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PURPOSE

This research is concerned with the investigation of
spray nozzles that would be useful in cloud seeding

operations. The goal of the research is to make possible.

the selection and/or development of nozzles that will
spray hygroscopic liquids in controlled spray sizes. The

purpose’ of this repert is to discuss progress |n these .

|nvest|gat!ons

ar

CONCLUSIONS |
1. Although the guantity of useable data was limited
by difficulties in sampling, sufficient information was
gained to allow r‘e"asonar_ble choices of nozzles for
specific droplet size requirements.

2. Air-operated nozzles are capable of producing. very
fine sprays less than about 20 p_eji"(microns) for an air
pressure of 45 psi (3.2 kgfcm?). The size is dependent
upon relative air and liquid flow rates, and a fair degree
". of size contrel is possible. The method of liquid
"}!injection affects the resulting droplet size.

3. Resonator caps and deflecting plates have no’
apparent beneficial effect in reducing the spray size for
agiven energy axpenditure,

4, Ajr-operated nozzies tend to have a high noise level.

5. Higher costs are associated with nozzies which .

operate from compressed air.

6. Self-lmplngmg jet nozzles offer an inexpensive
technique for producing sprays with mass median
diameters down to about 50 pum, The spray size
decreases with increasing liquid pressure. The nozzle
developed and tested consisted of two 0.0135- |nch
{0.34-mm} holes intersetting at the outside surface of
the pipe at an angle of 90°,

7. Target-ir'ﬁpinging jets can oroduee sprays with mass™ .-
median diameters down to about 25 um. Again, the .

droplet size decreases with increasing liquid pressure,

8. Tests of fan-type and solid-cone-type nozzles were
very limited, but droplet sizes® similar to the
impinging-jet nozzle were found for -the. solid-cone
type. '

9. Injection of a spray into an aircraft slipstream can
cause additicnal breakup of larger draplets, the limiting
size being determined by the velocity of the airstream.

RECOMMENDATIONS FOR FUTURE
WORK

- . - _
1. Droplet size data should be obtained over a wide
range of operating conditions for the followmg devices,
ln order of pr:orltv

a. 'Self-impinging jets nozzle.
b. Target—impinging nozzle,
c. Other dewces as tlme and fundlng Dermlt

2. Work
laser-drifling technique for productlon of self-impinging
_]ets nozzles,

3. A portlon of the research effort should be directed
" toward development - of radlcally new concepts for
formation of sprays. : v -

i

APPLICATIONS

The resuits repor'ted herein have appication to cloud
seeding technology and to.other uses of spray nozzles
such as spray drying, fire fighting, and fuel injection.

INTRODUCTION

- In November 1970, an interdisciplinary research team
was formed at the Engineering and Research Center for

" Investigation and development of -nozzles for ice
embryo formation and spray applications. The teamn-
included the disciplines of theoretical and expenmental
fluid mechanics; mechamcal engineering; comprassihle
flow; evaporation, condensatlon and nuc_:feanon

ecanomics; physics; . meteoralogy, and weather
modification, - ' o :

The investigations for: development of nozzles for ice-
embryo formation. will be reported separately. The
‘subject of this report is- deve!opment of nozzles for
spray apphcattons._‘_

The research team’s irjitial objectives were:

1. Early procurement and evaluation of the
air-operated Somcore nozzles for airborne seedmg .
and spray- drymg apphcatrons

2. Review and evaluatlon of patents and technical
literature concernmg nozzles and appurtenant
equipment that would be useful: R

should continue for development of a



3. Opti.mization of an impinging-jets nozzle for -

large-scale drying applications,

4, Optimization of an impinging-jets nozzle for
ground seeding, and development of possible
appurtenances for reducing droplet size.

These objectives 'tﬂrere rnodified"somewhat during .the )

course. of the study, but they still provided general
guidziines. Considerable effort was'spent in developing
a satisfactory technique for determining size
characteristics of sprays. Also, much laboratory testing
was performed on several types of nozzles in addmon
to those listed in the objectives.

The major emphasis was on ‘the. cloud
apphcat:ons Logistics .. problems were a2
consrderatlon far erample an .air- operated nozzle
requmng a large air compressor would not be generallv
sua'rable for airborne seeding.. The. ma;or goal that

seeding

developed was to establish an invehtory. of nozzles that: *
accurdmg to
conditions of updraft speed. ¢loud base termperature

could form required droplet sizes

height above cloud base, etc,
Other potential spray nozzie applications such as sprav

drying, fire fighting- and prevention, outdoot coohng,
ete., were considered,

LABORATORY TEST FACILITIES

Pumps and Injectnon Apparatus

Figure 1 shows ‘the stainless s*eel tank and tubing’ ‘used
for injection of liquid, mrlud__rng .corrosive solutions,
into the air-operated nozzles, The ténk was fitled with
fiquid, then air pressure applied at” ihe top of the tank
forced the liquid into the nozzle at'a determlned rate.
The liquid flow rate was read with a _vorumetrlcallv
calibrated rotameter. Air pressure was monitored with
a8 Bourdon gage. Air for the air-operated nozzies was
supplied from a centralized iaboratorv dlstrrbutron
system

For high-pressure liquid nozzles, water was used as the
test fluid and was supplied by a Moyno pump,
belt-driven from a 2-hp {1.5-kw) electric motor, Figure
2, Pressures up to 600 psi (42.2 ko/em?) were
obtained. ' '

A collection hood with fan-assisted venting to -the
outside was constructed to zllow indoor spraying of
corrosive solutions, Figure 3,

*Numbers designate references listed at the end of this report.

major.

: Another‘ _
- gelatin-coated cylindrical glass rod through the spray.

' Sampling

Initial droplet-size data were obtained with an aerosoi
sampling device developed by Cornell Aeronautlcai

- Laboratories,” *, Figure 4,

The aerosol was drawn into the |nstrurr-ent by vaeuum
prowded by a blower. intake speeds were variable to

~ more than” 100 ‘miles par "hour (160.9° km’hr!

slide-changing -device operated tO"__ ose
gelatin-coated slide, with exposure times varylng-from

a fraction of a sec_ond to unlimited time,
A typical slide. is shown in Frgure\S Impact of thr’
water droplet on the slide and dissolition of the ge!atm

' coat:ng,_aceordmg to“several sources, tauses'a crater,

apprommatev twice - the diameter of the orlgmal
droplet. Frgure 5. shows - several agglomeratrpns of
droplets and a preponderance of. smaller. droplets.

.Examnination, with a strobotac light of the spray which
.. produced this slide, suggested that many large drops
. were not coilected. Apparently, collection of spray by

withdrawal perpendicular to the stream allowed ‘arger -

.. drops to sweep past the end of the sampling. tube. On
* the other hand, directing the stream into the sampling

tube introduced more - water than the shortest siide -

exposure time would accommodate. Attempts to. batfle
- .the_airstream and select only a portion of the tpray -
“were largely unsuccessful. Water had a tendenty to

collect ori' the baffling, then shed off in+the form of
very large drops, Thus, the reliablirty of this method of

data collection was very uncertain,

Considerable data were collected by the widely used

~method of passing a wand-mounted,  gelatin-coated

slide through:the spray, Figure 6. The speed of the

- wand was very critical in collecting the optimum

amount of liquid. Comparlson of FIgurE.'S 7 and 8

demOnstr ates this,

- Samples. were' obtained by collecting water on a-

gelatin-coated slide  and by tollecting ammonium
nitrate-urea solution on an uncoated slide. The -
photographs in Figure 9 fafl to show the 2:1 ratio in
crater to droplet diameters. The mean diameter for
drop!ets in Figure 94 was 27 pm and that for QB was
24 pm.

