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ADAPTATION OF A CASCADE IMPACTOR TO FLIGHT MEASURFMENT
OF DROPIET SIZE IN CLOUDS

By Joseph Levine and Kenneth 8. Kleinknecht

SUMMARY .

A cascade impactor, an instrument for obtaining the slze distribu-
tion of droplets borne in a low-velocity air stream, was adapted for
flight cloud droplet-size studies. The air containing the droplets was
slowed down from f£flight speed by a diffuser to the inlet-ailr veloeity

of the impactor.

The droplets that enter the impactor impinge on four slides coated
with magnesivm oxide. ZEach slide catches a different size range. The
relation between the size of droplet impressions and the droplet size
was evaluated. so that the droplet-size distributions may be found from
these slides. The magnesium oxide coating provides & permanent record
of the droplet impression that is not affected.by droplet evaporation
after the droplets have impinged.

INTRODUCTION

Accurate measurements of droplet-size distribution and liquid-
water content are necessary for a more detailed knowledge of heat
requirements in de-icing equipment for alrcraft operation in leing con-
ditlons. In the field of icing research, the rotating multicylinder
method (references 1 and 2) has been almost exclusively applied to
droplet-size measurement 1ln icing clouds,-except for variations based
on the same Pundamental principle.” As a method of evaluating the rela-
tive severity of iclng, the rotating multicylinder method is quite ade-
quate because a cylinder collects ice in gbout the same way that an
airfoll leading edge collects. it. As a means of determining average
droplet. size and droplet-size distribution in icing clouds, the accuracy
of the rotating multicylinder method is questionable because no inde~
pendent check has been made of the method. Furthermore, the procedure
for determining droplet-size distribution is somewhat rough and subjec-

* tive because it involves fitting the observed data to one of several

theoretical curves which lie gquite close together.
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An instrument that could measure droplet-size distribution and
liquid-water content under all conditions and with greater accuracy than
the multicylinder method would both improve the data available to
degigners of de-icing equipment and make basic information availlable to
meteorologists concerning the. physics of clouds. A cascade impactor,
slmilar to one described in reference- 3, has been successfully adapted .
at the NACA Lewis laboratory for use in an airplane traveling at a speed
in the neighborhood of 100 miles per hour. . The adaptation comsists in
building a diffuser around the cascade impactor to slow down the air
from flight speed to that of the air entering the impactor inlet.

The cascade impactor, like the rotating multlcylinder, relies on
inertia to separate droplets from the alr stream according to size, but
the method of obteining droplet-size distributions from the 1mpactor is
nmore direct. The droplets are caught on slides in the impactor and may
be observed directly in a microscope. A magnesium oxlde coating on the
slides 1B used to obtain permanent impressions of the collected droplets
(references 3 and 4). Evaporation of the droplets is therefore permis-
sible. TIn its adapted Pform, the cascade impactor is a simple instrument
for evaluating cloud droplet-size distribution and liquid-water content.

APPARATUS

Cascade impactor. - A cross section of the casgcade impactor is
shown in Tigure 1. 1t consisted of four stages labeled A, B, C, and D.
Air wes drawn through the inteke by mainteining an exhaust pressure less
than one-half the intake pressure. At each magnesium oxlde coated
slide, a $0° turn in the air flow occurred. The jet air velocities
directed at the slides increased as the air traveled from A to D. At
stage A, only the largest droplets had sufficient inertia to impinge on
the slide. The slides opposite Jets B, C, and D in turn caught droplets
of smaller and smaller average droplet alze because the jet air veloci-
ties increased from A to D; that is, the impactor resolved the droplet-
size spectrum in the alr stream into four narrow droplet-slze ranges on
the slides. If the droplet-size distribution in the air entering the
impactor was narrow, the droplets would be caught principally in one or
two stages. If moest of the droplets were large, they would be caught
principally on the slides of Jets A and B. Similarly, if small droplets
were prevalent, slides of the C and D Jets would catch most of the drop-
lets. The impactor could therefdre be used to measure the average drop-
let size and the breadth of the droplet-size distribution in sprays from
nozgzles and in eclouds. ’

