
Calculations were also performed for liquids of identical density (p2/p~ = i] with vari- 
ous relations between the viscosities (Z2/B~ = i, ~2/~I = 2, Z2/Z1 = 4), which showed that 
the degree of displacement even for Re = 1 is almost independent of the viscosity ratio. 

NOTATION 

x,y, Cartesian coordinates; t, time; u,v, velocity components; p, pressure; h, channel 
half-width; Vo, mean pumping rate; Re, Reynolds number; Ax,Ay, net steps; Ni, number of 
markers in a cell. 
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STRUCTURE OF A TWO-PHASE EDGE WAKE 

P. V. Khrabrov, V. A. Khaimov, and G. S. Shvartsman UDC 532.62 

Experimental results are presented on the structural and kinematic characteristics 
of the motion of a liquid in an edge wake. 

The resistance law for a truncated sphere is used in calculating a two-phase edge wake, 
e.g., as in wet-steam turbine stages. Extensive evidence has been accumulated on the motion 
of individual droplets, and this allows one to incorporate the effects of various factors on 
the resistance coefficients, such as the nonstationary and turbulent nature of the carrying 
flow, the internal circulation of the droplets, the deformation, etc. At the same time, it 
remains unclear how far these results are applicable to the motion of droplets in an edge 
wake with high concentration and velocity gradients. As a consequence, it appears preferable 
to use the critical Weber numbers, which characterize the stability of droplets of maximum 
size, and the effects from droplet interaction on the structure of the edge wake. 

There are serious difficulties in measuring the local structural and kinematic parame- 
ters of a high-speed droplet flow and determining whether one is justified in transferring 
the laws of motion of single drops to the conditions of an edge wake. 

Here we examine some aspects of this problem. We have developed a statistical method 
of high-speed photography. The essence is a follows. We represent a droplet of diameter d 
moving with velocity c T in the median plane of the focal range of a camera (Fig. I). The 
camera is fitted with a scan system, and the axis of rotation of the mirror is parallel to 
the direction of droplet motion. The image of the droplet in the appropriate scale is con- 
structed by the input optical system 1 in the plane of the slot 2, which is conjugate to the 
axis of rotation of the mirror. Then part of the droplet image cut off by slot 2 is trans- 
ferred by the lens 3 and the rotating mirror 4 to the film 5. During the exposure, the 
image of the drop at the film moves along the line AB, whose width along the slot is deter- 
mined by the size of the droplet, while the angle ~ is determined by the ratio of the scan 
speed (line AC) and the speed of the droplet on the appropriate scale (line CB). If the 
slot width is sufficiently small and a collimated beam is employed, which lies at the opti- 
cal axis of the camera, the error in imaging the droplet as a sphere is small~and may be 
neglected. The optimum mutual disposition of the slot and the droplet image occurs when 
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Fig. i. Construction of the wake 
of a moving droplet by the sta- 
tistical method of high-speed 
photoscan. 

the slot divides the image into two equal parts. Then the slot width s will be determined by 
the acceptable (preset) error 6 in measuring the droplet size d and by the magnification n 
of the input optical system via 

s = 2n - -  4 " (1)  

I n  t h e  g e n e r a l  c a s e ,  t h e  i n f o r m a t i o n  p r o v i d e d  by t h i s  method i s  s t a t i s t i c a l  b e c a u s e  o f  
t h e  r a n d o m n e s s  o f  t h e  m u t u a l  d i s p o s i t i o n  o f  t h e  s l o t  and t h e  d r o p l e t  image .  I f  a f l o w  c o n -  
s i s t s  o f  d r o p l e t s  o f  i d e n t i c a l  s i z e  and v e l o c i t y ,  a f r ame  w i l l  c o n t a i n  a s e r i e s  o f  p a r a l l e l  
l i n e s .  The w i d t h s  o f  t h e  l i n e s  w i l l  be  d e t e r m i n e d  by t h e  p a r t s  o f  t h e  images  d i s s e c t e d  o u t  
by t h e  s l o t ,  and t h e r e f o r e  t h e  d e t e r m i n a t i o n  o f  d r o p l e t  d i a m e t e r  amounts  to  d e f i n i n g  t h e  
l i n e s  o f  l a r g e s t  w i d t h .  

