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Droplet pair interactions in a shock-wave flow field 
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Binary interactions between water droplets of nearly equal size in the flow field 
behind a weak shock wave were studied experimentally. The droplets had diameters 
of about 270 mm, and the Reynolds numbers, based on this diameter and on the 
relative velocity between the droplets and the free stream, ranged from about 130 to 
about 600. I n  this paper we report only data for Re < 150, corresponding to non- 
deforming droplets. The droplets in a given pair were aligned so that  each pair fell 
on a plane parallel to the direction of the incoming flow. In  this manner, the second 
droplet in the pair was ' behind ' the first, a t  horizontal distances ranging from 1.5 to 
11 diameters, and a t  vertical distances from the dividing streamline ranging from - 3 
to 6 diameters. We have quantified the interaction in terms of drag force changes on 
the droplets, and show that the first, or upstream, droplet is not affected by the 
second, but that  the second experiences significant reductions for vertical distances 
of about one droplet diameter or '  less. At the smallest horizontal distances, the 
maximum decrease observed was about 50%, relative to  its isolated value. We also 
show that the drag changes clearly demarcate a wake behind the first droplet. 
Further, on the basis of these changes, we define a region of influence attached to  the 
first droplet, where the free-stream velocity is significantly reduced. For the droplets 
used in this study, this region is a slender paraboloid of revolution, having a length 
of about 15 diameters and a radius of about one diameter. 

1. Introduction 
I n  this paper, we report results of an experimental investigation on the interaction 

between droplet pairs in a transient flow field produced by the passage of relatively 
weak shock waves. The work was motivated by earlier experimental work, which 
showed that a weak shock wave travelling in a liquid-droplet aerosol cloud can 
induce collision and coalescence (Temkin, 1970). The possibility that those effects 
were in part produced by fluid forces on the droplets which, owing to the highly 
unsteady nature of the interaction, might be significantly different from their steady 
values, induced us to investigate the shock wavedroplet interaction in some detail 
for the case of both deforming and non-deforming droplets (Temkin 1972 ; Reichman 
& Temkin 1974; Temkin & Kim 1980; Temkin & Metha 1982). Also investigated was 
the related phenomenon of electrical charge separation due to droplet breakup 
(Dreyfuss & Temkin 1983). While these works shed some light on the interaction, 
particularly in regard to  the drag in unsteady conditions, the reasons for the earlier 
observations of coalescence remained unknown. It therefore became evident that in 
order to  understand the effects resulting in the observed coalescence, i t  would be 
necessary to perform the significantly more difficult experiment of observing 

t Present address: Ministry of Defense, Haifa, Israel. 
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interactions as a droplet pair responds to the passage of a shock wave. Thc 
experiments wcrc conducted with parallel and coplanar stream of droplets, rathcr 
than with an aerosol cloud. Because of this arrangement, the sought reason for the 
earlier observations were quickly identificd. This is simply thc transient wake that 
is produced in the lee side of one droplet, due to the passage of the wave. If a second 
droplet is in the vicinity of this wake, it will experience smaller fluid forces than the 
first. The first droplet may therefore move much more rapidly than the second, 
possibly producing a collision. 

This retardation effect is, of course, basically the same as that produced by the 
wakes of cars and trucks on a road. I n  retrospect, this transient wake effect taking 
place owing to the passage of shock waves might have been anticipated earlier, as it no 
doubt plays some role in a t  least two areas of current interest. One is acoustic 
coagulation of particulates (solid or liquid), where an aerosol cloud is exposed to the 
effects of intense acoustic waves. The second area is cloud physics, where a wake 
effect producing gravitational coalescence was identified some time ago (Woods 
1964), but where the possibility that thunderclaps may also produce coalescence by 
a wake effect has not been considered, even though thunder has been mentioned as 
a possible coalescence-producing mechanism (Goyer 1965a, b ; Temkin 1969). 

Here we first give some qualitive evidence of the wake that is formed behind a 
droplet, and of the collisions that sometimes result due to it. The bulk of the results 
presented here are quantitative measurements of the interaction between droplet 
pairs of approximately equal size, which are not colliding during the observations. 
The interactions are measured in terms of the changes of the drag coefficient of the 
second droplet in the droplet pair, relative to the single-droplet drag. These results 
were obtained with droplet pairs initially separated by distances along the direction 
of the flow varying between 2 and 11 droplet diameters (270 pm), and exposed to flow 
fields having velocities in the range 680 to 3100 cm/s. The corresponding initial 
Reynolds number Re, based on the diameter of the first droplet and on the flow 
velocity, ranged from 130 to 600. The data reported here are limited to Re < 150, for 
which no deformation takes place. This limit is necessary because this work requires 
accurate drag coefficients for single droplets, and these are not available for 
deforming droplets. 

The results show that the second droplet can experience reductions in the drag 
coefficients as high as 50 % relative to its independent drag. This reduction occurs a t  
the smallest separation distances used and for droplets that are instantaneously 
aligned with the dividing streamline behind the first droplet. For other separations 
and distances from that streamline, drag reductions decrease. The decrease with 
distance from the dividing streamline is very rapid, becoming negligible a t  distances 
of the order of one droplet diameter. For a given distance to the dividing streamline, 
the drag reduction decreases slowly with the horizontal distance between thc 
droplets. A main result is that the drag-reduction curve appears to be well described 
by log normal distributions, whose maximum value depends on the initial horizontal 
separation. Further, by a suitable choice of parameters, the different distributions 
can be made to  collapse onto a single curve. These results can therefore be used to  
quantify the region behind the first droplet where significant interaction takes place. 
This drag-reduction region gives a good idea of the wake that is formed behind a 
droplet after the passage of a shock wave. This information may be useful in 
quantifying droplet interactions in a variety of situations. 
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FIGURE 1. Experimental facility : 1 pressurized air ; 2 droplet generator ; 3 axial illumination 
system ; 4 axial alignment system ; 5 transverse illumination system; 0 camera for transverse 
photographs ; 7 water supply; 8 pressure transducers. 