Flight installation. - The diffuser (fig. 2) is employed to reduce
the incoming alrspeed from flight speed to that of the air entering the
impactor inlet. The streamlines of the air flow entering the impsctor
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are practically straight so that impingement of droplets on the impactor
inlet wall on account of streamline curvature is reduced to & minimum.
Attached to the straight section of the diffuser is a hollow strut
through which the impactor may be Inserted. The diffuser inlet consists
of a short straight section 2 inches long and 1 by 1 inch in cross sec-
tion. The diffuser outlet opening can be varied by two adjustable flaps
to control the inlet-air velocity. The outlet opening is adjusted to
provide an inlet-air velocity equal to the flight veloclty. This
adjustment provides straight flow and prevents the inertia separation of
droplets that occurs in the presence of curved streamlines. The 4if-
fuser was mounted on the bottom of the fuselage of an alrplane so that
the impactor can be inserted through a hole in the bottom of the fuse-
lage in flight. The arrangement of the impactor mounting in the strut
is such as to seal off the diffuser from the interior of the plane.

This arrangement was found necessary 1n order to prevent modification of
the flow in the diffuser by leakage of air from the diffuser into the
cabin of the plane, because the static pressure in the diffuser 1s
greater than the cabin pressure in flight.

For f£light-use of the impactor, a vacuum system of 4-cubic-feet-
per-minute capacity was mounted in the airplane (fig. 3). A normally
closed solenoid valve was placed in the line between the impactor and
the vacuum system; two small surge tanks with a total wvolume of about
1/2 cubic foot were placed in the line between the valve and the vacuum
system. The apparatus was so arranged that the impactor could be
loaded with slides from the interior of the alrplane and consequently
more than one exposure could be made during a flight.

PROCEDURE

Preparation of slides. - Because water and the liquids in sprays
are generally volatile, a method for cbtaining permanent impressions of
the droplets impinging on & slide had to be found. A technique involv-
ing the use of slides with a magnesium oxide coeting, thin compared with
droplet diameter, was found satisfactory. Magnesium oxlde coated
slides were prepared by burning strips of megnesium approximately 1 inch
long under slides that had been cleaned with potassium dichromate -
sulfuric acid solution and washed finally with detergent - distilled
water salution. The coated slides, when exposed 1n the impactor and
then examined in a microscope with bright-field illumination and a mag-
nification of 100 or 200, show the droplet impressions to be circular
with reletively dark central spots and narrow bright rings surrounding
each of them (fig. 4).

This magnesium-oxide-coated slide technique differs in detail from
the method and the results described in references 3 and 4. In the
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technique of references 3 and 4, the magnesium oxide coating of the

slide is made approximately as thick as the impinging droplets. The
droplet jmpressions in this case appear as round bright spots or holes
in the megnesium oxide costing. ) - T ’

The . thinner coating used in. the method of this report gives the
results described earlier.and represents an improvement over the method
of references 3 and 4 in that droplets as small as 4 microns leave
recognizable impressions as compared with a lower limit of 10 microns in
the method of reference 4. In the study of clouds, the detection of
droplets less than 10 microns in dlameter is Important.

