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There  is a b road  c i r c l e  of exper imenta l  p rob l ems  in the gasdynamics  of mul t iphase  s y s t e m s  when it is 
impor tan t  to a s su re  a high fas t  r e sponse  of the measur ing  c i rcui t  in addition to the necess i ty  to m e a s u r e  high 
veloci t ies  of 10-104 m / s e c .  Here  a re  p rob l ems  that occu r  in studying two-phase  pulsed flows, par t ic le  dy-  
namics  behind shocks  in invest igat ions of heterogeneous  detonation or deposit ion of detonation coatings,  e tc . ,  
when the c h a r a c t e r i s t i c  t imes  of the p r o c e s s e s  a re  ~10- i -10  -5 sec .  

l~ should be noted that  veloci ty  m e a s u r e m e n t  in the range 10-104 m / s e c  a s s u r e s  uti l ization of l a s e r -  
Doppler  s y s t e m s  with d i rec t  s pec t rum  analysis  examined in detail  in the su rvey  p a p e r  [1]. However ,  the p r a c -  
t ica l  rea l iza t ion  of l a s e r  doppler  v e l o c i m e t e r  (LDV) c i rcui ts  with a resolut ion t ime  of ~10-5-10 -8 sec  r equ i re s  
the development  of specia l  methods of record ing  the spec t ra ,  which cons t ra ins  the i r  extension to the a r e a  of 
p rob l ems  re la ted  to the invest igat ion of h igh-speed  p r o c e s s e s .  

Here  the development  of a method of mul t iexposure  photographic recording,  based  on the use of a s t robo -  
scopic  light source  yielding the f requency and duration of f r a m e  exposure ,  is of s ignificant  in te res t .  By ap-  
plying such a source  in combination with different  optical s chemes  (shadow, i n t e r f e r o m e t e r ,  holographic) ,  ex -  
tensive  informat ion can be obtained about the flow s t ruc tu re  and par t ic le  p a r a m e t e r s  such as s ize ,  concen t ra -  
tion, and veloci ty  of t he i r  motion, can be de te rmined .  

Up to now, a number  of pape r s  [2-6] is known in which mul t iexposure  photorecording was used to solve 
different  p r o b l e m s ,  fo r  instance,  to invest igate  turbulent  flows [2-3], m e a s u r e  drop veloci ty  [4], convective 
fluid motion [5], par t ic le  f r ee  fal l  [6], etc. ;  however ,  all these  pape r s  r e f e r  to low veloci ty  m e a s u r e m e n t s  
~10 m / s e c .  

The development  of powerful pulse l a s e r s  as well  as optical s y s t e m s  and photographic m a t e r i a l s  with 
high resolut ion p e r m i t s  significant expansion of the poss ib i l i t ies  of this method by increas ing  i ts  response ,  and 
spat ia l  and t ime  resolut ion.  Utilization of a spa t i a l - spec t r a l  method of analyzing mul t iexposure  photographs 
[6] affords  the poss ibi l i ty  of substant ia l ly  s implifying data p rocess ing  and executing m e a s u r e m e n t s  in a broad  
range of concentra t ions .  This pape r  is devoted to development  of a mul t iexposure  photorecording method to 
invest igate  rapidly  p r o g r e s s i n g  p r o c e s s e s  ia he terogeneous  flows. 

1. In pr inc ip le ,  the scheme  fo r  mul t iexposure  recording of a par t ic le  image is the following. Several  
success ive  focussed  images  of a moving two-phase  flow a re  r eco rded  at equal t ime  in te rva ls  At on the ve ry  
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Fig. 1 

same photographic mater ia l .  This can be a hologram or  the ordinary photograph made by a shadowgraph or  a 
l a se r  ~knife ~ scheme [7]. In the s imples t  case, by measur ing the distance h between two success ive  images 
and by knowing the t ime interval At between them, the velocity of part icle  motion v = tdl/At can be determined 
(k is a scale factor) as can their  s ize .  However, visual process ing  is sufficiently tedious, where automating 
this p rocess  by using an electronic  computer  is significantly difficult [3]. Hence, it is expedient to use it only 
to investigate the dynamics of individual par t ic les  in a gas flow. As an il lustration, the problem related to the 
need for  simultaneous observation of the nature of the motion of dist inct  (in shape, s ize,  etc.) par t ic les  e s -  
pecially under conditions when their  interaction plays a substantial part ;  i .e. ,  part icle  collision, fractionation, 
coagulation p rocesses ,  etc. ,  can be mentioned. 