These uncertainties were compounded by the problem
of evaporation of the waterdrops and water addition to

the hygroscopic ammanium nitrate-urea drops.,

method attempted * was 1o pass a -




The intent of the cylindrical shape was to improve the
collection efficiency for smaller droplets. Figure 10
shows the poor definition and considerable
agglomeration of droplets Therefore this method was
rejected,

Obviously, the most reliable means of determining
droplet sizes would be to photograph the: droplets

directly and as close as possible to their origin, The. .

acoustic nozzles, and the density of the spray made

such direct photography extremely_difficult. However,

after much expenmentatuon a fairly rellable svstem
was developed

A 10 000~vo!t spark gap, with a duratlon of 05
microsecond, was used as the light source..The _light
beam was made f;arallﬂl by a colhmatmg lens, it was
then passed through the spray and a diverging lens o
the - film plate. A shadowgraph resulted, with
magnification determined by, the distance from _the
diverging lens to the film plate. The shutterless camera
~ required operation in a darkroom

Figure 11 shows the spark-gap and optics setup for

25X ma: mfu:atlon The resulting photographed sample
 was ap[: -oximately 0.14 by 0. 18 inch {3.6 by 4.6 mm)
with a depth of field of 00’3 |nch {0.8 mm). The

photographs were enfarged four titmes.: 1o produce a;

100X magnification.

A typical 25X - magnified 'photograph is shown in
Figure 12. Only those droplets in focus are counted.

Slower-moving droplets were exposad by a strobe flash’

having a duration of about 1.2 micro_seconds_.

_A major problem with this technique was the inability
‘to photograph a representative sample of the spray

because the spray was not uniform through its cross

section. Therefore, a large number of photographs
would have been necessary for a satlsfactorv analysns

The method finally used consisted of collecting a
sample from the entire cross section of the spray in.a
dish with a shallow depth. of Stoddard solvent.
However, droplets tended to migrate toward larger
_droplets to form ‘agglomerates, as shown in Figures 13
“and 14, Thus, a delay of more than a few seconds
between collection of the sample and photographmg
the image through the microscope made the sample
essentially useless. Addition of hypoid gear lubricant
slowed the migration process, and size analvsls showed
repeatable results.

- Brun and Boucher3

TESTING OF DEVICES

Alr-operated Nozzles .

: Several types of alroperated nozzles _are shown . in .

Figure 15.

Samc resonators.—For “this - device,” the: breakup of-
. draps presumably. ocourszvhen the drops are subjected

to oscillation in a field of high-frequency sound waves.

;. This:field is produced by a so-catled” Tesonance cup or

“ chamber in the path of a high-velocity jet of air. The
frequency of oscillation can be calibrated and is found

to:be on the order of .10, 000 hz. This principle was

first applied by J. Hartmann in the 1920’s and hzs thus

been known as the “‘Hartmann in the 1920% and has
thus been- l|:nown as the “Hartmann whistle,”” Other

investigators, - including Boucher “and’ Kreuter? and

have investigated this device, and

numerous patents have been issued - on devices
consisting- of slight modifications of the Hartmann

whistle, One such device is the “Somoore nozzle

marketed by Somc Development™ Corporation of

Yonkers, New Jersay. .

“Sonicore“ Models 052, 156, 188, and 312 were
obtained for laboratory testing {the mode! number
refers to the nozzle throat diameter in thousandths of
an inch). As in other types of aerodynamic nozzles, the
droplet size decreased with an increasing. ratio of
airflow to liquid ﬂow rate. Examples are shown in .
Flgures 16 and ‘17

Spray from . the Model 156 was analyzed for size
distribution with a constant air pressure of 30 psi {2.1
ka/cm?)} and liquid flow rates of O. 2,0.3, and 0.4 gpm
{0.013, 0.019, and 0.025 Iater/sec, . Results are
summarized in Table 1. ' '

The data show some inconsistencies, although they
were not ‘serious. Also, use of the upstream
impinging-liquid mjeetor caused some reductson in
droplet sizes.

This type. of nozzle exhibited intense noise "
characteristics. The “Sonicore” 312 nozzle showed
intensity levels of 134 decibels {dB) at a distance of 3
feet (0.9 meter) from the nozzle and 118 dB at a

« distance of 20 feet (6.1 meters) with an air pressure of

40 psi (28 kg/em®) @nd no liquid injection.
Corresponding levels with water injection were 125 dB
at 3 feet {0.9 meter) and 118 dB at 20 feet (6.7
meters). Attempts to isolate and muffle the sound had
little success. To prevent hearing damage, precautions
are required when sound levels reach 95 dB, with




i

Table 1

Laboratory Test of Sonicore Model 156

“Air - Liquid ~
press.re ' flow
psi ‘apm

Geometric
- mean
diameter, 4m

Medlan '
mass
diameter, gm

Number of
droplets
in sample-

Geometric -
standard
deviation

43.4
55.5
55.0

30 202
30 0.3 .
30 0.4

30 " bp2 35.4
30 : 0.3 385
30 0.4 " 50.1

1.42 630 | o2e8 !
1.45 839 . 234 |
153 950 \./ - 148 |
1.52 . 598 \ o 352
139 536 , 253

.

151 . . 838 . |7 Tada

8 Liquid injected through manufacturers po[ft's.
Upstrearn impinging injectur used, Figure,23.
exposure tnme -of- 2 hours, for the frequency range of
the nozzle. ’

¥

The tests fusther showed that the 188 nozzle gave a.

marginal sound intensity and the 156 nozzle was balow
the limit for reguired protection. The 156 nozzle was
" therefore chosen for inclusion in a field test spray rig.

Specifications for the field test spray rig required a
delivery of approximately 1 gpm - (0.06 liter/sec)
ammonium nitrate-urea liquid fertilizer with a median
mass diameter of about 20 um. Thus, four “Sonicore”
156 nozzles were requlred each delivering 1/4 gpm
{0.02 Jiter/sec) of ‘liquid and operating .at an air
pressure of 60 psi. {4.2 kg/em?) [about 60 cfm (28.3
liter/sec} of free alr]

The use of steam in lieu-- 7 compressed air was
suggested. However; :umputat:ons showed that a steam
' generator wauld require 119 hp {88.7 kw) 1o supply 60
cfm (28.3 liter/sec} of dry steam, with the unrealistic
assumption” of 100 percent efficiency. A “16-hp
(11.9-kw){ideal) air compressor wuuld provide an

adequate "air supply. Also, the use of steam would .

involve some safety hazards. =

A gro__und-based tiquid fertilizer spray rig was assembled .

and ' tested. The rig consisted of a rotary air
compressor, four “Sonicore” 166 nozzles with
associated air and liquid piping, a Howmeter, a.pump
capable of handling gorrosive liquids,” and a
‘r'notor-generator set for supplying the necessary power.