Physical nature of droplet impresgions. - The difference between
the droplet impressions obtained by lmpingement on relatlvely thick and
on thin magnesium oxide £ilms can be explained quaelitatively by exam-
ining the collision process in detail (reference 5). A droplet on
collision with an uncoated slide surface flattens out into an oblate
spheroid with a diameter somewhat greater than the original spherical
diameter. TIn the process, the kinetic energy of the droplet is con-
verted to potential energy of distortion.- In other words, work is done
against surface tenslion in increasing the surface area of the droplet.
After the droplet has reached its maximum diameter it contracts, perhaps
with a few oscillations, to a final equilibrium position. If a thin
magnesium oxide coating is on the slide surface, the foregoing descrip-
tion. of the impingement process still holds. The outside diameter of
the droplet impression corresponds to the greatest dlameter-of the
flattened droplet. The droplet; wets the magnesium oxide particles
immediately under . it and as it contracts pulls the wetted particles with
it. After the droplet evaporates, the magnesium oxide tontained within
the droplet is left behind as a' dark spot surrounded by a bright ring
relatively free of magnesium oxlde. A droplet that hits a relatively
thick magnesium oxide coating does not flatten much but leaves a crater,
gimilar to that left by impingement of a rain drop on & snow surface.
The holes appear in the microscope as bright spots.

Ratio of droplet diameter to slide impression dismeter. - Although
the diameters of the droplet impressions are easlly measured, the rela-
tion between these diameters and the spherical droplet dismeters must
be determined. A method of evaluating spherical diesmeter from flattened
diameter of droplets caught on a clear slide is given in reference 3.
In this case, the equilibrium between gravitational and surface-tension
forces results in the flatiening. If water droplets did not evaporate
so rapidly, the average spherical droplet diameter caught by each stage
from a given water sprey could be evaluated from water droplets caught
on clear slides. Then for the seme spray the average impression
diameter on magnesium ox1de coated slides could be .evaluated for each
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Unfortunately, the simple and direct method cannot be applied
easily because of evaporation of the water. An easler method, not as
exact, was devised for handling this problem. Instead of a water spray,
a dibutylphthalate spray was used to obtain droplet samples opn clear
slides because dibutylphthalate has a very low vapor presgure and has
the same density as water. The dibutylphthalate sprsy had a wide
droplet-size distribution such that a sample obtained by the impactor
was Qistributed on slides of all four stages. A water spray that was
sampled by the impactor loaded wlth magnesium oxide coated slldes like-.
wise had a wide droplet-size.distribution such that the sample was dis-
tributed among all four stages also. Thus, the droplet-size ranges
caught by the B and C stages must have been very nearly the same in the
samples from the two sprays on account of the width of the droplet-size
distributions and the equal densities of water and dibutylphthalete.
The A and D stages cannot be compared in this way because the droplet-
size ranges caught on these two stages are not necessarily the seme for
the two sprays. The only avallable expedient is therefore to evaluate
the ratio of average spherical droplet dlameter to average impression
dismeter for the B and C stages. Then the ratios determined for these
two stages may be applied to the A and D stages by virtue of the follow-
ing quelitative reasoning:

The maximum degree that a droplet is Tlsttened by impact 1s a
fTunction of its size and lmpact velocity, that is, the ratio of the
minor axis to the mejor axis of a flettened droplet decresses with
increasing size and velocity of the droplet. This ratio at least tends
to remsin constant because of the increasse in air jet velocity and
decrease in droplet size from stage A to stage D. The magnesium oxide
impressions therefore must bear approximstely the same proportionslity
to spherical droplet sizes over all the stages of the impactor.

A simplification of the method of reference 3 can be applied to
the determinstion of spherical diameters from the measured diameters of
dibutylphthalate droplets on clear slides. The droplets on the slides
have a lens-like vertieal cross section (fig. 5); the measured diameters
are much greater than the diameters of the corresponding spherical drop-
lets. The focal length of the lens formed by a droplet may be found
with the aid of a microscope that has & scale on the fine focal-
adjustment knob. The droplet lens forms an image of the illuminated
concave mirror situated about 3 centimeters below the microscope slide.
After the microscope has been focused on the glide surface, the image of
the illuminated mirror formed by the droplet lens mey be brought into
focus by reising the microscope objective & little with the fine foecal
adjustment. The difference between the initiel fine-focal scale reading
and the final one ylields the focal length because the object distance 1s
large compared with the image dlstance. The image of the concave mirrox
appears as a round bright spot. - .
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From the focal length £ of the droplet lens and the index of
refraction n of dibutylphthalate, the radius of curvature r of the
lens may be determined from the thin lens equation

= (n - l)f

From the geometry of the lens, the radius of the spherical droplet
heving the same volume as the lens may be qomputed. " The computation
of spherical droplet size from focal length is described in appendix A.

