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PURPOSE 

This research i s  concerned with the investigation of 
spray nozzles that would be useful in cloud seeding 
operations. The goal of the research i s  to make possible 
the selection and/or development of nozzles that will 
spray hygroscopic liquids in controlled spray sizes. The 
purpose of this report i s  to discuss progress in these 
~nvestigations. 

CONCLUSIONS 

RECOM.IRIENDATIONS FOR FUTURE 
WORK 

1. Droplet size data should be obtained'over a wide 
range of operating conditions for the following devices, 
in order of priority: 

a. Self-impinging jets nozzle. . 
b. Target-impinging nozzle. 

c. Other devices as time and funding permit. 
- 
i( 

2. Work should continue for development of a 
1. Although the quantity of useable data was limited 
by difficulties in sampling, sufficient information was 

laser-drilling technique for production of self-impinging 
jets nozzles. 

aained to allow reasonable choices of nozzles for " 

specificdroplet size requirements. 3. A portion of the research effort should be directed 
toward development of radically new concepts for 

2. Air-operated nozzles are capable of producing very 
fine soravs less than about 20 un, (microns) for an air formation of sprays. 

pressure of 45 psi (3.2 kg/cmZ).'~he size i s  dependent 1- 

upon relative air and liquid flow rates, and a fair degree 
of size control i s  possible. The method of liquid 

APPLICATIONS 
injection affects the resulting droplet size. The results reported herein have application to cloud 

3. Resonator caps and deflecting plates have no seeding technology and to other uses of spray nozzles 

. - apparent beneficial effect In reducing the spray size for such as spray drying, fire f~ghting, and fuel injection. 

a given energy expenditure. 
INTRODUCTION 

4. Air-operated nozzles tend to have a high noise level. 
In November 1970, an interdisciplinary research team 

5. Higher costs are associated with nozzles which was formed at the Engineering and Research Center for 
operate from compressed air. investigation and development of nozzles for ice 

embryo formation and spray applications. The team 
6. ~e~f.imbinging jet nozzles offer an inexpensive included the disciplines of theoretical and experimental 
technique for producing sprays with mass median fluid mechanics; mechanical engineering; compressible 
diameters down to about 50 wm. The spray size flow; evaporation, condensation, and nucleation; 
decreases with increasing liquid pressure. The nozzle economics; physics; meteorology, and weather 
developed and tested consisted of two 0.0135-inch modification. 
(0.34-mm) holes intersecting at the outside surface of 
the p~pe at an angle of 90°. The investigations for development of nozzles for ice 

embryo formation will be reported separately. The 
7. Target-ihpinging jets can produce sprays with mass subject of this re 
median diameters down to about 25 urn. Again, the spray applications 
droplet size decreases with increasing liquid pressure. 

The research team's initial objectives were: 
8. Tests of fan-type and solid-cone.type nozzles were 
very lim~ted, but droplet sizes similar to the 1. Early procurement and evaluation of the 
impinging-jet nozzle were found for the solid-cone air-operated Sonicore nozzles for airborne seeding 

type. and spraydrying applications. 

9. Injection of a spray into an aircraft slipstream can 2. Review and evaluation of patents and technical 
cause additional breakup of larger droplets, the limiting literature concerning nozzles and appurtenant 
size being determined by the velocity of the airstream. equipment that would be useful. 



3. Optim~zation of an impinging-jets nozzle for Sampling 
large-scale drying applications. 

Initial droplet-size data were obtained with an aerosol 
4. 0pt;mization of an impinging-jets nozzle for sampling deviae developed by Cornell Aeronautical 
ground seeding, and development of possible Laboratories,", Figure 4. 

.. .' . 
These objjctives were modified somewhat during the provided by a blower. Intake speeds were variable to 
course of the study, but they s t i l l  provided wneral more than' 100 miles Ear 'hour (160.9 hm!hrl. A 
quirklines. Considerable effort was spent in developing slide-changing d e v i d  operated to ezpose a 
a satisfactory technique for determining size gelatin-coated slide, with exposure times varyih$-fr 
characteristics of sprays. Also, much laboratory testing a fraction of a second to unlimited time. 
was performed on several types of nozzles in addition 
to those listed in the objectives. A typical slide is  shown in Figure 5. Impact of the 

water droplet on the slide and dissol&iqn of the gelatin 
The major emphasis was on 'the cloud seeding coating, according to several sources, causes a crater,, 
applicationsi Logistics,., problems were a major approxi&ately twice the diameter of the original' 
consideration: for example, an-air-operated nozzle droplet. 5 agglomeratipns of 
reyir ing a large air compressor wo,uld.';iot be generally droplets and a preponderance of smaller droplets. 
suitable for airborne seeding., The major goal that ~ ~ ~ ~ i ~ ~ t i ~ ~ ,  with a strobotac light of the spray which 
developed was to establish an inventory of nozzles that ' :  produced this slide, suggested that many large drops 

could form rewired d ro~ le f  sizes to were not collected. Apparently, collection of spray by 
conditions of updraft speed. cloud bas We, -' withdrawal perpendicular to the stream allowed larger 
height above cloud base, etc. 