I n  a p o l y d i s p e r s e  edge  wake ,  t h i s  i n v o l v e s  u s i n g  t h e  r e c o r d i n g  d a t a  t o  c o n s t r u c t  t h e  
f u n c t i o n a l  r e l a t i o n s h i p  d = f ( c ' ) ;  h e r e  t h e  f i r s t  l i m i t i n g  c o n d i t i o n  i s  s e t  by  t h e  maximum 
s t a b l e  d i a m e t e r  o f  t h e  d r o p l e t s ,  w h i l e  t h e  s e c o n d  i s  s e t  by t h e  s p e e d  o f  t h e  gas  f l o w .  The 
f u n c t i o n  d = f ( c ' )  i s  s t a t i s t i c a l  i n  c h a r a c t e r ,  s i n c e  i t  i s  c o n s t r u c t e d  f rom a l a r g e  number 
o f  m e a s u r e m e n t s  a s  t h e  e n v e l o p e  o f  t h e  r e g i o n  c o n t a i n i n g  t h e  d a t a  f rom t h e  s c a n s .  The u s e  
o f  a s t a t i s t i c a l  c u r v e  i n s t e a d  o f  t h e  i n d i v i d u a l  d i a m e t e r s  i s  a l s o  d e s i r a b l e  b e c a u s e  t h i s  
form of  p r o c e s s i n g  e l i m i n a t e s  t h e  e f f e c t s  o f  random o r  n o n c h a r a c t e r i s t i c  f a c t o r s  a f f e c t i n g  
individual droplets in such a flow. 

Therefore, if we dispose of the statistical functions d = ~(c') for various distances 
from the edge along the axis of the wake together with the speed of the gas, we can readily 
determine the resistance coefficient for the droplets in the polydisperse flow. 

It has been found by careful examination of the metrological features of this method 
that the resolution is usable up to 600 m/sec if one employs a standard SFR camera with a 
high-intensity discharge circuit and a film with a resolution of several hundred lines per 
millimeter, which applies for droplet flows differing substantially in structure. The error 
in measuring the droplet size is defined in general by (i), and it is only a few percent 
with optimum adjustment of the optical systems. If we assume that the measurements of the 
droplet sizes and velocities are equally accurate, it is desirable to use a sweep speed such 
that a is close to ~/4. The necessary degree of localization of the parameters is determined 
by the depth of focus and is readily provided by using an input optical system with appro- 
priate characteristics in conjunction with a suitable recording scale [i]. 

A difference from related methods such a multiple-pulse photography (holography) and 
high-speed motion-picture photography is that this method completely eliminates identification 
in the processing of the results. 

The formation of an edge wake was examined under normal conditions in a vertical channel 
of section 140 x 60 mm, which contained a plate with a mechanism for producing a film flow 
over one or both surfaces. The thickness of the exit edge of the plate varied from 0.2 to 
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Fig. 2. Relationship of droplet speed to diameter at 
the axis of an edge wake; d in ~m, c' in m/see: i) 
x = 13 mm; 2) 45; 3) 245. 

6.0 mm, while the specific flow rates in the film ranged fromO.l to 8.0cm3/cm. sec, while the 
mean speed of the air ranged up to 185 m/see. The structural and kinematic characteristics 
of the droplets in the wake in the steady state were measured by flash photography with an 
effective exposure of 10 -6 sec as well as by the previous method, and the same was done for 
cases where droplets broke up once. In the region of incomplete break-up, and near the edge, 
we also used high-speed motion-picture photography (frame speed 6000 see-Z). The parameters 
of the film flow at the exit edge of the plate were recorded by the methods of [2]. 

The following are some results. Figure 2 shows the experimental data and also calcula- 
tions on the motion of the droplets at the axis as performed from the truncated-sphere law. 
The calculations were performed with an M-222 computer in accordance with the equations 

m - -  d~x ad2 P" (c" - -  c') 2 + rag, 
at 2 -~ cx ~ - - ~  (2) 

21,12 6.3 
c~ - -  - -  + Re]/--- ~ -t- 0.25.  