In a number  of experiments  the main problem is measurement  of the integrated two-phase flow p a r a m -  
e te r s  such as the mean velocity of par t ic le  motion, or  the i r  size and velocity distr ibution functions. In this 
case,  most  promis ing  f rom the Viewpoint of convenience and rapidity of information process ing  is the method of 
spatial spect ra l  analysis (SSA) based on investigating the light intensity distribution in the Fraunhofer  d i f f rac-  
tion pat tern obtained f rom a multiply recorded  image of the part icle  flow. 

Figure 1 clar i f ies  the principle for  real izing this method. If a t ransparency  3 with a multiple image of a 
two-phase flow is exposed to a para l le l  coherent  light beam, Wen the pat tern of a spatial  spec t rum car ry ing  
information about the par t ic le  pa ramete r s  is fo rmed in the focal plane of the lens 4 per forming a Four i e r  t r ans -  
formation.  Let us use the known relationship (see [8], for  example) describing the Four i e r  t r ans fo rm for  a 
plane subject with an a rb i t r a ry  amplitude t r ansmiss ion  factor  located direct ly  ahead of the lens. The intensity 
distribution in the diffraction pat tern on a t ransparency  with N successive images of one spherical  part icle  of 
radius R has the form 

l i; I ] V [i -- exp (-- ]Nov) �9 2~p . COS (0 -- q~) rdrd(p Is (9, 0) ----- A exp -- ] - ~  1 i -- exp (--: io)v) 
0 0 

(1.1) 

where w = 2~pkAt cos (a - 0)/;~f; p,  0, r ,  ~ are  polar  coordinates in the t ransforming  lens; f, its focal length; 
X, wavelength of light; v, velocity of part icle  motion; ~, angle giving the direction of part icle  motion; A, a 
phase factor;  and k, a scale factor .  

Let us examine the case when N = 2. When relationship (1.1) simplif ies considerably:  

5(p ,  o) = 2[i + ~os(co~0] B(R). 

Here B(R) = 
R 2 ~  2 

f rdrd,  is  a fanction dependent only on the part ic le  s i z e .  
o o  ! 

For  an ensemble of par t ic les ,  distinctive by size and velocity of the motion, the express ion for I(p, 0) 
has the fo rm 

(1.2) 

I (p, O) = 2 { t + i P ~ ( v) cos :(cov) dv} ! P R ( R) B ( R) dR, (1.3) 

where Pv(v) and PR(R) are the part icle  velocity and size distribution densit ies.  Let us note that the relat ion-  
ship (1.3) is wri t ten under the assumption of stat is t ical  independence of the velocity of par t ic le  motion f rom 
their  s ize.  

If the mean velocity of par t ic le  motion is introduced, defined as Vav = .f vP,~ (v) dr, and the function Pv(V) 

is centered relative to Vav by introducing Pv(V') = P v ( V -  Vav) then (1.3) can be represented  in the form 
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I (p, 0) = 2 l + cos (0)Vav) P~ (v') cos (c0v') dr' Pa (R) B (R) dR. (1.4) 
O j 0 

R is seen  f r o m  (1.4) that  the diffract ion pa t t e rn  fo r  an ensemble  of pa r t i c l e s  is modulated,  just  as fo r  the case  
of one par t ic le  [ formula (1.2)], into para l le l  bands located normal ly  to the veloci ty vec to r .  The spacing H be -  
tween the bands is he re  re la ted  to the mean  veloci ty of pa r t i c le  motion Vav 

Vav---- %]/(kAtH), (1.5) 
co 

and the nature  of the change in in te r fe rence  fr inge con t r a s t  is de te rmined  by the in tegra l  [P~ (,') COS (~v') dr'. 
-0 