With the aid of the foregoing method and gome measurements of focal
lengths, the relation between measured diameter and droplet dlameter
before. impingement was established. The focal lengths of 37 aivutyl-
phthalate droplet lenses, which ranged in_diameter from 151.3 to 8.7
microns, were measurad. The values of focal length are plotted against
the diameter in f£igure 6 and a smooth curve 1ls drawn through the scat-
tered points. With the aid of equaticns (Al) to (A4) in appendix A,
several polnts on the curve of figure 6 were converted to actusl droplet
diemeter from which a curve of actusl diasmeter against measured diameter
was constructed (fig. 7). Then the average true droplet diameters
corresponding to stages B and C, respectively, were cbtalned from the
divutylphthalate droplets, The average magnesium oxide impression
diameters of the B and C stages were obtained from the water-droplet
impressions from which the ratio of average actual dlsmeter to impres-
sion dismeter was calculated. The ratios obtalned for the B and C
stages differ slightly so that an average value of 0.713 was adopted.
Thus, the relation of impression diameter to droplet  diameter is deter-
mined spproximately. ' ’ '

Method of obtaining frequency distributions. - Droplet-size
frequency distributions were obtained of the droplets caught on each
slide and then combined to yield the total distribution. This procedure
was the most accurate way of obtaining the frequency distribution fram a
droplet sample made by the impactor, but this procedure is so laborious
that it has only been applied to:a sample with & low droplet density
per unit ares of slide. A filar-eyeplece micrometer was used to measure
impression dlameters and & vernier on the stage for moving the slide was
used to traverse strips, having a width the seme as the field of view,
so that the entire area of the slide was traversed. The frequency dis-
tributions of each stage were subsequently obtained and added to yield
the complete frequency distribution.

If the droplet sample is dense enocugh, d less laborious but less
exact procedure may be used. TIf the less exdact procedure is followed,
photomicrographs of several typical areas on & slide may be made, but
care must be taken that fair sample areas are chosen. When the examina-
tion of the impingement areas on meny slides was made, apparently most
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of the droplets were concentrated in an area that was roughly the pro-
Jection of the cross-sectional area of the jet. The droplets were con-
centrated more along the edges of the impingement area with the down-
stream edge favored more than any of the other edges. The concentration
towards the edges of the impingement area increased from stage A to
stage D. The ratio of the relatively low-density central area to the
more highly concentrated area near the edges of a given impingement area
was estimated to be 3:2 for =ll stages. Therefore, five areas were
chosen as indicated in figure 8. The cross-sectional areas of the Jets
decreased from stage A to stage D causing the prinecipal area of droplet
impingement to decrease in size from stage A to stage D. The droplets
caught by each successive stage were therefore concentrated in a smaller
area from stage A to stage D. Consequently, the droplet counts of each
stage must be multiplied by & factor proportional to the area of
impingement, which is roughly equal to the jet area. After multiplica-
tion by the appropriate factor, the corrected droplet counts of each
stage may be added, as in the more exact procedure, to yleld the com-
plete frequency distribution.

RESULTS AND DISCUSSION

The impactor-diffuser combinetion was used successfully on three
flights. The cloud droplet-size distributions measured during the three
flights are summarized in figures 9 and 10 in the form of normalized
hisgtograms. The width of a step on the histogram represents a definite
droplet-diameter range, and the height of a step is proportional to the
numiber of droplets within that particular size range. These hlstograms
were normallzed with the formula

n
H ='ﬁ"ﬁ
where H 1is the normalized step height, W the step width in micromns,
n the number of droplets In the size range W, and N the total num-
ber of droplets constituting the droplet-diameter frequency distribu-
tion. Normalization makes possible the direct graphical comparison of
frequency distrlbutions with different values of N.