?~ 
drops to sweep past the end of the sampling tube. On 

' the other hand, directing the stream into the sampling 
Other potential spray nozzle applicatio ray tube introduced more water than the shortest 
drying, fire fighting and prevention, outdoor cooling, exposure time would accommodate. Attempts to baffle 
etc., were considered. the airstream and select only a portion of the spray 

' r e  laroelv unsuccessful. Water had a tendencv to - .  
collect on the bafflmg, then shed off in the form of 

LABORATORY TEST FACJLITlES very large drops. Thus, the reliability of this method of 
dara collection was very unoertain. 

Pumps and Injection Apparatus 

Considerable data were collected by the widely used 
Figure 1 shows the stainless steel ta'nk and tubing used method of passing a wand-mounted, gelatin-coated 
for lnjection of l~quid, including corrosive Solutions, slide through-the spray, Figure 6. The speed of the 
into the air-operated nozzles. The tank was filled with wand was very critical i n  collecting the optimum 
liquid, then air pressure applied a t  ihe top of the tank amount of liquid. Comparison of Figures 7 and 8 
forced the liquid into the nozzle at a determined rate. demonstrates this. 
The l iqu~d flow rate was read wlth a volumetrically 
calibrated rotameter. Air pressure was monitored with Samples were obtained by collectmg water on a 
a Bourdon gage. Air for the air-operated nozzles was gelatin-coated slide and by collecting ammonlum 
supplied from a centralized laboratory distribution nitrate-urea solution on an uncoated slide. The 
system photographs in Figure 9 fail to show the 2 1  ratio in  

crater to droplet diameters. The mean diameter for 
For high-pressure liquid nozzles, water was used as the droplets in  Figure 9A was 27 pm and that for 98 was 
test fluid and was supplied by a Moyno pump, 24pm. 
belt-driven from a 2-hp (1.5-kwl electric motor, Figure 
2 Pressures up to 600 psi (42.2 kglcm2) were These uncertainties were compounded by the problem 
obta~ned. of evaporation of the waterdrops and water addition to 

the hygroscopic ammonium nitrate-urea drops. 
A collection hood with fan-assisted venting to the 
outs~de was constructed to allow indoor spraying of Another method attempted was to pass a 
corroswe solutions, Figure 3. geiatin-coated cylindrical glass rod through the spray. 

'Numbers designate references lorred ar the end of thls report 

2 
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The method finally used consisted of collecting a This type of nozzle exhibited intense noise 

the image through the microscope made the sample at 3 feet (0.9 meter) and 118 dB at 20 feet (6.1 
essentially useless. Addition of hypoid gear lubricant meters). Attempts to isolate and muffle the sound had 
slowed the migration process, and size analysis showed l i t t le  success. To prevent hearing damage, precautions 
repeatable results. are required when sound levek reach 95 dB, with 

3 

The intent of the cylindrical shape was to improve the TESTING OF DEVICES 
collection efficiency for smaller droplets. Figure 10 
shows the poqr definition and considerable Air+perafedNozdes 

," 
agglomeration of droplets. Therefore, this method was 
rejected. 

Several types of air-operated nozzles are shown in 
Figure 15. 

Obviously, the most reliable means of determining sonic resonators.-~or this device, the breakup of 
droplet sizes would be to photograph the droplets drops presumably ocmrs::yhen the drops are subjected 
directly and as close as possible to their origin. The to oscillation in a field of high-frequency sound waves. 
speed of the stream of spray, particularly frr. the ,This field is produced by a so-called resonance cup or 
acoustic nozzles, and the densiiy of the spray made "chamber in the path of a high.velocity jet of air. The 
such direct photography extremely,difficult. However, frequency of oscillation can be calibrated and i s  found 
after much experimentation, a fairly reliable system to:be on the order of 10,000 hz. This principle was 

was developed. first applied by J. Hartmann in the 1920's and has thus 
been known as the "Hartmann in the 1920's and has 
thus been kn&n as :he "Hartmann whistle." Other A 10.000-.~~lt spark gap, with a p r a f i o n  of 0.5 including Boucher Kreuterz and 

microsecond, was used as the light:sour~:\,The-light B~~~ and eoucher"ave investigated device, and 
beam was made r,irall?l by a collimating lens; it was numerous patents have been issued on devices 
then passed through thk spray and a diverging lens to consisting of slight modifications of the Hartmann 
the film plate. A shadowgraph resulted, with whistle. One such device i s  the "Sonicore" nozzle 
magnification determined b y ,  the distinoe from, the marketed by Sonic Development Corporation of 
diverging lens to the film ~ l a t e : ~ h e  shutterless camera Yonkers. New Jersey. 
required operation in a darkroom. 