Therefore ,  by measur ing  H and knowing k ,  f, At, and k, we can de t e rmine  Vav f r o m  (1.5). 1~ is also seen  
f r o m  (1.4) that  the intensi ty dis tr ibut ion obtained during pho tomet ry  of the s p e c t r u m  in a d i rec t ion  pe rpend ic -  
u la r  to the in te r fe rence  f r inges  (0 = a) c a r r i e s  in format ion  about the function Pv(V). In pa r t i cu la r ,  an analysis  
of the dependence I (p ,  0) is p resen ted  in [6] fo r  the case  of a Gauss ian  veloci ty  dis tr ibut ion.  Data  on the p a r -  
t icle s ize dis tr ibut ion PR(R) can be  obtained by invest igat ing the in tens i ty  dis tr ibut ion along the band ( 0 = 
a + v / 2 ) .  

2. A se t  of t e s t s  with model photographs was p e r f o r m e d  to check out the s y s t e m  to r eco rd  the spat ia l  
s p e c t r a  and to se lec t  the opt imal  conditions for  rea l iz ing  the method to invest igate  two-phase  flows. To this 
end, the pa r t i c l e s  of a definite spec ies  were  photographed mult iply by using a mic roscope ,  with the subject  
table  given a d i sp lacemen t  before  each e x p o s u r e .  The influence of the d i spe r se  par t ic le  composit ion,  t he i r  con-  
centrat ion,  the nu m ber  of exposures ,  and also the p a r a m e t e r  h / d  (d = 2R) on the nature  of the intensity d i s -  
t r ibut ion in the diffract ion pa t t e rn  was invest igated.  

The t e s t s  were  p e r f o r m e d  on the apparatus  displayed in Fig. 1. A h e l i u m - n e o n  LG-38 l a s e r  1 was used  
as light source .  The  intensi ty distr ibution was insc r ibed  on the p lo t te r  6 by using the photomult ip l ier  5 d i s -  
p laced  in the focal  plane of the t r ans fo rming  lens 4 with focal  length 500 m m  (2 is the te lescopic  sys tem) .  

Photographs modeling a s ingle-ve loc i ty ,  unidirect ional  s t r e a m  of pa r t i c l e s  of identical  s ize d with d i f -  
fe ren t  concentra t ions  a re  r ep re sen t ed  in Fig.  2a and b, while the i r  cor responding diffract ion pa t t e rns  and 
intensi ty dis t r ibut ions a re  in Fig. 2c and d, and e and f. F igure  2a, c, e r e f e r s  to the case  when the mean spacing 
between pa r t i c l e s  is l > h, and Fig. 2b, d f co r responds  to l < h. As is seen f r o m  Fig.  2b, it is quite c o m -  
pl ica ted  to identify s eve ra l  images  of a definite par t i c le ;  however ,  the diffract ion pa t te rn  is r eco rded  c lea r ly  
he re .  The impor tan t  advantage of the method of spec t r a l  analys is  follows f rom this ,  which can be used for  a 
high volume concentrat ion of pa r t i c l e s  in the s t r e a m  ~ 1%, when visual  p roeess ing  becomes  imposs ib le .  The 
t e s t s  p e r f o r m e d  also showed that  f r o m  the viewpoint of convenience of the SSA process ing  method, the opt imal  
value of the p a r a m e t e r  h / d  should be se lec ted  in the 3-10 range.  