2. Experimental apparatus 
The experimental set-up is schematically shown in figure 1. It consists of a 

horizontal shock tube capable of producing controlled shock waves of weak strength, 
a droplet generator which produces parallel and coplanar streams of nearly equal- 
sized droplets, and optical set-ups that can be used to produce photographic records 
of the droplet pairs as they move in the flow. These main components as well as the 
electronic equipment associated with them are described below. Considerably more 
detailed descriptions of these components can be found elsewhere (Ecker 1985). 

2.1. Xhoclc tube 
The experiments were conducted in an existing horizontal shock tube that had been 
used in some of our previous work. Except for the modifications mentioned below, 
the main features of the tube are as described earlier (Temkin & Kim 1980). The 
modifications include a new test section, a more rigid structure supporting the tube, 
and a change in the driver section that permits the place of a stroboscopic lamp 
needed for visual observations of the droplets from the open end of the driven portion 
of the tube. A particularly important change for this work was a very careful 
alignment of the whole tube that ensures that it is levelled within 1' from the 
horizontal, and that its axis is aligned within 5 mm along its 5500 mm length. This 
high degree of accuracy is needed to ensure that the droplet pairs are falling on a 
plane that contains the axis of the tube. 

A typical pressure record during one experiment is shown in figure 2. It shows the 
rapid pressure rise associated with the arrival of the shock front, followed by a region 
in which the pressure changes slightly and then by a region of constant pressure. The 
small difference between these two regions, usually less than 3% of the maximum 
value of the pressure increase, is due to expansion waves that emanate from the ports 
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FIGURE 2. Typical pressure record. 

in the test-section window, where the droplets enter and leave that section. Their 
duration t’ as indicated in the figure, corresponding to the transit time of those 
waves. and is of the order of 2 ms. The total test time is of the order of 10 ms. 

2.2 Droplet-pair generator 

As in our past work with droplets, we used the well-known capillary instability of 
thin jets to produce droplets of controlled size and separation. However, because of 
the requirements for the present investigation, a ncw design had to be used. 
Basically, the work required that droplet pairs of nearly equal size be produced that 
in the absence of any flow could be allowed to  fall across the shock tube, along 
parallel trajectories. This simple requirement presented considerable difficulties, as 
explained below. 

The new droplet generator system is schematically shown in figure 3. Highly 
purified water?, produced separately, is placed in a 1 gallon container, which is then 
pressurized to a nominal pressure of 60 mm Hg. The water flowing out of the 
container passes through a 0.22 pm Millipore filter which provides additional filtering 
for suspended particulate matter that  may be present. It then passes through a 
micrometric needle valve. Although the valve produces very accurate control of the 
flow rate, its main purpose is to provide very steady flow rates, which are essential 
for the production of droplets (typical flow rates of the order of 2 4  cc/min). The 
water then enters a chamber in the generator where an acoustic disturbance, 
produced by a piezoelectric transducer is imposed on it before it exits the generator, 
in the form of two thin jets, through pinholes made by a laser in thin disks located 
a t  the bottom of the generator. If the frequency and amplitude of the disturbance are 
suitably chosen, the jets will break up into streams of equally sized droplets. 

The transducers used consist of thin piezoelectric disks bonded to stainless steel 
supporting plates, and mounted in the generator so that they can be forced to vibrate 
easily. In  earlier designs, the disturbance was introduced by means of a bimetal, 
cantilever-shaped, transducer immersed in the water, This immersion prevented it 
from vibrating easily. The current design provides a considerably more efficient 
transduction, and prevents corrosion of the metal plate supporting the ceramic 

t The water used in this research meets the specification I1 of the  College of American 
Pathologists, which requires that  the resistivity be greater than 2 MR - cm. Our water, produced 
by processing t a p  water through a Rarnstead D8922 type combination cartridge, had a resistivity 
of 10 MR-cm. One reason for using such a high degree of purity was to  eliminate variations of the 
surface-tension coefficient. 
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FIGITRE 3. Droplet generator : 1 main body ; 2 cap; 3 water inlet ; 4 acoustic chamber ; 5 double 
pinhole disk ; 6 brass holder ; 7 piezoelectric transducer; 8 brass contact plate. 

transducer. It also permits several transducer diameters to be used, which broadens 
the range of available excitation frequencies. 

In  order to produce droplet pairs, we initially designed and tested two different 
types of exit plates, one with parallel hypodermic needles, and one with pinholes. 
Although some success was obtained with parallel needles, that design was 
abandoned as the droplets produced with it were too large for our purposes. On the 
other hand, the double pinhole design proved capable of producing considerably 
smaller droplets, although it required considerable effort and ingenuity to  produce 
the required streams. The main difficulty was that the jets issuing from laser- 
produced pinholes were less coplanar and parallel than this experiment requires. 
Thus, for example, we required that the droplets deviated from a vertical plane by 
less that 5% of their diameter in the 15 mm travel distance across the test-section 
window. For a 300 pm droplet this meant a tolerance of 1 milliradian. When the 
pinholes were tested, i t  was observed that all of them produced streams exceeding 
thc required tolerances. A microscopic inspection of the pinholes’ inner surface, 
revealed the they were not cylindrical, as initially anticipated?. It was also observed 
that the water jets deviated by larger angles from the vertical when emerging 
through the side designated as ‘inlet ’ in figure 4. Further, small disturbances, such 
as a small change of the flow rate would often result in a different exit angle. We 
attributed this behaviour to the curvature of the pinhole’s exit profile. That is, as the 
water moves into the pinhole, a minimum jet diameter is formed near the throat of 
the pinhole, but necessarily separates from part of the internal contour as i t  emerges, 

t The cross-sectional profiles shown by the pinhole orifices are an inherent characteristic of laser- 
made orifices. They are produced by the focusing of the beam that is needed to make the 
perforations. 
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FIGURE 4. Cross-section through pinhole 

with the point of separation, and therefore the angle of attachment, not remaining 
stable. 