Results from two flights with the lmpactor-diffuser alone are shown
in figure 9. The first £light was made at a temperature gbove freezing
in thick stratiform clouds. Occasional light rein was observed during
the flight. The second flight was made in a relatively thin layer of
strato-cumilua cloud at a temperature below freezing. Light icing of
the airplane and diffuser Inlet occurred during this flight, but the
icing evidently was not severe enough to interfere with the operation of
the Instrument. The lower sampling time for the first flight indicated
in figure 9 was a consequence of the higher droplet density. Appar-
ently, from inspection of figure 9, the higher droplet density was also
asgociated with a slightly greater average droplet size.
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Gravitational settling of droplets within the diffuser may be the
cause of asppreclable errors in the sampling of large drcoplets. The
effect of gravity on droplet trajectories within the diffuser has been
evaluated, and the results are presented in figure 11. The method of
computation for droplet trajectories 1s presented in appendix B. Drop-
lets larger than 30 microns in dismeter apparently settle out quite
markedly in the diffuser before the impactor is reached (fig. 11).
Therefore, the impactor-diffuser cambination in 1ts present form cannot
evaluate accurately droplet slze distributions extending above
30 microns; however, a comparison with a droplet camera that supports
the validity of samples obtained by the impactor—diffuser combination in
‘the range below 30 microns has been made.

A third £flight was made with the Impactor diffuser and with a cloud
droplet camera (reference 8) operating simultaneocusly. Because the
droplets are photographed as they occur .in the atmosphere, ‘the camera
is not subject to. any wall lossés, but the camera is so limited in
field of view that adequate cloud samples are not easily obtailned.
Nevertheless, a successful comparison in flight of the impactor diffuser
with the cloud droplet camera was made on a day when fair-weather
cunmulus clouds were plentiful. The histograms of the droplet-size
distributions obtained by the two instruments apparently agree gquite
well as shown in figure 10. In the photographs no droplets larger than
30 microns in diameter appeasred. Thus, the camera and impactor diffuser
apparently sgree in the droplet-size range which the impactor diffuser
can handle. . .

CORCIUDING REMARKS

From the experience gained with the present impactor-diffuser com-
bination, the diffuser es used in its present form apparently is the
factor that determines the upper limit of proper droplet-size distri-
bution measurement. Droplet trajectory computations showed that the
present diffuser causes an appreclsble loss of droplets greater than
30 mlicrons because the-cloud droplets in the diffuser suffer gravita-
tional settling. The length of the diffuser sectlon could be shortened
by about 30 percent so that droplets as large as 100 microns would not
have settled out appreciably by the time the end of the diffuser section
has been reached. Furthermore,.the length of the straight section
should be decreased so that the mouth of the impector 1s as close to the
end of the tapered diffuser section as possible. - The impasctor in turn
‘must be modified to adapt 1t to the higher diffuser velocity.

2234
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In order to adapt the impactor diffuser for use in severe icing
conditions provisions may be made for de-icing the inlet.

Lewis Flight Propulsion ILaboratory
National Advisory Committee for Aeronmutics

Clevelend, Ohio
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APPENDIX A

EVALUATION OF TRUE DIAMETER FRCOM DROPIET-LENS DIAMETER

The spherical radius of en impacted droplet having a lens-like
shape may be determined by the followlng method: TFrom the lens

equation

r = (n-1)f (A1)

and the measured focal length of a droplet lens, it is possible to
compute the radius of curvature r of the lens. The height of the
lens h 1s relsted to xr and the lens dismeter 2a Dby

2
h=»(1-/1-82 (a2)
2

and the volume v of the lens is

xh (h2 + 3a2) (A3)

<
W
ol

The radius R of the spherical droplet hefore impaction can be
obtained from

4%
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APPENDIX B

COMPUTATION OF DROPLET TRAJECTORIES

The trajectories of droplets within the diffuser are the result
of the combined action of serodynemlc drag and gravitation. When
a droplet enters the diffuser it encounters sn environment of
decreasing air velocity. The inertia of the droplet tends to main-
tain the original velocity. Aerodynamic drag which tends to decrease
the difference between droplet and air veloeity then arises.
Meanwhile, the force of gravity acts to maintein the falling wveloclty
of the droplet. .