Figure 18 shows a tocal test of the rig. The rig worked
best under calm conditions; a relatively stiff breeze
caused the spray plume to bend toward the ground. -

~ The spray rig, was transported ta-San Anéelc, Teias,

for further. evaluation during the emergency

“ drought-relief cloud seeding program in the summer of

1971, However, very limited~% :Dportun. ‘ties arose for
field testlng F_ur_ther evaluation is planned.

5

Supersonic nozzles.—~The basic mechanism of liquid
spray produced, in a supersonic nozzle is the interfacial -
_ shear developed by the veloctt\,f differential between

- liquid and- -air.
_Sc:he'cz15 describes the breakup‘ of liquid sheets and

A recent paper by Sherman .and

jets in a Mach-2.2 free stream. High-speed photography
showed that sheets of ligquid developed a surface-wave -

structure with subsequent disintegration into ligaments .

and droplets. Jet breakup consisted-of wave formation
followed by "gross fracture of the jet. The pieces of

“fluid then broke down into smaller particles and
‘droplets. The tests also showed that the degree .of

breakup at a given stream location was inversely
pr0portrona!to adynamlc pressure ratio q;: -
PV Con o . -
i ERT}

qr p Ul'z

TP liquid density
Pq = gas d_ensity__ .
Vj = liguid injection velocity
U* = free-stream velocity

For example, droplet sizes wouid be decreased by
increasing the free-stream velocity or decreasing the
liquid -injection velocity  from a fixed-diameter
liquid-injection port.’

Fof the liquid sheet,'the- wavelength, and thus the

"droplet "size, were functions of the growth rate of
. surface disturbances. The relationships were not clearly




however, the test results

in the paper;
showed that mean droplet diameters of 21 to 31 um

explained

resulted from: a liquid sheet thickness of about 150 um
in a Mach-2.2 airstream. The size distribution showed a8
marked skewness toward the smaller sizes.

More than 20 years ago, Lane!? listed three stages in

-the brea kup process:

1. Initiation of small dlsturbc. ces on the liquid
surface. :

2. Formation of ligaments and drops by interfacial

;mr_shear

3. Additional breakup durlng movement “of; Zair.

These stages correspond to those described by Sherman’

and Schetz as d:scussed above.

Lane.""'describes the breakup of droplets in & steady

airstream as a formation of a hollow bag which burst to

form smaller- drops. - Experimental results were
expressed by the equation: ’ :
{u—vi?d=612 2.

where

u = critical velocity of airstream reqmred to
break drop, m/sec
= velocity of entrained drop at instant of .
breaking, m/sec -
d = diameter of drop, mm

Thus, higher differential velocities would be required
to form successively smaller drops. Lane found that the
refationship did not hoid for supersonic airstreams,

with the rate of decrease in size being Iess than ‘chat

predicted by equation (2).

The goal of this investigation was to design a nozzle by

which required droplet sizes could be produced with a

minimum expenditure of energy.

Two approaches seemed feasible: -

1. Control of the wavelength of instability with
resuiting control of the droplet size,

2. Control of the droplet size before introduction
into the supersonic nozzle, thus determining the

~ final droplet size according to a relationship similar.

to Lane’s.

“The latter approach was pursued. The problem"is

complicated by the acceleration. of droplets in. the
airstream. Lane's.experiments. were simplified in that

he subjected the droplets to short duration airblasts, '

rather than a steaqf stream. in the supersonic nozzie,
the relative VBiDCIt'{ of the droplet will vary with time.

__Intuitively, the accelerating airstream in the expanding
_part of the nozzle would lead to a uniform drop size.
"This ‘oceurs because. shearing . action is maintained

between air and hqmd droplet, providing further

breakup. Lane's work suggests 15 um as a lower limit.

for the mean dlameter caused by breakup in an

) alrstream =

. Additional information was found in a paper\l?iy'Kirn‘
“ and Marshall®*!.
in an annular shape, they found that a plot of the -
logarithm of the mass median particle’ diameter versus -
" the square root of the liquid mass fiow rate was linear

Using air nozzies with liquid injected

for a given nozzle and air mass flow rate. They also
found that the median mass diameter approached a
lower limit as the air/liguid mass flow rate ratio
increased. The experiments showed that éven with.a
relatwely viscous liquid [8.7 centipoise {cp) {1.82 X

0% tbesec/it)] the limiting median mass diameter

could be 1 or.2 um. This suggests that water (= T cp)}
{209 x 10 Ib- secfft ) could be broken into
submicron partlcles '

Therefore, the problem was to. de5|gn a nozzle to
praduce a required Mlnlform minimum droplet size for
a given liquid flow rate, with a minimum expenditure

- of energy. Larger sizes could then be generated by

reducing the airflow rate or, if deswable increasing the
|IC|UIC| flow rate.

A Mach-1.5 supersonic nozzle, Fagures 19 and 20 was
designed and fabricated. The air nozzle is annular
shaped, ‘and liquid is" injected upstream  from the
nozzle. The deflecting plate forms an adjustable
resonance chamber and can be removed completely to
allow formation of a hollow mrcular ]E‘t

Alternative- methods of liquid

injectionj were

considered. First, the liguid was injected through a’
~ needle valve into.a polyvinyl-chloride tee fitting in

the line upstream from the air nozzle. It was suspected
that some breakup occurred through the needle valve,

_which maintained a differential pressure ranging from 2

psi {0.1 kg/ecm?) at 0.1 gpm ({0D.01 liter/sec) to 25

* psi {1.B kg/cm?) at 0.4 gpm (0.03 liter/sec). To verify.

this, a clear plastic tee was fabricated and installed in
the line, Figure 21. The photograph shows that, even
though some initial breakup took’ place at the needle




valve, the liquid formed a thin sheet on the surfaces of

the tee. Thus, drop formation probably occurred
through formations of perturbatiohs on the surface of

the sheet, as described by Sherman and Schetz. The:
resulting water spray, after passage through the
supersonic nozzle, is also shown in Figure 22, Several °
runs were made with varying air pressure, liquid flow L
rate, and deflecting plate Spacing (including no .
deflector}. Results are givan in Table 2. -

L i . : .
Several tentative conclusions can be drawn from these
data: - Co S K

1. Spray .size generally 'decr'ealsed"{with increased_ _

" deflecting * plate spacing. Smallest sizes -were

- obtained wi'thoutadeflecting'platé. i ' G )
2. Results \;}ére'véry sensi._‘tive to i__he s'am_ple size.