To improve the performance of the device, the exit cones of the pinholes were 
eliminated by grinding 64 pm off each surface. This eliminated the noted instabilities 
in two of our pinhole disks. Most of the experimental work was conducted with 
streams produced by these disks. They had pinhole diameters equal to 102.3 and 
92.1 pm, separated by distances of 410.2 and 1207.8 pm, respectively. The 102.3 pm 
diameter pinhole is referred to as the ‘first ’ pinhole in this work. The label ‘first ’ is 
used to denote the pinhole on the ‘upstream’ side, that is, droplets produced by this 
orifice arc exposed to the incoming flow earlier than those produced by the second. 
It is seen that the diameter of the first pinhole was about 10% larger than that of 
the second. This difference, as well as the location relative the flow, was intended to 
produce droplets pairs having nearly equal diameters, but with the slightly larger 
droplet exposed first to  the imposed transient flow. This requirement was imposed by 
a separate study of shock-induced collisions between nearly equal-sized droplet pairs, 
in which it was desirable to avoid collisions produced purely by size effects, such as 
might be produced if the smaller droplet were exposed to the incoming flow before 
the larger droplet. Of course, if needed, small-large droplet pairs could be used by 
simple rotation of the disk. We did not study such pairs. Figure 5 shows examples 
of parallel stream of droplets from one of the pinholes produced in the above manner. 
Table 1 gives the values of the frequencies, droplet diameters and other parameters 
corresponding to these streams. (The characteristics of the droplet streams used in 
our interaction experiments are given by Ecker 1985. They were obtained with an 
oscillator frequency in the vicinity of 2000 Hz, as this frequency band produced a 
high degree of stability during long periods of time.) The ratios s /D give the vertical 
distances between droplets in the respective streams. These quantities could be 
varied within a limited range, as demonstrated by figure 5 ,  but except for runs 3011 1 
and 30/12, they had similar values for both streams. Within each stream, the 
droplets have slightly different diameters and distances, but the differences are very 
small, as shown in Appendix A, where data on streams used in one of our interaction 
experiments are given. Because of this, we reduced the motion data using average 
values for a given stream. 
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FIGURE 5. Examples of droplet streams. 
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Test no. d,(pm) f(HZ) D(pm) s(pm) s / D  

30109 102.3 4350 219 670.1 3.1 
30109 92.1 4350 191 548.2 2.9 
30110 102.3 3750 237 848.5 3.6 
30110 92.1 3750 201 639.2 3.2 
301 11 102.3 3200 248 972.2 3.9 
301 11 92.1 3200 264 1446.7 5.5 
30112 102.3 2800 264 1172.2 4.4 
30112 92.1 2800 283 1780.1 6.3 
30113 102.3 2020 292 1585.6 5.4 
301 13 92.1 2020 252 1257.5 5.0 
30114 102.3 1880 301 1736.8 5.8 
301 14 92.1 1880 261 1396.4 5.4 
30115 102.3 1470 309 1878.7 6.1 
301 15 92.1 1470 265 1462.8 5.5 
301 16 102.3 1150 336 2415.8 7.2 
301 16 92.1 1150 291 1938.1 6.7 

TABLE 1. Characteristics of the droplet streams shown in figure 5 

2.3. Droplet illumination and photography 
Three types of schemes were used to provide illumination for droplet pair 
photography. All of them required controlled stroboscopic sources, which could be 
triggered when desired, delayed by stipulated times, accurate to within a 
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FIGURE 6. Electronic components for the illumination system. 
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microsecond, and producing a variable number of flashes as desired. Two of the 
illumination schemes involved optical beams perpendicular to the axis of the tube. 
The third involved a beam along the axis of the tube. The electronic components 
required for the three beams are shown in figure 6. The transverse arrangement is 
schematically shown in figure 7. It uses a Koehler-type illumination which provides 
a uniform beam in the test section whose intensity can be controlled by an iris 
diaphragm. Depending on the position of a mirror, the beam can be used to produce 
two types of illumination. In  one, the beam crosses the test section a t  an angle with 
respect to the plane upon which the droplets move. It is therefore suitable for 
scattered-light photography, of the type shown in figure 8. In  the second, the beam 
crosses the test section in a direction perpendicular to the axis of the tube. As such, 
it is suitable for back-lighted photography, such as shown in figure 5, or for obtaining 
shadowgraphs across the tube. The receiving optical system is the same for both 
illuminating systems. It consists of a 55 mm Macro Nikkor lens, bellows, and a 
35 mm Nikon camera. The lens is mounted on the bellows in its reverse position, in 
order to provide a suitable working distance to the droplets. Optical magnifications 
were carefully calibrated for the range of magnifications used. 

The purpose of the transverse system was to measure the diameter of the droplets, 
and to record on a negative the positions of the droplets as they moved in response 
to the incoming flow. The photographic negatives obtained are analysed with a 
Bausch & Lomb Contour Projector that  has an X-Y micrometric table with 2 pm 
divisions. The unit is used with a 1OX magnifying lens in the case of bright field 
illumination, and with a 50X magnifying lens for the examination of scattered-light, 
or dark-field illumination negatives. Because of the low intensity of the scattered 
light, and because of the 2-3 times magnifications used by the receiving transverse 
system, i t  was found necessary to use Kodak 2475 Recording film. This has a nominal 
speed of 1250 ASA, which proved to  be adequate for both scattered and direct 
illumination purposes. 

I 

I P  

T 
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FIGURE 7 .  Transverse illumination system. 

FIGURE 8. Example of scattered-light photography. 

The longitudinal system uses a stroboscopic lamp and a collimating lens installed 
a t  the end of the shock-tube driver section, as shown in figure 9. The system is 
completed by a receiving system located a t  the other end of the tube, or 550 cm 
away. The system could be tested prior to each run, to ensure that the optical axis 
and the axis of the tube coincided within one milliradian. This was accomplished by 

Iti PLM 202 
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FIGURE 9. Light source for axial system: 1 shock-tube driver section; 2 lens, 3 = 193 mm; 3 
Plexiglas housing ; 4 seals ; 5 strobe lamp ; 6 parabolic reflector. 

focusing the receiving lens system alternately on two carefully centred targets ; one 
in the test section, the other on the centre of the collimating lens in the driver section 
of the tube, located a t  about 350 cm from the centre of the test section. 