In order to determine the trajectories of droplets in the
interior of the diffuser, the sir velocity as a function of position
in the tapered portion of the diffuser must be evaluated. For
simplicity, the velocity component V, 1in the direction of the x-axils

is to be considered & function of x, the distance along the diffuser
axis of symmetry,alone. With the foregoing simplification, Vi

nerely depends on the cross-sectional area A of the diffuser at x
as expressed by the simple relatlon

A

V, = -2V

x = 1 Vo,x (B1)

where Ao is the entrance cross-sectional area and Vb x is the
2

x-component of entrance velocity. The diffuser is so constructed that
any cross sechtion perpendicular to the x-axis 1s a square. If the
length of the side of the entrance cross section is s, and the slope

of the diffuser walls is A, the areas A, &and A can be evaluated
in terms of A, Sy end x . with the following results:

dx Vo,x
= == = 2
v dt (B2)

2
.So

The exact differential equation of motion of a droplet in the
foregoing veloclty field can be integreted exactly by a differential
analyzer or numerical integration. A less exact and less leborious
method was devised for handling this problem. The-equation of motion
of a droplet was solved for the case where a droplet carried by an
air stream of veloclty V¢ 1s suddenly projected into an air stresm
of velocity Vg. The problem of the trajectory of the droplet
in the diffuser was solved then by arbitrarily slicing the length
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of the diffuser into sections of equal length I (fig. 12). In
order to reduce the droplet trajectory problem to the foregoing simple
case, a mean value was assigned to the velocity of the air in each

section.

The equation of motion of e droplet actuslly has two components:
one in the horizontal or x-direction and the other, which contains
the effect of gravity, in the vertical or.z-direction. The motion of
the droplet in the x-direction is considered f£irst. The velocity of
a droplet projected from an.air stream of velocity V; into a stream

of velocity Vs, both moving in the x-direction, is initially

AV =V - V. with respect to the air of velcelty V . The
0,X 2,x 1,x 2,x
equation of motion of the droplet is written as

aAv, .. 5
m———= - oxn
dt 7

CDR AV,

vhere m is mass, AV, velocity of the droplet relative to the air

in the x-direction, u coefficient of viscoslty of alr, a radius,
Cp drag coefficient, and R Reynolds numbér. Because the density

of water is practicaelly 1, the mass is

=%ﬂ&3

and the equation of motion becomes
dAVy 9 u (CDR .
& =z _Z\ 22 )0V (83)

By integration the following equations are obtained

(-
2 .2 24

(B4)

yeez
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and
ax = A_VI%& <1 - e Kt) (B5)
where : e -
k= 2 2 C]ZDZ)
8

and Ax 1is the distance the droplet moves relative to the air in
time +. The time taeken by the droplet to travel the distance I is
the quantity desired; but, first, the time teken by an esir particle
to travel a given distance must be o'bta.ined. Integration of equa-
tion (B2), yields .

Bo 270;
t = 1+ = -1 B6
37:ao,x < So (26)

where +t 1s the time taken for an air particle to travel the dis-
tance x from the entrance (figs. 11 and 12) along the axis of the
diffuser. From equation (B8) the time for an air particle to travel
from the entrence to any slice boundary in the diffuser may be
computed. TIf time differences are taken, the time Intervals A%q,
Ats, . . . can be computed for an air particle to travel through the
first slice, second slice, etc., respectively. The respective average
air velocities in each slice are therefore L/Ab;, L/Aty, . . . end

are the average alr velocities used in compu‘bing the droplet
trajectories.

