la rge  values  of ~- an expres s ion  for  the d i spe r s ion  may  be 
der ived  only for  a specif ic  model  of the f o r m  RL('r). Approximate  (Y20-)) functions, within a l%-e r ro r ,  
obtained for  every  range of T / T  L are  given in [13] for  the mos t  often used f o r m s  of the co r re l a t ion  func-  
tion. It follows f r o m  these re la t ions  that along the segment  1.5>~-/T L < 100, which is of mos t  in te res t  to 
us, the equation of the asymptote  

1 Tz). < Y ~ ( x ) > = 2 < v ' ~ > T L  x - - - - ~ -  (22) 
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becomes  the equation of d i spers ion .  The value of k co r r e sponds  to whatever  f o r m  of RL(1- ) has  been chosen.  
F r o m  the value of x 0 cor responding  to the in tersec t ion  of this asymptote  with the axis  of a b s c i s s a s  we will 
de te rmine  the magnitude of the Lagrangian  t ime sca le  T L = kx0/v .  F r o m  the slope of the ex t r eme  tangent 
we de te rmine  the turbulence coefficient  of the rma l  diffusion, the Ka rman  number ,  and the Lagrangian  length 
sca le :  

a * = J - (  d < Y 2 >  ) 2  dx x..~.~ - - ' ~ v ' ~ T L '  

dx . x ~  

A ~- vTL Ka = kx o Ka. 

F r o m  fo rmulas  (23)-(25), 
one can de te rmine  the bas ic  m a c r o p a r a m e t e r s  of turbulence.  The n e c e s s a r y  informat ion  about the f o r m  of 
the co r re l a t ion  hmct ion which will de t e rmine  the value of k is obtained by compar ing  the tes t  curve  with the 
r e su l t s  of calcula t ions  based  on the approximat ing  re la t ions  in [13]. For  eve ry  fo rm of R L one cons iders  
the cor responding  values  of T L and (v'2). 

A check of the proposed  method on the flow of a gas  s t r e a m  without pa r t i c l e s  has  shown a close (~ 
-~ 12%) ag reemen t  with the data obtained by C o n t e - B e l l o  [14], Laufer ,  and Goldenberg [5]. Tes t s  with a 
quartz sand s t r e a m  (D = 20 ram) suspended in a i r  have revea led ,  within the 0-8 k g . s e c / k g ,  see range, the 
effect  of pa r t i c l e s  on the turbulence c h a r a c t e r i s t i c s  of the c a r r i e r  medium and have made it poss ib le  to ob- 
tain c r i t e r i a l  re la t ions  for  de te rmin ing  these quantit ies [12]. 

We emphas ize ,  in conclusion, that the poss ib le  applicat ions for  the method desc r ibed  h e r e  extend 
beyond suspens ions  of solid nonreact ing pa r t i c l e s  in a i r .  At high concentra t ions ,  however ,  the s t r e a m  
ceases  to be t rans lucent  and this becomes  a m a j o r  drawback of this method.  

(23) 

(24) 

(25) 

using the segment  of the tes ted  (Y2(x)) curve  fa r  r emoved  f r o m  the source ,  

(y2) 
ds, D 
V, Vsl 
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A, T L 
R 
n 

E 
D 

N O T A T I O N  

is the m e a n - s q u a r e  d i sp lacement ;  
a r e  the d i a m e t e r s  of pa r t i c le  and of channel, r e spec t ive ly ;  
a r e  the absolute and the sl ip velocity,  r e spec t ive ly ;  
a re  the ac tua lvo lume  andfiow ra te  weight concent ra t ion ,  r espec t ive ly ;  
is the specif ic  heat;  
is the densi ty;  
is  the t ime;  
is the t e m p e r a t u r e ;  
a r e  the m o l e c u l a r  and mola l  t he rma l  diffusivity,  respec t ive ly ;  
a r e  the Lagrangian  turbulence sca l e s ;  
is the co r r e l a t i on  fac tor ;  
is  the r e f r ac t i ve  index; 
is the i l luminat ion intensi ty;  
is the densi ty  Of the negat ive.  

LITERATURE CITED 

1. V . O .  Ochere t 'ko ,  in: Study of Homogeneous and Suspension Car ry ing  Turbulent  S t r eams  [in Russian],  
Izd. Naukova Dumka, Kiev (1967}. 

2. ]~. T.  Dzhrbashyan,  Izv.  Akad. Nauk ArmSSR, S e r . T e k h .  Nauk, 16, No. 2, 3 (1963). 
3. B. Ya. Trubchikov,  Trudy  TsAGI, No. 372 (1938). 
4. M. Hersch ,  ARS Journal ,  31, No. 1 (1961). 
5. A . G .  Prudnikov,  in: Comb---ustion in a Turbulent  S t r eam [in Russian],  Izd. AN SSSR (1959). 
6. M . S .  Uberoi  and S. Cor r s in ,  NACA Repor t  1142 (1959). 
7. G . K .  Batche lor  and A. A. Townsend, Surveys  in Mechanics,  Cambr idge  Univ. P r e s s ,  New York  

(1956). 
8. S. Corrsin, Advances in Geophysics, No. 4, Academic Press (1959). 
9. L.A. Vasil'ev, Shadow Techniques [in Russian], Izd. Nauka, Moscow (1968). 

10. A.S. Monin and A. M. Yaglom, Statistical Hydromechanics [in Russian], Izd. Nauka, Moscow (1960), 
Part I. 

49 



11. D . L .  Flint, H. Kada, and T. Hanratty, J. AIChE, 6, No. 2, 4 (1960). 
12. Z . R .  Gorbis and F. E. Spokoinyi, Material from t-he Ninth Republican Conference on Problems of 

Evaporation, Combustion, and Gas Dynamics in Dispersion Systems [in Russian], Odessa (1969). 
13. F . N .  Frenkel',  Problems in Mechanics [Russian translation]~ IL (1955). 
14. G. Conte-Bello, Turbulent Flow in a Channel with Parallel Walls [Russian translation], Izd. Mir, 

Moscow (1968). 

50 