During most of this study, the receiving system consisted of a 200 mm Leitz lens 
and an enlarging microscope. The arrangement enabled us to look at droplets from 
a distance equal to about 10000 droplet diameters away, for the purpose of aligning 
the droplet streams. In  the last portion of the study, a Questar QM-1 lens was 
acquired, and this simplified the axial alignment considerably. Figure 10 includes 
two photographs, taken with the Questar lens, showing both axially misaligned and 
aligned droplet streams falling through the test section. Observation of the two 
droplet streams from the end of the stock tube thus enabled us to ensure that the 
droplets were on the same plane, and that this plane was parallel to the axis of the 
tube. 

2.4 Flash triggering and timing 

Because of the basic nature of the data gathered in this investigation - horizontal 
and vertical displacement of the droplets as a function of time - the ability to trigger 
a required number of flashes, starting a t  a precisely determined instant, and at  
accurately known intervals, is of paramount importance. These requirements were 
met with the electronic components shown in figure 1.  The sequence of events 
triggering the flashes begins when the shock wave passes over the first pressure 
transducer, 8. The signal from this transducer is used to trigger the digital 
oscilloscope. The flash triggering system is activated when the shock reaches the 
second pressure transducer. This is located 75.5 mm upstream of the axis of the 
droplet port, and produces a signal which is first amplified, and then delayed by a 
suitable amount in a delay generator, so that the first flash occurs just prior to the 
arrival of the shock to  the first droplet stream. 

After being delayed, the triggering signal is fed into a pulse generator (Hewlett 
Packard Model 8011A), capable of generating a preset number of pulses having a 
preset interval between them. The pulses are then sent to one of the two stroboscopes 
used. Almost simultaneously with the production of each desired flash, the selected 
stroboscope produces a signal that is sent to  the digital oscilloscope. Figure 11 shows 
a typical trace of the two-channel oscilloscope. Channel A shows the pressure 
variations a t  the location of the first transducer, from a time prior to  the arrival there 
of the shock wave. Channel B shows two different signals. The first, shown as a rapid 
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FIGURE 10. Axial photographs of droplet streams: (a)  misaligned streams; ( b )  aligned streams. 

FIQVRE 11.  Oscilloscope trace showing pressure record (Channel A) and flashing intervals 
(Channel B). 
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change of negative polarity, is the output of the second pressure transducer, located 
75.5 mm upstream of the droplet ports. The second is the external output of the 
stroboscope, which has been delayed by a certain amount. This second signal is 
shown as a sequence of positive peaks; the first one occurring sometime after the 
arrival of the negative polarity pulse. 

The system was also carefully tested to verify that the stroboscopic lamp produced 
the desired number of flashes, and that the flashing interval was as selected. This 
tests are important because of the finite amount of time required to recharge the 
lamp’s capacitors. In  fact, as shown in the dark-field photographs, the first flash is 
always the most intense, the second the weakest, with the rest having uniform 
intensity. Also, as implied in figure 11, the time intervals between the first and second 
flashes, At,,, is different from the subsequent intervals, the difference being about 
12 ps. This difference is of some help in identifying droplet streams in photographs 
such as those shown in figure 8. As described in the next sections, such photographs 
contain the basic data needed for this investigation. 

3. Identification of interaction mechanism 
Although our earlier (Temkin 1970) experiments clearly indicated that droplet 

pairs must strongly interact in some manner, that  manner was not apparent prior 
to the initiation of this experiment. Thus, we did not know a priori what 
measurements, if any, could be made that would show the interaction, nor did we 
known how to quantify it. It was, however, evident that if we could follow the 
motion of a droplet in a given pair during an experiment, the interaction might affect 
its motion relative to  its non-interacting state. We therefore determined that droplet 
trajectories, as revealed by instantaneous positions would be needed. 

These positions were obtained from dark-field photographs, of the type shown in 
figure 8, where they are represented by the bright dots on the negatives. These bright 
dots are due to light scattered by the droplets, and their location relative to the 
centre of a given droplet does not change during the tests, a t  least for non-deforming 
droplets such as those used in obtaining the data reported in this article. (For 
deforming, but not breaking, droplets, these dots oscillate in time with a period that 
is considerable smaller than the time of observation. They therefore represent 
average values.) 

To give an idea of the trajectories followed by droplet pairs, we show in figure 12, 
a positive print made from a dark-field photograph, for a case when the imposed flow 
velocity was large enough to  induce the collisions referred to  in the introduction. The 
photograph shows the trajectories followed by two pairs, with one of them colliding 
after some time. A black circle has been added a t  the initial positions of the four 
droplets involved, to  give an idea of the size of the droplets, relative to the spots. It 
should be noted that the trajectories do not always coincide with those that a casual 
glance might indicate. These visually presumed trajectories may be an optical 
illusion. Actual trajectories can only be drawn by properly identifying a t  different 
times a given droplet. This most important requirement to this research was satisfied 
by applying the following rules to every experiment : the first flash is the strongest. 
This enables us to identify the streams initially ; the second flash is the weakest. This 
enables us to identify the next position, after t , ,  of any droplet in the stream; dots 
that appear at t ,  between the initial positions of the first and second streams can only 
belong to droplets in the first stream ; the vertical velocity of the droplets remains 
nearly constant during the experiments, and can be estimated from the frequency of 
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FIQURE 12. Scattered-light photograph showing trajectories of two droplet pairs. 

the droplet generator and the vertical spacing ; the vertical spacing between any two 
droplets, although slightly different for any two consecutive droplets, remains 
constant ; finally, the droplets in the ‘first ’ stream remain vertically aligned, while 
those in the second do not (and the reason for this is the interaction between the two 
droplets which is reported here). 