The spat ia l  resolut ion of the spat ia l  s pec t r a l  ana lys is  method, which pe rmi t s  recording  the veloci ty  f ie ld 
in a given s t r e a m  domain,  is  de te rmined  by the ape r tu re  of the sounding beam d b fo r  r e s to ra t i on  of the Fo u r i e r  
spec t rum.  It  is known [9] that upon exposing a diffusely sca t t e r ing  object to coherent  light the diffract ion pa t -  
t e rn  in the focal  plane of the t r ans fo rming  lens will have the f o r m  of a spot ted s t ruc tu re  ( speck le -s t ruc ture )  
that  occurs  because  of in te r fe rence  between the diffract ion pa t te rns  of the individual pa r t i c l e s .  The c h a r a c -  
t e r i s t i c  s ize  of the spots  is de te rmined  by the value of d b (if d b is l ess  than the lens d iameter)  and is  6 ~ 
X f / d  b. The p r e sence  of such a s t ruc tu re  r e su l t s  in the appearance  of s ignal  f luctuations in the F o u r i e r  s p e c -  
t rum,  which cons t ra in  the accuracy  of determining the in te r fe rence  f r inges .  We shall  cons ider  that  two f r inges  
can be reso lved  if the spacing between them is H - 5. Taking account of (1.5), the l imit ing spat ia l  resolut ion 
dbmin  -~ h can be e s t ima ted  f r o m  this condition. Fo r  h / d  - 3 and d - 100 #m we have dbmin  -~ 300 #m. To 
diminish the e r r o r  in recording the intensity dis t r ibut ion in the F o u r i e r  spec t rum and, the re fo re ,  the par t i c le  
motion veloci ty  as well,  the db mus t  be enlarged;  however ,  the spat ia l  resolut ion of the method will h e r e  drop. 
Hence, the se lec t ion  of d b should be made taking account of the specif ic  r equ i r emen t s  of the exper iment .  

3. The main p rob lem that  occurs  in the p rac t i ca l  rea l iza t ion  of the method of mul t iexposure  photo- 
recording  of pa r t i c l e s  in h igh-veloci ty  two-phase  flows is  assoc ia ted  with the crea t ion  of a light source  to gen-  
e r a t e  a s e r i e s  of shor t  pulses  with a given repet i t ion ra te .  In o rde r  to obtain informat ion about the par t ic le  
shape and s ize ,  it is n e c e s s a r y  that  i ts  d i sp lacement  during exposure  be much less  than its d i ame te r  d. This  
imposes  a cons t ra in t  on the durat ion of an individual pulse T << d / v .  The condition h = (3-10)d governs  the 
opt imal  value of the in terval  between pulses .  F o r  the cha rac t e r i s t i c  values  d - 100 #m and v ~- 102 m / s e e  
we obtain T << 10 -e sec  and At = 3 psec.  

Sol id-s ta te  pulse l a s e r s  with per iodic  Q-modulat ion [10-12] a r e  mos t  p romis ing  fo r  solving this p rob lem,  
since they a s su re  good sensi t iv i ty  and fas t  r esponse  of the measur ing  scheme.  A s t roboscopic  light source  
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Fig. 4 

(Fig. 3a) based on a ruby laser 1 was developed for the multiexposure particle recording in a gas flow in this 
research. A Kerr cell was the electro-opticalmodulator. Its parameters are: electrode length 50 mm, spacing 
between them 8 ram, control  voltage 15 kV. The e lec t ronic  control  c i rcui t  of the cell  was a synchronized pulse 
gene ra to r  2,  a m a s t e r  osc i l l a to r  3 producing a s e r i e s  of e l ec t r i ca l  pulses  with a given in terva l  between them, 
and a s h a p e r  of h igh-vol tage pulses  4 supplied to the K e r r  cell  (5, a capac i to r  bank to supply the pumping 
lamp; 6, photomult ipl ier ;  and 7, an osci l loscope) .  The l a s e r  a s s u r e d  genera t ion of s eve ra l  ( from 1 to 50) light 
pulses  of durat ion T -~ 3 �9 10 -8 sec .  The in terva ls  At between them were  regula ted  within 3-500 psec  l imi ts  
to 0.2 #sec accuracy .  IIhe cha rac t e r i s t i c  shape of the e lec t r i ca l  signal controll ing the modula tor  (lower beam) 
is shownin  Fig.  3b, and l a s e r  radia t ion pulses  (upper beam) r eco rded  by using the photomult ip l ier  (At = 20 
]~sec) are also represented. 

The necessary optical scheme for multiexposure particle recording can be realized when using the 
stroboscopic light source. Depending on the requirements of the experiment, flow visualization in the scat- 
tered (laser imife) or passing radiation can be used [7]. The diagram of a shadowgraph intended to investigate 
two-phase flows is presented in Fig. 3c. Its main elements are the ruby laser 1 that generates a series of con- 
trolled pulses, the diaphragm 2, the attenuating filter 3, the telescope system 4, the receiving objective 6, the 
visualizing diaphragm 7, the photorecorder 8. The resolution of the scheme was determined experimentally 
and was not less than 100 lines/ram for a total linear enlargement of 5. 