Table 2

L

g Lalfbratdr_y Test of USBR-1 Nozzle

Air | Liquid

pressure
psi
(kg/em?)

flow .
gpm

(liters/sec)

Geornetric.”

mean
" diameter, um

Geometric =
standard:

- Median
S Mass

Numbe'r of
droplets™= -

o insample

deviation

- diameter, um

- 2.15
2.17
2,63

21 :
A15.0
13.5
16.9
20.3

20(1.4) |  01(001}
20 - ..3{0.02}
- 20, .4 (0.03)

34°({2.4) 4 ’

45{3.2) 1 S
4 - .21{0.01) 7.6
45 3 7.4

o 198
o1ag
. 200 %
200 .
200
- 200

86.4.
B2.1
N .282.0
Y226 © 148.2
2.0 . . 536
197 . o299
200 315

144
198

1.89
- 1.89°
2.23
2.02
1.86
1.99.

bag0
15.8
20.0
16,5
295 -
19.0 -

20
20
34
34
44 (3.1)
45

88.1
TR 53,2
136.5. . 148
% 72.4° . 170
940 . - 88 .
72.7 108

ENEAN RN

39.5 - 198
69.6 188
2827 96"

170.1 180 -

© 28.6 198

91.0 198
1029 198
66.7 o188
1077 0 . BB

€167
206 .
28.4 .
174
12.8.
15.4
225 -
16.6
"45.3

20
20
20
20
34
34
45
45
45

171
1.89 .
~ 240
1.98
1.68
2,16
2,04
- 1.98
171

(RIS RN N

197
1 154
17.4 N 176

v |\ 1o
\Lm

180
146 .| =/ 1.48

T dap0
17.7

20
20
34 .
34
34
45
45

1799 .70
S 32 151
;45,0 . 164
© 305 o 47
Y394, |- 198:
L a7.0 198’
i 198

L

PTG R

3 deflecting plate spacing=:1/16 inch {1.6 mm}.

" b deflecting plate spacing = 1/8 inch (3.2.mm).
€ deflecting plate spacing = 3/16 inch (4.8 mm).
9 no defiecting plate.” o .
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3. Usmg only the larger samples (3> 150), there is an
Yl-defined increase in droplet size for lncieas:ng
liquid flow rate for an air pressure of 20 p_,l (1.4
kg/cmi} At air pressures of 34 (2.4) and 45 pst 3.2
kg/cm?) there appears an insensitivity to Irqu:d flow
rate, within the range tested. : “ i

L

A different system of liquid injection was de\_j:i_séd to

cause initial breakup of the drops before entry into the
nozzle, with the intention of using the energy'?’;' of the

airstream more efficiently. A drawmg of this system [

shown in Flgure 23 ' i'

A supersonic nozzle was also fabricated with a Iserrated
resonator cap and.flat deflecting plate, Flgure‘24 The
Purpose of the serrations was to provide mo're shear
ontact ‘between the air-liquic jet and the SLfrrGoundmg

aif, : I‘

. . . Jl* : .
At an air pressure of 34 psi (2.4 kg/cm?) anol aliguid.

flow rate of 0.3 gpm- {0.02 liter/sec), the f;'eometric
mean droplet size was 44 um and the median’ mass
dlameter was 53 um. The deflecting. plate vbas -set 50
that the points of the serrations reste¢ on the
downstream end of the nozzle section. f-"\dditional

deflector spacing and air- -to-liguid flow rates were
tested visually with a high- imtensity light source The -

resulis showed no advantage over the snmpler USBR 1
nozzle described earlier, f :

Figure 25 shows - 2 conventional Praiildﬂ Meyer'

supersonic nozzle, which consists of a stidden 45°
expansion downstream - from the nozz,le Athroat.
Operation of this nozzle, with the tee of;Fig'Ure 21,

showed a coarser spray than the other alr-nperated '

nozzles. Figure 26 shows the operation.: At an air
pressure of 34 psi (2.4 kg/cm?®) and a hqwd ﬂow rate
of 0.1 gpm (0.01 liter/sec), the geometric rtean droplet

size was 30 ym, with a mass median dlameter of 75

uwm, Thus, the spray is approximately twwe as targe as

that for the. USBR-1 nozzle with a 3/16- |nch {4.8-mm) -
deflecting plate spacmg under ‘identical - operating
pHesl - o .

condmons ' _ ) :f(

o

A test of the Sprayco No. 8K nozzle, Fig‘Ure 15F, was .-

performed after use of the nozzle in an .operational
hygroscopic cloud seeding program in Oklahoma The
nozzle was designed so that the liguid was introduced
into the center of a swirling a:rstream and mixed
before leaving the exit port. Laboratclrv tests were
performed to dupllcate conditions used in: the cloud

“ seedlng operation. Air pressure was set;rat 32 psi (2.2

kg/cm?), and liguid flow was set for 0.3/gpm. (0.02

liter/sec}. Geometric mean diameter of] _the spray was -

43 pm . and median mass diameter] was 64 um.
Additional data taken with air pressure set at 45 psi

(3.2 kg/cmz) and iquid flow rate ranging from 0.2 to

0.4 gpm; (0.01 to 0.02 liter /sec) ~prav’dad geometric

mean dlemeters between 25 to 45:4m and median mass

diameters - varying. from.55 to 80_ um. No apparent
correlation was observed between droplet size' and
liquid flow rate for these tests.

LiQUid-pre'seure Nozzles

Several types of nozzles operated by hq.Jld pressure

only are shown in ngr\. 27. 5

Se.’f-impinging jets.—Dombrowski  and Hooper6:
-describe the mechanisms.of breakup. of impinging jets.

The impinging jets produce a flat sheet in a plane
perpendicular to that containing- them. Formation- of
aerodynamm or hydrodynamlc waves on the' surface of
the sheet then causes addltronal breakup

Dombrowski and Hooper mamtamed [ammar ﬂow over
a range .of Reynolds numbers up to 12,000, Insertion
of wires at the tube entrances was used-to produce
turbulent flow. Tests were carried out for both-cases,

with impingement angles of 50° to 140° and jet.

velocities of 730 to 1,950 cm/sec (24 to 64 ft/sec),

Their results showed that, for both laminar and

turbulent jets, a minimum geometric mean drop size of
about 100 um occurred for an impingement angle of
140° and a jet velocity of 1,950 cm/sec (64.0 ft/sec}.

The laminar flow actually reached the minimum drop

size . at -about 1,200 em/sec {39.5 - ft/sec) for

impingament angles of 110° to-140°, then began to

increase with an increase.in velocity. However,: the

turbulent case is of practical interest. The résilts,

though terminated at 1,950 cm/sec. (64.0 ft/sec)

. suggested that there would be no further reduction of

drop size with increasing jet velocity. One purpose of
the present tests was.to verify this conclusron

The |mp|ng|ng jet nozzIEs hold promise both. for cloud
seeding with hygroscopic. liquids .and for Iarge scale
spraymg drying’ appln:atlons Thus, it was necessary to
obtain a rapid means of drillirg’ large numbers of hole

pairs and at the same time to maintain good control of .

hole almement size, and shape

Flgure 2B‘shows a series of impinging jets formed by
punching ‘plastic pipe with a No. 10 needle. As the
photo shows, sorme jets were misalined and others were
plugged. Tests were afso performed with holes formed
by a No. 80 [(0.0135-inch {0.3-mm}]. drili bit.

Problems with plugging continued, . even during .
operation at several hundred {si. Figure 29 shows .

material forced into the pipe interior during drilling:

~The problem of plugging was finally greatly reduced by 7

using.tap water and a 5micron cartrldge filter.