Evidence for the last statement is given in figure 13, which shows two photographs 
of two droplet streams. In (a ) ,  there is no imposed flow field, so that the droplets are 
simply falling across the shock tube. In ( b ) ,  taken 6.5 ms after the passage of the 
shock front, both streams have moved in the direction of the flow. However, we can 
clearly see that the first stream remains vertically aligned, but that the second 
stream has lost its initial alignment. Incidentally, droplet collisions induced in this 
manner are observed to occur even a t  these small velocities, but at  later times, or a t  
earlier times with larger imposed velocities, and figure 14 shows examples of such 
collisions. 

A different manner of illustrating the interaction between the droplets in a given 
pair is by plotting the motion of the droplet in the second stream, relative to the 
droplet in the first, that is, in a frame of reference in which the first droplet is at rest. 
Because the droplets in the second stream are smaller that those in the first stream, 
their falling velocity is smaller. Therefore, relative to the first stream, the droplets in 
the second stream are moving upward, as shown in figure 15. We show two of the 
cases we have observed. In case (a) ,  referred to as trapped, the second droplet moves 
up and directly into the first droplet. This is the colliding case shown in figure 14. In 
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FIGURE 13. Non-deforming droplet streams before and during an experiment. (n) Streams before 
passage of shock wave. ( b )  Streams 6.53 ms after passage of wave. Re = 140; We = 0.14. 

case (b ) ,  referred as escaped, the second droplet starts below the first, and ends above 
it, while its horizontal distance is not greatly changed. This case is the non-colliding- 
trajectory case shown in figure 13. A third case, called retarded, was also observed in 
which the second droplet is somewhat affected by the first, although not as 
drastically as in case (a) .  In  the case shown, the second droplet was initially well 
below the wake, and had gained a sufficiently high momentum which enabled it to 
cross the wake with only a slight retardation. 

On the basis of such results, it becomes obvious that the reason for the strong 
interactions observed earlier was a wake formed behind the first droplet. The 
situation is schematically shown in figure 16, which shows conceptual wakes as 
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FIGURE 14. Example of droplet collisions at  Re = 380. 
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FIGURE 15. Motion of second droplet relative to first. (a )  Capture, ( b )  escape. LTr is flow velocity 
relative to first droplet. 
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FIGURE 16. Idealized wakes behind droplets in first stream. 

shaded regions behind the droplets in the first stream. These regions are drawn with 
an angle to the horizontal, indicating the direction of the flow relative to the droplet. 
In terms of this idealized picture, the interaction between droplet pairs is due to 
an interaction between the second droplet and the wake behind the first. This 
interaction must clearly result in a decrease of the drag forces on the second droplet, 
relative to their value for a single droplet in the same flow. It therefore became 
evident that one manner of quantifying the interaction was to measure fluid forces 
acting on the droplets, that is, measure drag coefficients. We further concluded that 
the drag decreases may be used to quantify the regions of interaction, e.g. the wakes 
behind the first droplet. Measurements of drag coefficients for the three cases 
mentioned earlier, made with the procedures outlined below, are shown in figures 17 
and 18. Figure 17 shows the variations with time of the drag coefficient for the first 
droplet in the pair. Figure 18 shows the same results for the second droplet. Each 
figure also shows, for comparison, the steady drag. Consider the drag on the first 
droplet. Figure 17 clearly shows that its value for all three cases is larger than the 
steady drag. These trends are the same as for a single droplet in a similar flow field 
(Temkin & Kim 1980). Furthermore, the drag on the first droplet has approximately 
the same value, regardless of what happens to  the second droplet. This is in contrast 
to the drag on the second droplet, whose value strongly depends on the interaction. 
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FIGURE 17. Drag coefficient of first droplet va. time: -.- , ‘escape ’ ; -, collision ; - - -, 
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FIQURE 18. Drag coefficient of second droplet vs. time: -.- , ’escape’; -, collision; ---, 

‘retarded’; -..- , steady drag. 

4. Data reduction and analysis 
Because our experiments were performed with double droplet streams, photo- 

graphic records of the motion of at  least 200 droplet pairs were obtained. To 
provide data for a single pair that is useful for analysis, an average of about 40 (x, y) 
positions have to be carefully selected and measured by eye from dark-field 
negatives, of the type shown in figure 8, using a high magnification projector as 
described earlier. We deemed it unnecessary to reduce the data for every pair 
available. Instead, we selected an average of 4-5 pairs per experiment, giving a total 
of 64 droplet pairs for which the data were reduced. Seven pairs out of these 64 
produced data that had to be discarded because they had very large estimated errors. 
Basic information on the remaining 57 pairs is given in table 2 .  In this table, U, 
represents the air velocity behind the shock front, D,, is the average droplet diameter 
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Number 
[-'o(m/s) U a v ( F )  Rernax We,,, of pairs 

7.2 275 135 0.15 32 
12.1 278 227 0.37 3 
17.3 265 307 0.71 4 
21.7 276 408 1.20 4 
27.1 268 496 1.81 4 
31.2 268 578 2.48 10 

TABLE 2. Basic characteristics of 57 pairs of droplets 

in the pair. This average is used to define the Reynolds and Weber numbers, as 
follows : 

PD," We = -. 
2a 

I n  these equations, p and p are the density and viscosity of the air around the 
droplet, and a is the surface-tension coefficient for the liquid-air interface. The 
quantity U,. in these definitions is the magnitude of relative velocity U, between 
fluid, Uf and droplet, Up.  That is, 

u, = lUrl = IU,- Up]. 

u,. = [( u, - UP)Z + (?If - wp)"3", 

(3) 

For planar motion, such as that taking place in these experiments, U,. is given by 

(4) 

where up and up are the horizontal and vertical components of the droplet velocity, 
and vf is the vertical fluid velocity a t  the location of the droplet, a quantity that will 
be discussed later. Thus, the maximum relative velocity occurs immediately after the 
passage of the shock front, when Up has a negligible component along the direction 
of the flow. It is this maximum velocity that was used in computing the maximum 
Reynolds and Weber numbers listed in the table. 

As table 2 indicates, the bulk of the data refers to droplet pairs having a maximum 
Weber number of 0.15. We chose this maximum value for most of our experiments 
because droplet deformation due to the imposed flow is then negligible. The data 
reported here are limited to these 32 non-deforming droplet pairs. The remaining 25 
droplet pairs include deformation effects in varying amounts, but not resulting in 
breakup. Such data have been used by us to obtain drag coefficient information for 
deforming droplets. Those results are available in Ecker (1985), and will be reported 
in the future. 