The trajectory of the droplet in the x-dlrection must be found
by solution of the two simulteneous equastions (BS5) and (B6); because
these equations cannot be solved explicitly, numerical methods must
be applied. For exdmple, a droplet entering the first slice has the -
velocity of the air entering the diffuser, that is, Vo x: The

average veloclity of the air in the first slice is Vl =< L/Atl._ The
average initial velocity difference is Avl,o,x = vo,x - vl,x

(fig. 12). The Reynolds number is computed from

_ ap, AV,
T
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vhere. pg is the air density and AV, 18 the veloclty of the droplet
with respect to the air. The function CDR/24 of R is tabulated in

reference l°'so that the value of R can be cbtained for substitution
in equations (B4) and (B5). The problem is solved by finding velues
Axy esnd ty satisfying equations (BS) and (B6). During the

time +ty, when the droplet travels the distance L in the first

slice, an air particle starting out with the droplet travels a dis-
tance IL-Ax) (fig. 12). By successive approximations, a value of t3,
which is equal to the time tsken by an air particle to cover the dis-
tance L-Ax; as computed from equation (B6), is obtained. Once ty

is found, the value of ANi,x = Vl,x - vl,x’ which 1s the average

velocity difference at the end of the first slice, is computed from
equation (B4). The procedure is continued into the second slice with
&Vp o,x = V1,x - Vz,x and similarly into the remainder of the slices

until the untapered portion of the diffuser is reached.

There 1s some question as to how small the slices should be made.
In the computations for this paper, L was chosen to be_10 centimeters.
In order to ascertain the reasonableness of the chosen value of L, the
first slice was subdivided into smseller slices of Z centimeters length,
and a droplet _trajectory was computed. Within the accuracy of the com-
putations, no appreciable difference could be found between the values.
of Vl,x and t, computed in one step as compared with those computed

in five steps with. L = 2 centimeters.

The foregoing method ylelds the x-coordinate of a droplet as a
function of time, bubt the vertical or z-coordlnate of the droplet is
yet to be found. The eguatlon of vertical motion of a droplet 1s

aAv

i
dat

y OpR
Z _
= - _6:1ta|.1. <_§I)AVZ_+ ng

vhere AV, 1s the veloclty of the droplet with respect to the air
and g is the acceleration due to gravity. BSubstitution of

m = % na® +transforms the equation of vertical motion to

dav,

at

= -KAV, + g (B7)

2234
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Integration of equation (B7) yields

iy g g\ - Kt
oY, =Tt=K+(AVO’Z —E)e (B8)

and
Az=5t+1<AV z-%)(l-e' Kt) (B9)

where Az 1s the distance the droplet fslls during time t. Equa-
tions (B7) and (B8) are applied to the same slices as in the evaluation
of droplet trajectories in the x-direction. Velocity components in the
z-direction are so small compared to those in the x-direction that R
and CDR/24 are evaluated in terms of the x-component of veloeity,

which is very little dlifferent from the sbsolute magnitude of the
actual velocity vector. Therefore K 1s computed using the values
of CDR/24 obtained from the x-components of relative velocity.

With equation (B8) the final relative velocity in the vertical
direction was computed from the initial relative veloclity of a droplet
pessing through a slice. Likewise equation (B9) wes used to compute
the distance through which a droplet would fall in passing through a
slice, and the final relative vertical velocity at the end of one
slice became the initial relative velocity of the next slice. Only
the trajectories of droplets entering, the diffuser along its axis of
symmetry were computed, and the vertical components of air velocity
within the diffuser hsve been neglected. Allowance for the vertical
air-velocity components in the diffuser would have caused the computed
droplet trajectories to intersect the diffuser wall a little sooner.
For evaluation of the performance of the diffuser, the trajectories
as calculated are sufficiently accurate.
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