Test nozzlesblﬁre formed in 1/2inch (12.7- mm),
‘Schedule No. 40 and 80 PVC pipe, using a No. 80 “drill
{0.0135 inch (0.3 mm}l. Implngement angles of 20°

to 110° were chosen to minimize splash back onto the

pipe surface and to allow proper, aeration of the jets.
- ’/ }!\

A special shop jig was made to ensure proper alinement

of the holeséHowever, it was found that misalinement .

of the jets occurred for certain pressure ranges, Figures
30 to 32. The misalinement was caused by jet.
instability, not drilling techmque

Numerous wials finally resulted in a pair of 90°
0.013%inch {0.3-mm} diameter holes which properly
impinged over the range of test pressures, F|gures 33t

36. The holes mtersected at the outside surface of the

plpe

Figure .36 shows the varnatmn of median mass diameter
and georretnr: mean ‘diameter with pressure. The
scatter, of data, ] euugh not serious, is believed to be
caused by agglem '-'atmn of droplets before the sa‘np|e
photograph was takin, The curves suggest limiting mass
median and geometric mean diameters of about 50 and
26 pm, respectively, for this particular “nozz'e,

Laboratory tzsts showed no significant change in head'
loss with hole size. However, investigations by others
suggest that hole diameters less than about,0.01 inch
(0.3 mm) are impractical because, of liquid filtering

problems and viscous effects.

A review ot technical literature on puised laser drilfing
suggested this a: a possible technique for drilling large
numbers of hole pairs to’ close specnftcatqons A pilot
test showed that the technique holds promise and
shouid be developed. Plans call for fabrication of a
tube ‘holder and development of a beam splitter to
simuitaneously drill two holes with a single laser beam.

Target-impinging fets.—In_ this nozzle type, a
.+ high-pressure, high-velocity Tiquid jet:impinges on a
fixed target, A  typical nozzle -of -this type s
.manufactured by Bete Fog Nazzie, Inc., and. is shown

_in Figure 37. The nozzle has an advantage in simplicity .

" of design. However, the target can be easily knocked
out of alinement, which is a critical factor..Also, as
Figure 37 shows, filaments ‘of relatively large'‘drops
tend to_form at the target support. The particular
nozzie tested had an orifice diameter of 0.018 inch
{0.46 mm), with a target of appro*urnately the same
size,, Difficulties in sampling did not provide®reliable
deta for presentation here, but a minimum geometric
mean diameter of about 45 um was suggested.

Another nozzle of the target-impinging type is the -

“Mee" nozzle, manufactured by ‘WMee !ndustnes Inc.
‘f

- ‘I-r'r...

The partlcular nozzle tested had an onf:ce and target
size of about 0.007 |nch {D 18 mm).

Figure.38 shows the variation in drop[et dlameter and
nozzle flow rate with Hqu:d pressure. The data scatter

for mass median dizmeter in the smaller sizes is

believed_ to be- caused by agglomeration of smaller
drops into larger drops. Therefore, the curve fit to the

. data was tempered by this observation.

_ Georﬁetric standard deviation varied from about 1.3 td

1.8 the analysis, with a slight decrease wtth

.mcreasmg ||qU|d pressure and flow rate;

2

The Iumltmg droplet size is indicated by the curves to

‘be about 20 um. Comparison with the minimum size of

droplets produced by the Bete nozzle {45 um) suggests
that the minimum size might be directly related to the .

_.orifice size. Figure 39 shows the appearance of the

spray for fliquid pressures of 40, 300 and 5?5 psi

2. 8 2‘[ 1, and 4D4ku/cm oo ) -

Target tmplnging nozzles obvu:usly are’ capab!e of
producing smaller droplets “at” much “lower fiquid
pressures and flow rates than the self:mpmgmg jets.
Haowever, *’:he relatwe costs of ‘eonstructing or
purchasing each type must be considered when dealing
with large quantmes of fluid.

- Fen Type. —-The Spravlng Systems 1/8- K5 nozzle

Figure 278, was tested in the summer of 1972 during a

- program of hygroscopie cloud seedmg in Oklahoma.

Measurements were made with spraying: .of water fram

.a parked alrcraft and of ammomum nitrate-urea - :

solution from. a low-flying alrcraft Test, results are

. summarized in Table 3.

The large difference in median mass diameter between
sampling at the tail -and sampling at downwind.
locations was a result of larger droplets, striking the
ground a short distance dnwnwund from the aircraft.

The larger droplets were not included in the collécted
sample.

During the airborne low passes, mostly 1arge droplets
“were colizcted. Even considering the hygroscoplc '
growth, particles were probably over BOO um median
mass diameter when released from ‘the aircraft. = ;-

Later |aboratory tests showed that an airspeed of 236

ftisec {71.8 .meters/sec) should reduce the median mass

diameter to about one-half of .that for still- aly

_ operation of the nozzle. Limited laboratory tests also

showed that increasing the liquid pressure from 20
psi (1.4 kg/cm?) to 100 or 200 psi (7.0 or 14.1
kg/em?®) woauld reduce the spray size considerably.




Table 3

FIELD TESTS OF SPRAYING SYSTEMS - |
. 1/8K5 NOZZLE - o . s

. ‘Geometric .- Geometric - "Median,
Sampling * Aireraft : " mean : " standard _ . mass
location configuration diameter, um . ‘deviation _diameter, rm
Tail section Parked—engines’ 211 - S ..318. . " 1,166.8 .
. off I : ‘
30 feet {9.1 meters} | Parked-—engines 12.5 -:' 2.35 110.6
downwind on L : _ :
- 45 feet (13.7 metersl Parked—engines 13.2 1. 2.41 . _ 134.0
downwind on 7 : :
On runway Airborne—low - 180.1 - 2.07 : 876.1
: passes T :

Injection pressuse was 20 psi {14 kg/cm ) for all tests.

Solid-cone type.—The Monarch - solid-cone .nozzle,
Figure 27D, was given a very limited test, using a liquid
pressure of 400 psi (28.1 kg/cm?). A sample.of 482
droplets gave a geometric mean diameter of 50.4 um, a
geometric standard deviation of 1.62, and a median
mass diameter of 85.1 um. The geometric mean
diameter is similar to that for the impinging-jets nozzle,
Figure 33, but the median mass diameter s

considerably smaller. Also, the spray from the

solid-cone nozzle is considerably larger than that for
the target nozzle at the same pressure.

Miscellaneous Devices
Jet infected into shpstream —Based on- the findings of

Sherman and Schetz!®, Lane'?, and others, it seemed
that appreciable drop breakup could be accomplished

by injecting a solid liquid jet into an aircraft slipstream. -
Some field investigations had also suggesfnd th|s 7

possibility.

Assuming a 202 ft/sec {61.6 meters/seol sllpstream
application of equation {2) would yreld

e

612 _ 612 -
4=t =22,
o ~300 > MM

- =170 um

I

- the minimum size drop whrch could be further broken
by thrs air veloclty -

_Figure 40 shows the laboratory apparatus used in
checking this conclusion. The air pipe is at the right of

the photograph; airflow is from right to left. The liquid

. was injected perpendicular to the stream through a

1/16-inch-diameter {1.6-mm)} orifice into a calibrated
202 ft/sec (61.6 meters/sec) airstream

The resulting droplets were not collected but were
estimated ro- range between 100 and 500 um in size.