Let us now return to the question of trajectories. Once a droplet pair has been 
identified, the positions of both droplets in the pair are obtained a t  several instants 
by direct measurements of the bright spots on the dark-field negatives, using 
carefully obtained calibrations for the overall optical magnification. As implied 
earlier, the droplets move in a plane parallel to the axis of the tube, so that the 
displacement vector of the droplets has only two components. We shall use two 
coordinate systems to describe the motion. In  the first, we take the X-axis to be 
aligned with the direction of the incoming flow, as shown in figure 19. We have fitted 
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I 

FIGURE 19. Laboratory system of coordinates. 

Lift 

c X 
----0 

FIGURE 20. Rotated coordinate system fixed on first droplet. 

these displacements with time polynomials of orders 3, 4, and 5 ,  and determined the 
estimated errors produced by each. (For details and tabular comparisons, see Ecker 
1985.) For the case of the non-deforming droplets reported here, we have determined 
that fourth-order polynomials in time produce the most accurate drag results. Thus, 
the horizontal and vertical displacements for a given droplet are given by expressions 
of the form 

(5) 

(6) 

wherc the coefficients a,  and b, are chosen so as to  minimize the error of the fit. 
Standard deviations for the displacement polynomials are also given by Ecker for 
each experiment. We also fitted out data with polynomials of degrees 3 and 5 and, 
as explained later, used these fits to ascertain the accuracy of the drag data evaluated 
with fourth-order polynomials. 

Because the relative velocity vector is generally not aligned with the direction of 
the incoming flow, it is also convenient to  use the coordinate system x,y shown in 
figure 20. This system is obtained from the first by rotation through an angle a, given 

X ,  = a,+ a, t +  a, t2 +a3t3 +a, t4, 

Yp = b, + b, t + b, t,+ b, t 3  + b, t4, 

V r - V  
t a n a  = 

uo - UP' 
(7) 

This angle remains nearly constant during each experiment. 
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FIGURE 21 (a. b ) .  For caption see facing page. 

In figure 12, we showed some trajectories of droplet pairs in a laboratory frame of 
reference. It is convenient to plot the trajectories of the second droplet with respect 
to the first, using as horizontal axis the instantaneous direction of the relative 
velocity vector. Figure 21 ( a d )  shows several such trajectories for a wide range of 
x /D.  The remaining trajectories tend to overlap those shown in the figure. The 
instantaneous direction of the wake is given by those points having y / D  = 0. In most 
of the trajectories shown, the second droplet starts somewhere below the axis, and 
terminates its motions a t  different locations which depend on a variety of factors 
such as initial location and vertical momentum. In one or two cases, the range of 
y / D  exceeded those given in the figure. In  such cases, the second droplet interacted 
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FIGURE 21. Trajectories of second droplet relative to  first (a )  1.5 < x / D  < 2.6; ( b )  2.8 < x / D  < 3.8; 
(c) 4 < x / D  < 5.3; (d )  5.5 < x / D  < 10.5. 

with its main companion in the initial pair, and with the droplet above i t ;  this will 
be considered later. It should also be added that, as may be expected, the effects of 
the interactions are more pronounced at  low values of x / D  (figure 21 a ,  b)  than at 
larger values. 

Consider now the forces on the droplets. The equation of motion for each is 

d U  
dt 

m 2 = Ff+Fb, 

where mp is the mass of a droplet, Up is its velocity, and Ff and Fb are, respectively, 
the fluid and body forces acting on it. As gravity is the only body force acting on the 
droplets, we have Fb = mfi .  The fluid forces are usually expressed in terms of a drag 
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coefficient C,. This can be easily expressed in terms of quantities referred to the 
rotated system of coordinates, because the drag acts on the direction of U,. Thus 

F, = QC,nD2plUf- UJU,-e,  (9) 

where ex is a unity vector along the x-axis. In  an experiment of this type, where the 
imposed flow filed does not reverse direction, e, always points in the direction of 
U,. Thus, 

F, = i C d z D 2 p q .  (10) 

Taking the dot product of (8) with a unit vector along the direction of the relative 
velocity vector, we obtain 

C - -2-(a,+gsina),  4P D 
d - 3 p q  

where a, = e x .  (dUJdt). However, because our displacement measurements are 
along the unrotated axis, X, Y ,  it  is convenient to write C, in terms of the acceleration 
components along those axis. Thus, 

Similarly, the lift coefficient, C,, is givcri by 

The acceleration components appearing on the right-hand side of these equations are 
obtained from the displacement polynomials given earlier. As these equations show, 
the angle 01 and the relative velocity U,. are needed to obtain C,. Both quantities 
require the two components of the fluid and droplet velocities. The two components 
of the droplet velocity may be obtained from the displacement polynomials, and 
U,,, the convective horizontal velocity behind the shock front, may be determined 
from pressure measurements in conjunction with the shock equations. The remaining 
component, w,, requires some assumptions, as it cannot be evaluated experimentally. 

4.1 Vertical component of fluid velocity 
We have defined U, as the velocity that the fluid would have a t  the location of the 
droplet in the absence of the droplet. Thus, if we had a single droplet falling in a gas 
under the effects of gravity, that  velocity component would be zero. In the present 
experiments, however, the vertical velocity a t  the location of any given droplet 
would not be zero because previous droplets in the stream may have passed that 
location, inducing a vertical velocity component. I n  our previous work (Temkin & 
Kim 1980), which dealt with single streams, the problem was resolved as follows. 
First, we argued that for the conditions of those experiments, the droplets would not 
be subject to lifting forces. That is, we assumed that a single droplet moving under 
the effects of the imposed flow would be exposed to nearly equal pressures on both 
its upper and lower surfaces, thereby producing no lift. This assumption then enabled 
us to obtain v, from the vertical component of the droplet's equation of motion. 