Re ( 3 )  

The air speed and the initial droplet velocity were inserted into the calculations on 
the basis of our experiments. 

Figure 2 shows that some of the droplets far from the edge have a speed higher than the 
calculated value, with some of them exceeding that value by 50%, which is due to the devia- 
tion of the fragmenting film from spherical in the range of Reynolds numbers where the resis- 
tance coefficient and cross section of a sphere are less than for bodies of other configu- 
rations. Fragments of irregular shape near the edge have speeds higher than droplets of the 
same mass. When the fragments broke up, droplets arose that naturally retain the initial 
elevated velocity. 

Similarly, there appears to be a certain proportion of droplets deviating from the theo- 
retical velocity (experimental values for the structural and kinematic characteristics of 
these droplets cannot be derived from the general body of information on account of the prin- 
ciple used in constructing the envelope of the. curve via a statistical method). 

Away from the edge, the deviations between the velocities decrease, and the maximum de- 
viation, which relates only to a small fraction of the droplets, is 5% at x = 245 mm. This 
equalization of the velocities along the trace is readily explained from the physical view- 
point: droplets that initially have elevated velocities are subsequently accelerated less, 
since the aerodynamic forces acting on them are dependent more on the relative velocity than 
on the resistance coefficient. 
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Fig. 3. Determination of the maxi- 
mum droplet size in the wake from 
the critical Weber number: i) ob- 
served values from the statistical 
method of high-speed photography. 

Numerous experiments indicated that the speed of the main body of droplets in the steady- 
state part of the edge wake agrees satisfactorily with the calculations, which means that one 
can use the sphere resistance law to determine the speeds of droplets in a polydisperse edge 
wake. 

A major question concerns the maximum stability of the droplet size. A basic condition, 
which determines the critical Weber number, is the character of the aerodynamic force on the 
droplets. If this is close to stationary, the critical value Wecr is given by the theoretical 
solution [3] as 17. In fact, experiment [4] for these conditions gave the range Wecr = 15-22 
and the mean value corresponds to the theoretical value, while Wecr is independent of the 
Reynolds number in the range Re = 120-700. 

The attainment of Wecr is necessary to breakup, but breakup occurs only if the aerody- 
namic load provides We > Wecr for about three periods of free oscillations. 

The nature of the load on the drops in the main part of the edge wake was established 
from the structural and kinematic parameters. Figure 3 shows the Weber number in relation 
to time of motion and path travelled along the axis for the conditions of the experiment. 
Points Ax-A~ denote the onset of critical deformation, for which Wecr = 17. At the end of 
the breakup time, which is indicated by the broken line in Fig. 3, only droplets with d~120 
~m have;We > Wecr , and therefore can break up. The experiments confirm these calculations, 
which shows that the loading on the droplets in the wake is stationary. 

Experiment showed that droplets of maximum size, as determined by the aerodynamic load, 
are produced only when the initial diameter exceeds the maximum stable one. If this is not 
so, the droplet size is dependent on the structural parameters of the film flow at the edge. 
If we take the first stage of wake formation as breakup of jets detached from the film into 
droplets, with resonance between the natural oscillations of the jets and droplets, then at 
the minimum oscillation frequency we have 

d = k 2p"cg ' (4) 

where the coefficient k incorporates the deviation from the theoretical periods of longitudi- 
nal oscillation in a jet. It is recommended [5] that one should use k = 3.3 and dma x = 2d. 
In another approach [6], analysis of the physical picture of film breakup on the flow from a 
nozzle gave 

dmax = b (67 + 3.44.10-~/~2) MT ~ (5) 

Under otherwise equal conditions, (4) predicts a more marked influence from the air flow 
speed near the edge on the maximum size. 