‘__/

Pmpeﬂer spray generator —A propeller sprav generator, '_

Figure 41, was loaned to the laboratery by- ‘the Sierra

Research Corporat|on "However, time did not permit -

testing of -the device. Liquid is introduced to the
prOpeIler through a series of tiny holes located in the

-circular’” ring ‘around the propeller shaft. The blades

possessed different shapes, and the leading edges were

" attached to the hub at different positions. The tips of = .-

the blades- appeared to be different also.. Some

_ contained a groove from leading edge to trailing edge,

while others were fiat. All blades contained grooves

_along the trailing edge, eliminating the possibility of a

smooth ,convergence ‘of flow from either side of the
blade and increasing the degree of vorticity. The degree
of turbulence produced by this propeller would be

" axtremely high compared -with a propeller wrth
conventional blading and should produc:e conslderab[e.

Hquid droplet breakup.

e




REFERENCES

1. Bittker, D. A,, “Effect of-Ambient Air Velocity on
Atomization of Two Impinging Water Jets,”” National
Aeronautics and Sapce Administration, NASA . TN
D-2087, Feb 1964 - :

R.M.G.
of the

2. Boucher,
Fundamentals

and Kreuter, J., “The

Nov 1968

3. Brun, E. and Boucher, R.M.G., “Research on the
‘Acoustic Air-Jet Generator: A New Development,” J

Acoust Soc Am, Vol 29, No 5, pp 573-583, May 1957

4, Chen,‘J. and Kevorkian,‘ V. "M’assAProduction‘ of
300-micron Water Droplets. by Air_~Wa;er Two-Phase
Nozzles,” Ind Eng Chem Process Dev, pp 586-590

5. Dana, M.T., “Calibration of an Ultrasonic Nozzle
for Aerosol Generation,” Battelle Northwest
Laboratories, BNWL-1551, June 1971 ' -
6. Dombrowski, N. and Hooper; P. €., “A study of the
sprays formed by impinging jets
turbulent flow,” J Fluid Mech, Vol 18 pp.392-400,
Jan-Apr 1964

7. Easterbrook, C. C., "A Study .of Spray ,and its
Contribution to Total Evaporation,” Cornell
Aeronautical Lab Rep No RM-2865-P-1, Jan 1970

8. Garland, J. A., "Some
Distributions Obtained by an Impaction’ Method,” Q J

Ultrasonic A tomization - of
Medicated Solutions,” Ann Allerg, Vol 26, pp 591- 600, ’

10, Huang, JbP

1. Kim, K. Y. and Marshall W..R., Jr,,
- Distributions from Pneumanc Atom:zers," Chem Eng -

in laminar and -

Fog Drohlet_ Size .

Royal Meteorol Soc, Vol 97, pp 483494, 1971

9. Heidmann, M. F. and Foster, H. H., "Effects of
Impingement Angle on Drop-size Distributions and
Spray Patterns of Two Impinging Water Jets,” National.
Aeronautics and Space Admlnlstratcon NASA TN
C-872 1961 '

‘;I'h.e .Blreack-ur‘: of Axlsymrﬁefrlc:
Liquid Sheets,”.J, Fiuid Mech, Vol 43, Part 2 pp
305-319 1970 ’

“Drop-size

Dep, Wlsconsm u

“12. Lane, W. R., “’Shatter of Drops in Streams of Air,”™
- Ind Eng Chem, pp 1312-1317, June 1951 '

13. $égd; M. A. and Antomdes, G. J, ”Fiow_ Pattern

of Two impinging Circular Jets,”” Am Inst Asronaut

- Astronaut J, Vol 10, No 7, pp 929-931, July 1972

14, Schetz, J. A_..; Kush, E. A,/ Jr.; and Van Qvereem, +

J.. “*High-Speed 'Photographic Study of Liquid Jet -
Breakup in a Supersonic Aijrstream,” 9th int Congr -
High-speed Photog, Aua 1970, Preprint 90 -

15...Sherman, A. and Schetz, J., “Breakup of Liquid
Sheets and Jets in a Supersonic Gas Stream,” Am inst’
Aeronaut Aét_ronaut J, pp 666-673, Ap'r‘_1_971

16. Zajac, - L. J., ““Correlation of Spr_ay' Drobéi_ze
Distribution and |njector :Variables,” North American
Rockweli Corporation, Rocketdyne, R-8455, 1971




¢
Figure 1. Apparatus for injection of liquid into air-operated nozzles. Photo
P801D-74365
Figure 2. Equipment for injection through liquid nozzles. Photo P801D-7436G NA
‘ '
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Photo PBD1D-74367 NA
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Figure 3. Vented collection hood for indoor spraying
of corrgsive liquids. Photo PEO1D-74368 MA
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Figure 5. Water droplets collected on gelatin-coated slide with Cornell sampler
{50X magnification}. Phato PB01D-74370NA




Figure 7. Poor slide specimen. Photo PBO1D-74372NA







B. Ammonium nitrate-urea droplets on uncoated slide. Photo PBO1D-74375 NA

Figure 9. Comparisen of droplets on coated and uncoated slides







Figure 11. Spark-gap light source and optics for photographing airborne
droplets. Photo PB01D-74377 NA

Figure 12. Typical high-speed photograph of airborne droplets (25X magnification).
Photo P801D-74378
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Figure 13. Photomicrographs showing agglomeration of water droplets in Stoddard
svlvent. Photo PBOTD-74380 NA




Figure 14, Pho_tdrf'iicmgr_aphs showing migration and agglomeration of water droplets in Stoddard
salvent. Individualfdroplets are identified by alphabetic characters. Phato P801D- 74382 NA
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Figure 15." Air-operated nozzles. Photo P801D-74383NA

A. "*Sonicore” No. 188 s
. B. "Sonicore” No, 052

C. USBR-2
. D. USBR-1
.. E. Prandt}-Meyer

F. Sprayco No. 6K




.
Figure 16. “‘Sonicore” No. 188 nozzie with air pressure = 10 psi (0.7 kgfem™ ) water pressure

wyiem- ). Photo PE01D-74384 NA
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= 650 psi
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Figure 17. "Sonicore!" No. 188 réozzle with air pressure = 60 psi (4.2 kglcmzl,
water pressure = 10 psi (0.7 ka/cm~). Photo PB01D-74385 NA

sl ] : .smmd.,m.:ﬁm

Figure 18. Ground-based spray rig using ‘‘Sonicare’’ nozzles for
hygroscopic cloud seeding. Photo PBO1D-68982 NA
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"Figure 19. Cross section of Mach-1.5 supersonic nozzle {USBR-HU//.
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Figure 21. Transparent tee and nozzle in operation. Photo
PBO1D-74387NA a