To ascertain the implications of that assumption, we have re-evaluated Kim's 
(1977) drag-coefficient data, using, in addition to the zero lift, two other methods to 
evaluate v,, each based on different assumptions. Both of these methods used fourth- 
order polynomials, instead of the third-order used in the earlier work. In  one of the 
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vf = 0 and 
c, = 0 boundary layer 

Exp. D U, 

2093 87 9.9 40 0.94 2.39 44 0.14 2.14 
2064 87 13.5 51 0.79 1.94 54 0.10 1.87 
3312 133 6.4 47 0.79 2.52 51 0.15 2.22 
4382 256 6.3 109 0.23 1.20 114 0.07 1.14 

TABLE 3. Kim’s (1977) data with We < 0.15. Comparison’s between methods of analysis 

no. (Fm) (m/s) Re vf C, Re ‘I,/‘, ‘d 

methods, we simply assumed that vf is zero. The other method was based on an 
analysis of a boundary layer produced by a continuous circular jet. This continuous, 
infinite jet is merely intended as a model of the droplet stream (for details of this 
calculation see Ecker 1985). The results of these comparisons were subdivided into 
two groups: Group A with Re > 30; and B with Re < 30. Table 3 shows some data 
from Group A, as Group B is not relevant to the data reported here. As the table 
indicates, the boundary-layer method and the zero-vertical-velocity method 
basically yield almost the same drag-coefficient results for this group. The small 
differences are in fact comparable with the estimated errors in measuring C,. (For 
Group B, containing data for Re < 30, the boundary-layer method produces results 
that are somewhere in the middle of the other two methods.) 

On the basis of this comparison, we have selected the second method for our 
computations. That is, we have assumed that the vertical fluid velocity is zero. This 
assumption results in similar errors to the other methods, and has the advantage over 
them of not forcing the lift to vanish. This is important to the present experiments 
where one droplet is moving in the vicinity of the wake produced by the other, a 
situation where there may be considerable lift. 

4.2. Drag measurements 

One by-product of this comparison is that a method was developed to estimate the 
accuracy of the second derivatives of the displacement polynomials. In effect what 
was done for each experiment was to compute drag coefficients using polynomials of 
order 3, 4 and 5 .  Data were deemed to be inaccurate if the order-4 polynomials 
yielded results that did not agree to better that 5 % with either the order-3 or order- 
5 polynomials. Of the 32 no-deformation pairs, 26 satisfied this requirement. As 
anticipated, even in the acceptable cases, there are points having estimated errors 
larger than 5 %, and these are found during the initial or final times. The reason for 
this is that those points are associated with the extreme points in the displacement 
polynomials. Thus, typically, the first and last 5-6 points of a given experimental run 
had excessive errors and were therefore discarded. (An example of the interpolated 
and derived data is shown in Appendix B.) 

Now, consider either one of the droplets in a pair. In  the absence of any interaction 
effects, the drag force acting on it would be given by 

F, = QC,, n D z p q ,  (14) 

where the symbol C,, is meant to represent the drag in the absence of other droplets. 
As a result of the interaction, the drag force is changed to some other value, say ff, 
and we have argued that the changes are due to a wake region, that is, to a change 
in U,, relative to the unbounded value. Because the relative velocity in this wake 
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region cannot be measured in our experiments, we quantify the wake by defining an 
effective drag coefficient, C,,, such that 

ff = QCdenD2pq. (15) 

To quantify the interaction, we use the following non-dimensional function : 

Now, a measurement of the effective drag, alone, cannot quantify the wake. Other 
variables play an important role, such as the Reynolds number, the location of the 
second droplet relative to  the first, and the unsteadiness of the flow. For the following 
reasons, we have ignored the variations of the Reynolds number, and have 
disregarded the effects of flow unsteadiness on the drag coefficient of an isolated 
droplet. 

The Reynolds number was based on the incoming free-stream velocity and on an 
average diameter for a droplet pair. For the non-deforming droplets under 
consideration, it had a maximum value which was about 135 for all of these pairs. 
Typically, during an experiment it would decrease by less than 10 %. Although this 
is not negligible, it is relatively small so we may regard the Reynolds number as a 
constant during each experiment. Because of this, we decided to use steady drag data 
for C,, even though, for the conditions of our experiments, the drag is larger than 
the steady drag (Temkin & Kim 1980). The effect of scaling the data with the steady 
drag rather than with the unsteady, is to underestimate drag changes. However, in 
the Reynolds-number region of interest to  these experiments, the differences between 
steady and unsteady drag are small. 

As may be expected, the most important parameter in determining drag changes 
is the instantaneous location of the second droplet, relative to the first. This location 
changes during an experiment, in a manner that varies significantly from pair to pair 
as shown earlier. The changes in drag coefficients are clearest for those cases where 
the horizontal separation between first and second droplets did not change 
significantly during the experiment. Figure 22 shows such a case [Experiment 37/s8/ 
p4]. As the figure shows, the second droplet begins to feel the effects of the wake of 
the first a t  a vertical distance that is of the order of one droplet diameter. As the 
droplet continues its upward motion, the fluid forces on it continue to  decrease until 
a minimum is reached in the vicinity of y/D = 0, the axis of the wake. Beyond that 
point, the drag on the second droplet increases, and achieves its ‘free stream ’ value 
at a vertical distance that is also of the order of one droplet diameter. 

Several points can be made on the basis of this figure. First, and as already 
indicated, the interaction is due to the wake behind the first droplet. Second, a t  least 
for this horizontal separation, the first droplet is not felt by the second a t  vertical 
distances larger than about one diameter. Third, the changes in drag are very 
significant for vertical distances smaller than about one droplet radius. Fourth, the 
drag changes on the first droplet in the pair are small throughout the experiment. 
They are, in fact, slightly smaller than the maximum error allowed. We shall 
therefore neglect them and concentrate on the data for the second droplet in the 
pair. 