Experiment indicates that (5) can be used for an edge wake to a satisfactory approxima- 
tion. The values of dma x given by (4) and (5) for the nominal states in the later stages of 
high-power steam turbines are in satisfactory agreement. 
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Fig. 4. Motion of fragments 
of a disintegrating film and 
droplets near an edge (c' m/ 
see; x, ram): A = 6 nm, c" = 
63 m/sec, q = 0.54 cm3~cm, see. 

In most studies on edge wakes [7, 8] it has been usual to assume a single-valued and 
constant relation between the mean and maximum droplet sizes for the spectrum, which has a 
single turning point. Usually, the ratio of the maximum to the mass-mean diameter has been 
taken as two. Our experiments showed that the spectra undergo continuous deformation in the 
wake, which means that the various parts each have their own curves. In particular, mul- 
tiple-peak and open spectra are observed in the region where secondary breakup is occurring. 
However, even then there is a stable relationship between the maximum and mean diameters, al- 
though this is not constant over the width of the wake. We processed 263 spectra for various 
edge thicknesses, flowrates in the film, air speeds, and parts of the edge wake and found 
that dmax/d = 1.6 to within 20% at the axis of the wake, while dmax/d = 1.4 at the outer 
boundary, i.e., there is equalization of the mean size over the width of the wake, which is 
due to the motion of the liquid near the edge. The longitudinal and transverse pulsations in 
the liquid in this region go with the vortex motion of the droplets, and return of some of 
them to the edge, to set up conditions for mass equalization in the transverse direction. As 
an example, Fig. 4 shows the elements of the motion of parts of the film and of the droplets 
near the edge as recorded by high-speed motion-picture photography. 

The departure of water from the edge is clearly pulsating. If the edge is thin (A = 
0.2-2.0 mm) and the liquid flow rate is low (q = 1.0-1.5 cm3/(cm, sec)), the frequency of the 
pulsations in the droplet flow is close to that of the large waves in the film (80-160 Hz). 
At high flow rates, the frequency of the pulsations in the droplet flow is 2.0-2.5 times that 
of the waves. 

A thick edge favors flow of the liquid to the rear part, and therefore the frequency of 
detachment from a thick edge is less than that for a thin one by a factor 1.5-2. If the flow 
rate in the film is low, the detachment frequency is less than the wave frequency by a factor 
2-4, which shows that the edge has an accumulating action. When the flow rates are high, the 
frequency characteristics of the wake behind a thick edge are similar to those for a thin one. 

In practical problems, there is the important aspect of the effects of edge thickness on 
the droplet size. Experiments on the region of the wake adjoining the edge [8, 9] have indi- 
cated a considerable effect from the thickness on the structure of the wake, while measure- 
ments in the stationary zone [i0] have shown that the structural characteristics are inde- 
pendent of the thickness. A study of an extensive part of the wake in our experiments showed 
that the thickness of the edge does not influence the droplet size in the stationary region, 
but that the thickness displaces the boundary of secondary droplet fragmentation and increases 
the width of the liquid distribution in the wake. The thicker the edge, the later the com- 
pletion of wake formation. 

Flash photography shows that there are two types of droplet interaction in the wake. In 
the first, the sizes of the droplets are comparable and the speeds on encounter are low, so 
the result of collision may be a new droplet. If, on the other hand, the dimensions are 
larger than critical, there is immediately unstable deformation. In the second case, the 
sizes of the droplets differ considerably, and the collisional speed is considerable, in 
which case a small droplet passes through the large one and entrains a thin filament of liquid 
after it. This filament breaks up and forms one to three droplets. 
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These results supplement the physical picture of two-phase edge wake formation and en- 
able one to refine the existing methods of calculation. 

NOTATION 

d, drop diameter; dmax, maximum drop diameter; m, drop mass; n, scale of photorecording; 
8, error in d measurement; c' and c", local velocities of drop and flow, respectively; x, 
distance from the exit edge along the flow; Cx, resistance coefficient; q, specific flowrate 

" flow velocity in the vicinity of the edge; Crel, relative in film; b, film thickness; Ccr , 
droplet velocity; p", ~", flow density and viscosity, respectively; o, surface tension co- 
efficient; A, exit edge thickness; g, acceleration due to gravity. 
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