A supersonic gas stream was produced by using the plane conical nozzle 5. The altitude of the critical 
section is 2.6 mm, the width is 20 ram, and the aperture angle is 11 ~ The pressure in the prechamber is 
8.5 �9 i0 "~ Pa, the temperature is 260~ and the exit Mach number is 2.8. The particles being investigated 
were inserted into the gas flow at a distance of 240 mm ahead of the critical section. Organic glass particles 
(d = 50-300 #m, Pl = 1.2 g/cm 3) and bronze (d = 50-230 #m, Pl = 8.6 g/cm 3) were used in the experiments. 
A Doppler laser velocimeter scheme with direct spectrum analysis is also shown in Fig. 3c. It consists of the 
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LG-159 helium-neon laser 9, the splitter I0, rotating mirror Ii, objectives 12, 13, 15, diaphragm 14, Fabry- 
Pcrot interferometer with photomultiplier 16, and oscilloscope 17. The diagram of the LDV apparatus and the 
method of measuring the velocity are described in greater detail in [13]. 

Certain results of experiments, obtained in investigating supersonic two-phase flows, are represented 
in Figs. 4-6. A typical three-exposure shadowgraph is displayed in Fig. 4a. Organic glass particles of d = 
50-300 pro, Pi = 8.6 g / c m  3 are inser ted in the s t ream,  and the interval between exposures  is At = 20 t~sec. 
Since the volume concentrat ion of the d isperse  phase is not large ( l / d  > 5) the dynamics of individual p a r -  
t icles can be t racked.  Three success ive  images are eas i ly  found for  the majori ty  of them. Fo r  example, let 
us examine the two par t ic les  d 1 = 200 #m and d 2 = 150 pm noted by ar rows in Fig. 4a. On the section ab  c o r r e -  
spending to the t ime between the f i r s t  and second exposures  v 1 = 185 m / s e c ,  v 2 = 205 m / s e e ,  while on the s e c -  
tion bc between the second and th i rd  exposures v 1 = 200 m / s e c ,  v 2 = 220 m / s e c .  The difference in the motion 
velocity of par t ic les  of different diameter ,  result ing in a change in their  relative position in the s t ream,  is 
seen well. By process ing  such photographs, the nature of the change in the motion velocity of different par t ic les  
(d, Pl) over  the nozzle length v = f(z) can be studied simultaneously.  These resul ts  are represented in Fig. 5 
and pe rmi t  determinat ion of the aerodynamic drag coefficients of fine par t ic les  during accelerat ion in a gas 
s t r eam [13]: 1) organic glass  par t ic les  day = 80 pm, Pl = 1.2 g /cm3;  2) organic g lass  par t ic les  day = 210 #m, 
Pl = 1.2 g /cm3;  3) bronze par t ic les  day = 120 pm, Pl = 8.6 g /cm3;  4) bronze par t ic les  day = 200 #m, Pl = 8.6 
g / c m  3. ~he relat ive measu remen t  e r r o r  is ~3%. 

Multiexposure photoreeording in a shadow or in te r fe romete r  scheme affords the possibil i ty of investigat-  
ing the nature of the change in density field mic ros t ruc tu re  with t ime.  Local shocks being formed around the 
part icle  during their  supersonic flow are seen well in Fig. 4a. Par t ic le  interaction with an obstacle (in the 
photograph it is a s t reamwise-mounted  cylinder) resul ts  in a s t rong change in the wave s t ruc ture  near  the 
body. It is not complicated to distinguish par t ic les  incident on 1, 2 and ref lected f rom 3 the obstacle by the 
nature of the change in velocity. In par t icu lar ,  this permit ted determining that the main role in the bow shock 
per turbat ion phenomenon during two-phase  flow around bodies is played by par t ic les  ref lected f rom the body 
and emerging into the supersonic flow zone [13]. 