Compressed
Air Flow

Figure 22. Mach-1.5 noz2zle {USBR-1} with deflecting plate. Photo
PB01D-74388NA

Ligquid Flow N
L
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1
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i 2w tio i MINIC e o'nliP I s il
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Liquid Flow —- -

Figure 23. Device for injection of liquid upstream from air nozzle.
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Figure '24. Supersonic nozzle with serrated  resonatar cup and
deflecting plate (USBR-2), Photo P801D-74389NA




=3

entrance exit

Figure 25. Prandu-Meyer supersonic nozzle. Photo Photo PBOTD-74391 NA
P801D-74390NA

Figure 26, Prandtl-Mevyer nozzle in operation. Photo P801D-74392NA
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Holes impinge at pipe outer wall

Figure 27. Nozzles operated by liquid pressure only. Photo PE01D-74393NA

A. Self-impinging jets (USBR)

B. Fan-type (Spraying Systems, 1/8-K5)
C. Target-impinging jet (Bete)

D. Solid-cone (Monarch)




Figure 28. Series of self-impinging jet nozzles in operation. Photo
P80O1D-74394NA

Figure 29. Intarior of PVC pipe showing
residue of material removed during mechanical
drilling. Photo PB01D-74395NA
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Figure 30. Self-impinging jets at 45 psi (3.2 kg/cm:L
Photo PX-D-71167NA

Figure 31. Self-impinging jets at 150 psi (10.6 kg/cm? ). Photo
P801D-74397NA
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: Figure 32. Selfmpinging jets at 500 psi (35.2 kafcm-). Photo
: PEO1D-74398NA

] Figure 33. Self-impinging jets at 40 psi (2.8 kg.’cm"l. The holes intersect at
- outer surface of pipe. Photo PBD1D-74399NA



Figure 34. Self-impinging jets at 300 psi (21.1 ka/em}: The holes
intersect at outes surface of pipe. Photo P8BO1D-74400NA |

Figure 35. Self-impinging jets at 550 psi (38.7 kg.’cmzl.
The holes /intersect at outer surface of pipe. 'hoto
PBO1-D-74401NA
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Figure 37. "'Bete'l target-impinging jet nozzle. Photo PBO1D-74402N A
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Figure 3B. Characteristics of *'Mee’’ target-impinging nozzle.
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C. 575 psi (40.4 kglcmzl. Photo PB01D-74405 NA

Figure 39. “*Mee"' target-impinging nozzle.
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Figure 40. Breakup of liquid jet in airstream. Photo PE01D-74406NA

Figure 41, Propeller spray aenerator. Photo PB01D-74407NA
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 CONVERSION FACTORS—BR]T]SH TO METRIC UNITS OF MEASUREMENT

The foliowing conversion factors adopted by the Bureat of Reclamation are those published by the American
Society for Testing and Materials {ASTM Metric Practice' Guide, E 3B0-68) except that additional factors {*)
commanly vsed in the Bureau have been added. Further discussion of def'nmnns of quamutles and units is given in
the ASTM Metric Practice Guide, . .

The metric units and conversion factors adopted by the ASTM are based on the “‘Intarnational System of Units”
(designated 51 for Systerne International d'Unites), fixed by the International Committes for Weights and
Measures; this system is also known as the Giorgi or MKSA {meter-kilogram [mass)-second-ampere} system. This
system has been adopted by the International Qrganization for Standardization in [SQ Recommendation R-31.

The metric technical unit of foree s the kilogram- -force; this is the force which, when appimti toa bady having a
mass of 1 kg, glves it an acceleration of 9.80665 m/sec/sec, the standard acceleration of free fall toward the earth's
center for sea level at 45 deg latiwede, The metric unit of force in S) units is the newton {N), which is defined as
that force which, when applied te a body having a mass of 1 kg, gives it an acceleration of 1 m/secfsec. These units
must be distinguished from the (inconstant local weight of a body having a mass of 1 kg, that is, the weight of a
body is that force with which a body is attracted to the earth and is equal to the mass of a body multiplied by the
acceleration due to gravity. However, because it i_s general practice to use “pound” rather than the technically
carrect term “pound-force,” the term “*kilogram” {or derived mass unit) has been used in this guide instead of
kilograrm-force” in expressing the conversion factors for forces. The newton unit of force will find inereasing use,
and is essential in Sl unns

Where approximate or nominal English units are used 10 express a value or range of values, the converted metric
umpits in parentheses are also approximate ar nominal. Where preclse Enghsh units are used the corwcrted metric
units are expressed as equally significant values.

Table |

QUANTITIES AND UNITS QF SPACE

Multiply - By - - Toobwin -

LENGTH

25.4 [exactly)
. 26,4 (exactly) . .- . Mitlimeters
2.54 (exactly)” i ‘Centimeters
30,48 {exactly) : ' Centimeters
0.3048 (exactly}” - Meters
0.0003048 {exactly)” ’
- 0.9144 (exactly)
1,608.344 [exactly}*
" - 1.608344 [exactly)

AREA

Sguare inches N . 6.4516 {exactly) . .. ) Square centirpf_ft';rs
.. Square faet S “929.03 . Square centi:neters
Square feet EE 0.082903 ' Square’meters
Square yards Cov 0.836127 . Ll : Square meters
: i Hectares

Square meters

Snuare kilometers

Sguare kilometers

VOLUME

Cubic inches .- 2 S 16.3871 L ; * Cubic centimeters
Cubic feet X . ) Cubic meters
Cubic yards " 0.764555 : Cubic meters

CAPACITY

Fluid ounces {U.SJ ......... 29,5737 - Cubic centimeters’
Fluid ounces {U.S;] i e e R . . - Mililiters
Liguid pints (U.S3 . .. 7w ©. 0473179 A Cuhlc ‘decimeters
Liquid pints (U.5.) ) " 0.473166 : Liters
:Quarts (U.5.) L 3 : - . Cubic centimeters
Quarts [L1S.) . : . Liters
Gatlons {U.5.) - *3,785. : ! Cubic centimeters
Gallons {U5.) ; ) . : Cubic decimeters
Gallons {US.} . .. . .. . ) . . S Liters
Gallons {US.} . : 1 n Cubic-rneters
Gallons {U.K.)

Gatlons {LLK.} i 5 . : . Liters
Cubic feet . : . Liters
Cubie yards h . » ' : Liters

Acre-feet
Acre-feet

Cubic meters
Liters




S4EW =3B OJD

Table i1

QUANTITIES AND UNITS OF MECHANICS

Multiply

By To obtain

MASS

Grains (1/2,000 1bl

Troy ounces (480 grains) . .
Gunces (avdp}

Pounds (avdp)

Short tons {2,000 Ib}

Short tons {2,000 1bl

Leng tons {2,240 1%}

64,79851 {exactty) Milligrams
Grams
Grams

Kilogtams
Kilograms
Metric tons
Kilograms

0.45359237 {exactly) . ,
807.185
0.007195
1,016.05

FORCE/AREA

Pounds per square inch
Pounds per square inch
Pounds per sauare foat
Poungs per 3q.are toal

%,070307 K 1ograms per so.are cent meter

MNeatons per square cerl meler |

Kilograms per square meter

New tons per sadare meler

Ounges per cubic inch
Pounds per cubie foot
Pounds per cubic {aot
Tons (long) per cubic yard

Grams per cubic centimeter’

Kilograms per cubic meter
. Grams per cubic centimeter
... . Grams per cubic centirmeter

Q.0160185
132894

MASS/CAPACLTY

Qunces per gallan {L.5.]
Ounces per galion (U, K.)
Pounds per gallon {U.5.}
Pounds per gallon [L.K.)