In  some cases, as mentioned earlier, the second droplet interacts with two 
consecutive droplets in the first stream during an experiment (such secondary 
interactions are indeed likely to occur in every experiment, but they occur outside 
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FIGVRE 23. Second droplet interaction with two consecutive droplets in first stream. 

the observation region). These secondary interactions occur when the second droplet 
penetrates the wake of a second droplet in the first stream, that is, when its vertical 
distance from the axis of the first droplet exceeds 3-5 droplet diameters. In such 
cases, the drag-reduction curve for the corresponding trajectory may show two 
regions with significant decreases, as indicated in the cases shown in figure 23. In 
what follows, we concentrate on vertical distances smaller than 2 diameters. 
Secondary interactions are not detected at such distances. 

Figure 24 shows the drag changes on the second droplet for all of our small-error 
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pairs. While bell-shaped profiles for the drag changes are apparent, the figure is 
slightly misleading because it shows all of the data. That is, it combines data from 
droplets a t  &Berent horizontal distances from the first. The fact that a trend can be 
discerned in the graph is simply an indication that drag changes along the horizontal 
are comparatively slow in the range observed. This is, whereas along the vertical the 
quantity g(C,)changes from 0 to about 0.5 in less than one diameter, it takes more 
than 10 diameters to change i t  by a comparable amount along the horizontal. This 
is shown in figure 25, which displays the changes of -g(C,) with non-dimensional 
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horizontal distance for those data having y / D  = 0. The solid line in the figure is a 
least-square fit to the data, and it is given by 

-go(cd)  = A e-B(z’D) ,  (17)  

where A = 0.595 and B = 0.145. 
Because of this relatively weak dependence on the horizontal distances, we may 

divide the data into groups having horizontal separations that are only roughly 
equal, and plot for each the variations of g(C,)as a function of y /D.  Figure 26 shows 
four such groups, covering the ranges of x /D  between 2.25 and 9. While there is 
considerable scatter, particularly for the group having the largest values of x /D,  
where the error is larger, the curves show the trends rather clearly. Thus, the highest 
drag decreases as found closest to the first droplet in a narrow region near y / D  = 0. 
As we move away from the first droplet, the region where changes occur widens 
around y / D  = 0, but the changes decrease in magnitude, as might be expected of a 
wake. For a given value of x ,  the drag reduction depends on y as exp [ -C(y /D)2] ,  
where C = 2.253. Thus, 

g(C,) = go(Cd) e-c(~’D)2. (18) 

The standard deviations for A ,  B and C are 0.047,0.022, and 0.149, respectively. The 
trends may be collapsed into a single pattern, by scaling the values of g(C,) with 
those occurring at y / D  = 0. Thus, 

where g,(C,) is given by (17) .  The results of the scaling are shown in figure 27. This 
figure includes more than 300 data points. 

We may use the above fit for the drag-reduction data to get an idea of the average 
velocity profiles in the wake. We do this by defining an effective relative velocity in 
a manner similar to that used earlier to define an effective drag coefficient. Thus, if 
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FIGURE 27. Scaled drag-reduction data : G(C,) = -g(Cd)/g,,(Cd). 

Ur, is a measure of the effective relative velocity, we may write C,, 
on using ( l6) ,  

= C,, qe or, 

(20) 
ure - = [1 +g(C,)]i. 
u r  

Reference to (18) shows that the velocity ratio approaches unity as either x or y are 
increased. Equations (18)-(20) can also be used to get an idea of the size of the region 
where the first droplet has an influence on the second droplet. Thus, if we define that 
region as being that where the velocity ratio is not larger than 0.97, then the surface 
of influence is limited by a paraboloid of revolution given by 

where B(= 0.145) and G( = 2.253) are the fit coefficients given earlier. As this 
equation shows, the region of influence extends to more than 15 diameters in the 
axial direction. 

On the basis of these results we may envision each of the droplets as endowed with 
such a region of influence, as shown in figure 16 for the droplets in the first stream, 
except that the length is finite. Droplets in the second stream are also followed by 
such regions, but these are not drawn in the figure. 

5. Conclusions 
We have considered the interaction between two droplets in a shock-wave flow 

field. One of the main conclusions arrived on the basis of this study is that the 
upstream droplet is not significantly affected by the interaction, and that the most 
significant effect on the downstream droplet is due to a narrow paraboloid wake 
which is formed in the lee side of the upstream droplet. Roughly speaking, this 
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paraboloid has a width of one droplet diameter and a length of 15 diameters. Other 
droplets penetrating this region are exposed to reducted imposed velocities, resulting 
in reduced drag forces. The drag reduction experienced by the downstream droplet 
appears to be well described by a normal distribution. 

An important question not answered by these experiments is how does the 
interaction region depend on the Reynolds number. It is clear, however, that the 
interaction ought to exist so long as a wake is formed: and this will occur so long as 
the Reynolds number is larger than 10-20. Also, on physical grounds we expect that 
the length of the region of interaction decreases with the Reynolds number, although 
we are unable to quantify the decrease. Nevertheless, to the extent that the renges 
of our parameters apply to other situations, we may model droplet interactions in 
clouds by endowing the lee side of each droplet in the cloud with a cigar-shaped wake 
that is aligned with the direction of the local velocity relative to each droplet. 
Outside these wakes, the fluid velocity corresponds to that in the free stream. 
Although this model of the interaction region is crude in comparison to the real 
velocity distribution in the wake of the upstream droplets, it nevertheless provides 
a basis for the study of multiparticle systems in finite-Reynolds-number flows. 

This research was supported in part by a grant from the Victor and Erna 
Hasselblad Foundation. 

Appendix A. Droplet diameters and separations in pm for experiment 
37/s10. 

First stream Second stream 

DhO, Dyer 

282.4 288.0 
279.9 279.9 
280.4 287.0 
280.4 284.5 

280.8 284.7 
1 . 1  3.8 

1205.0 
1168.9 
1280.7 
1208.5 

1215.8 
27.4 

- - 

- 

Dh,, D”,, 
265.2 265.2 
266.2 266.2 
260.1 263.1 
266.2 265.2 
267.2 259.6 
264.8 264.6 

2.6 2.9 
11  10.0 
1139.4 
1153.2 
1142.0 
1113.5 
1190.3 

31.6 
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