To verify the process ing  methodology by the spatial spec t rum analysis method, two-exposure photographs 
were made in which the At was diminished to 5 #sec. Pa i red  images of par t ic les  (d = 50-200 #m) are  seen well 
in Fig. 4b, some of which are  marked by a r rows .  The value of the p a r a m e t e r  is h / d  ~ 3. The whole photograph 
was divided into squares  with a side L = 4.5 mm along the nozzle axis. The intensity distribution in the dif- 
f ract ion pat tern was recorded  for  e a c h / a n d  the mean velocity of part icle  motion Vav was determined f rom (1.5). 
These data are  represented  in Fig. 6 by sections of the horizontal  line 1 whose length is L. Also superposed 
in Fig. 6 are values of r a y  (points) obtained by visual process ing,  and resul ts  of measur ing  the velocity 2 by 
the Doppler l a se r  method with direct  spec t rum analysis [13]. The sa t i s fac tory  agreement  of the data obtained 
by the two methods of mult iexposure photography process ing  should be noted (the difference does not exceed 
4%). The agreement  between these results  and the LDV data confirms the confidence in the information obtained 
and indicates the p romise  of using the method of mult iexposure photorecording to investigate high-veloci ty two- 
phase flows. 
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C O N V E C T I V E  M A S S  T R A N S F E R  B E T W E E N  A S O L I D  S P H E R I C A L  

P A R T I C L E  A N D  A F L U I D  AT L A R G E  P E C L E T  N U M B E R S  

M~ S .  I s k a k o v  a n d  V .  E .  N a k o r y a k o v  UDC 532.529.6:541.12 

I n t r o d u c t i o n  

Mass  exchange between a solid par t ic le  and a fluid is the main  product ive fac tor  in many branches  of 
chemical  engineer ing and microbiology.  This p r o c e s s  is  compl ica ted  and depends on many fac to r s  - radia l  
diffusion, fo rced  convection, f r ee  convection, the shape of the pa r t i c le ,  the physical  p rope r t i e s  of the fluid and 
the pa r t i c le ,  etc.  Under actual conditions these  f ac to r s  act  s imul taneously ,  and many inves t igators  have been 
confined, as a rule,  to the study of m a s s  exchange under the conditions of a uni form oncoming s t r e a m ,  where 
fo rced  convection makes  the l a rges t  contribution to m a s s  t r a n s f e r .  This is explained by the re la t ive  s impl ic i ty  
of the invest igat ion of p r o c e s s e s  of this kind, both theore t i ca l ly  and exper imenta l ly .  

All the exper imen ta l  methods used to invest igate  m a s s  exchange in f l u id - so l i d -body  s y s t e m s  can be di-  
vided into two m a j o r  groups ,  in which the following are  used: the dissolving of solids in fluid s t r e a m s ;  chemi -  
cal t r ans i t ions  taking place  at the su r f aces  of meta l l i c  e l ec t rodes  under  the action of an e lec t r i c  cur ren t .  The 
advantages  of the f i r s t  group a re  the s impl ic i ty  of the exper imenta l  p rocedure ,  the possibi l i ty  of fo rming  the 
des i r ed  hydrodynamic  pa t te rn  with a high degree  of accuracy ,  and the p resence  of a wide c lass  of subs tances  
sui table for  such an exper iment ,  which enables  one to va ry  the physical  p rope r t i e s  of the fluid and bodies  
within wide ranges .  The main drawback is that a f ixed phase  in terface  is absent ,  as a consequence of which 
the hydrodynamics  of flow over  the par t i c le  constantly v a r i e s .  E lec t rochemica l  methods are  f r ee  f r o m  such 
a drawback,  s ince the p r o c e s s e s  taMng place at  the e lec t rodes  p roceed  in opposite d i rec t ions  and the su r face  
of the s e n s o r  is  always clean,  but t he r e  is the technical  p rob lem of fastening the s enso r  and reducing the in-  
fluence of conducting contacts .  

A number  of r epo r t s  a re  known which are  devoted to the invest igat ion of the intensi ty of m a s s  exchange 
in uni form s t r e a m s .  The good a g r e e m e n t  between resu l t s  obtained by the e l ec t rochemica l  method and the data 
of other  authors for  Re = 400-12,500 was noted in [1]. The tes t  data published in [2] cover  a f a r  wider  range 
of Reynolds numbers ,  Re = 2-23,000. The approximat ion curve  genera l iz ing the  data for  2 < Re < 20, 
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