Grams per liter
. Grams per liter
. Grams per liter
Grams per liter

. Bu/hr #t2 degree F{C, - - .

Table ~Continued

Murltiply . " By Ta abtain

WORK AND ENERGY®

British thermal units (Btul . . Kilogram calories
British thermal units [Brul . ., . 34. .. Jaules
Buperpound ... ... 2326 lexactly) . ... ... . Joules per gram
foot-pounds *1,35582 . . Joules

745700 ., ...,
0.283071
1,35682

Horsepawer .,
B per hour R
Foor-pounds per secand

HEAT TRANSFER

Bty inhr 12 degree F [k,
thermat canductivity} . . . .
Bta in/hr 7t< degree F (k, -
thermal conductivity) . . .
B ft/hr ft2 degren F

Milliwatts/em degree G '

} Kg cal/he m degree C©
C ... Ko cal mihe o degree ©
" thevmal conduetancel . . . . Milliwatts/cm? degree C
Bu/hr h2 degroe F(C,

thermal conductance}
Degree F r f1%/8tw (R,

thermal resistance)

Ka calth_r e degres C

; .. ... DegeeCcmZ/milliwatt
: .« Jgdegree C
Calfgram degree &

: Cm</sec

Bru/Ib degree F (¢, heat capacity} .
Btu/lbdegres F .. o101 .0

_F1€fhr {thermal diffusivityl | ., .
Ft2/hr {thermal diftusivityt

BENDING_MOMENT QR TORQUE

. Meter-kilogrames
Centimeter-dynes
Meter-kilograms

Inch-pounds
nch-pounds
Foot-paunds 0.1382558

Foot-pounds U 1.3s582x 107 . ., e
Foot-pounds per inch 54431 ... . Centimeter-kilograms per centimeter
Ounce-inches ’ 72.008 ... Gram-centimeters

0.011521
1.12985 x 108 |

Centimeter-dynes -

VELOCITY .

Centimeters per second
Meters per second
Centimeters per second
Kilometers par hour
Maters per secand

Feet per second
Freet per secand
Feet per year
Miles per hour
Miles per hour

30.48 |exactly]
0.3048 lexactly)®
*0.965873 x 106

0.44704 lexactly] .

ACCELERATION®

Feet per second? Teters per second?

Cubie feat per second
{second-feet}
Cubie feet per minute
Gallons (U.S,) per minute , , ., ..

Cubic meters per secand
Liters per second
Liters per second

FORCE”

*0.453592 ..
*4.44B2 . ..
44487 x 10° ) v+ .., Dynes

Kilograms

Grains/he 2 fwater vapor)
transmission] .. ...
Perms {permeance}

. Gramsf2d hrm2 -
Metric perms
Metric perm-centimerers

Perm-inches (permeability} . .. .

Table L1}

OTHER QUANTITIES AND UNITS

Multipby . By

To obrain

-Cubic feet por square foot per day (seepage] . ...
Pound-seconds per square foot (viscosity] . . .. .
Square feet per second (wiscosity)

Fahrenheit degrees {change)”

Valts per mil

Lumens per square foot [foot-candles)
Ohrrtircular mils per foot

Millicuries per cubic foot

Milliamps per square foot

Gallons per square yard

Pourds per inch

*4.8824 ..
*0.092903 .
5/9 exactly
0,03937

. . . Liters per square metor per day
. Kilogram second per square meter

v+ v+ Square meters per second

Celsius or Kelvin dearees (changa}™ =
Kiiovalts per millimeter
.+ . Lumens per square meter
. Ohm-squate millimeters per meter
Millicuries per cubic meter
Milliamps per square meter
Liters per square meter

Kilograms par centimeter




ABSTRACT

Described are preliminary results of investigations aimed at choosing and/or developing

spray nozzles with primary application to cloud seeding with hygroscopic liquids in- '

controlled spray sizes. Several types of nozzles are upder investigation, including:
air-operated nozzles, self-impinging jet nozzles, target-impinging jet nozzles, fan-type,
and solid-cane type nozzles. Air-operated nozzles produce the smallest droplet sizes {less
than 20 pm mass median diameter}, but tend to have a high noise level and higher initial
and operating costs. Self-impinging jets and solid-cone nozzles produce droplets as small
as about 50 um while target-impinging jets produce droplets down to about 25 ftm. Tests
on fan-type nozzles were too limited for conclusive results. Several methods of hqmd
injection were also mvest;gated and sampling techniques were developed.

"ABSTRACT

Dascribed are preliminary results of investigations aimed at choosing and/or developing
spray nozzles with primary application to cloud seeding with hygroscopic liquids in
controlled spray sizes. Several types of nozzles are under investigation, including:
air-operated nozzles, self-impinging jet nozzles, target-impinging jet nozzles, fan-type,
and solid-cone type nozzles. Air-operated nozzles produce the smallest droplet sizes {less
than 20 pum mass median diemeter), but tend 1o have a high noise level and higher initial
and operating costs. Self-impinging jets and solid-cone nozzles produce droplets as small
as about 50 im while target-impinging iets produce droplets down ta about 25 im. Tests
on fan-type nozzles were too limited for conclusive resuits. Several methods of liquid
injection were also investigated and sampling technigques were developed.
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. Described are preliminary results of 'i'nvestigations aimed at choosing andfor developing
“spray nozzles with primary application to cloud seeding with hygroscopic liquids .in
“controlled spray sizes. Several - types, of nozzles are under investigation, including:

aipoperated nozzles, self-impinging jet nozzles, targetdimpinging jet nozzies, fan-type,
and solidcone type nozzles. Air-operated nozzlas produce the smallest droplet sizes less
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and operating costs. Self-impinging jets and solid-cone nozzles preduce dropiets as small
as about 50 tim while target-impinging jets produce droplets down ta about 25 Um. Tests
on fan-type nozzles were too limited for conclusive results. Several methods of tiquid
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- ABSTRACT

Described are preliminary results of investigations aimed at choosing andfor developing
spray nozzles with primary application to cloud seeding with hygroscopic fiquids in
controlled spray sizes. Several types of nozzles are under investigation, including:
air-operated nozzles, seif-impinging -jet nozzles, target-impinging jet nozzles, fan-type,
and solid-cone type nozzies. Air-operated nozzles produce the simallest droplet sizes (less
than 20 um mass median diameter}, but tend to have a high noise fevel and higher initial
and operating costs. Self—lmpinglng Jets and solid-cone nozzles produce droplets as small
as about 50 dm while t557 -amplngmg jets produce droplets down to about 25 pm. Tests
on fan-type nozzles were 190w, *ed for conclusive resuits. Several methods of liquid
injection were also investigated anc‘ sampimg techniques were developed.
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