"Sonicore" Models ,052. 156, 188, and 312 were 
Figure !l shows the spark-gap and optics setup for obtained for laboratory testing (the model number 
25X mar;nification. The resulting photographed sam~le refers to the nozzle throat diameter in thousandths of 
was apl:oximately 0.14 by 0.18 inch (3.6 by 4.6 mm) an inch). As in other typesof aerodynamic nozzles, the 
v i th  a depth of field of O.O$ inch (0.8 mm). The droplet size decreased with an increasing ratio o i  
photographs were enlarged four times t o  produce a airflow to liquid flow rate. Examples are shown in 
1OOX magnification. , .,* .+ Figures 16 and 17. 

A typical 25X magnified photograph i s  shown in Spray from the Model 156 was analyzed for size 
Figure 12. Only those droplets in focus are counted. distribution with a constant air pressure of 30 psi (2.1 

kg/cm2) and liquid flow rates of 0.2, 0.3, and 0.4 gpm 
Slower-moving droplets were exposed by a strobe flash (0.013. 0.019, and 0.025 literlsec). Results are 
having a duration of about 1.2 microseconds. summarized in Table 1. 

A major problem with this technique was the inability The data sh,ow some inconsistencies, although they 
t o  photograph a represenfative sample of the spray were not :jerious, ~ l ~ ~ ,  use of the upstream 
because the spray was not uniform through its cross impingingliquid injector caused some reduction in 
section. Therefore, a large number of photographs droplet sizes, ; 
would have been necessarv for a satisfactorv analvsis. 



Liquid 
Air I flow 

Geometric Geometric ' Number of 
pressure " standard 1'' drooiets 

diameter,pm diameter, pm in sample 

63.0 258 I1 

0.3 55.5 1.45 83.9 234 li 
30 0.4 55.0 1.53 95.0 f" 148 

30 "0.2 35.4 
30 0.3 38.5 
30 0.4 50.1 1.51 83.8 444 . 

il j: 5. 
a Liquid injected through manufacturer's ports. p ,i .. 

Upstream impinging injector used, FigureyL3. 

.~ . . ~.~.. 
-a5 

exposurl'ti hours, for the frequency range of The spray rig was transported to  sai Angelo, Texas, 
the nozzle. for fur ther  evaluation during the emergency 

,: 
,' drought-relief cloud seeding program in the summer of 

The tests further showed that the 188hozzle gave a 1971. However, very limited-kpportu&ties arose for 
marginal sound intensity and the 156 nozzle was below field tisting. Further evaluation is planned. 
the limit for required protection. The 156 nozzle was 
therefore chosen for inclusion in a field test spray rig. Supersonic nozzles.-The basic mechanism of liquid 

spray produce$ in a supersonic nozzle i s  the interfacial 
Specifications for the field test spray rig required a shear develop& by the velocity differential between 
delivery of approximately 1 gpm (0.06 literlsec) liquid and air. A recent paper by Sherman and 
ammonium nitrate-urea liquid fertilizer with a median schetzI5 describes the breakup of liquid sheets and 
mass diameter of about 20 pm. Thus, four "Sonicore" jets in a Mach-2.2 free stream. High-speed photography 
156 nozzles were required, each delivering 114 gpm showed that sheets of liquid developed a surface.wave 
(0.02 literlsec) of;, liquid and operating at an air structure with subsequent disintegration into ligaments 
pressure of 60 psi(4.2 kg/cm2) [about 60 cfm (28.3 and droplets. Jet breakup,consisted of waveformation 
literlsec) of free air] . followed by gross fracture of the jet. The pieces of 

fluid then broke down into smaller particles and 
The use of steam in lieu--q: compressed air was drople~. The tests also showed that the degree of 
suggested. Howeve~;cSi~utations showed that a steam breakup at a given stream location was inversely 
generator would require 119 hp (88.7 kw) to supply 60 proportional to a dynamic pressure ratio qr: 
cfm (28.3 literlsec) of dry steam, with the unrealistic 

P& assumption of 100 percent efficiency. A 16-hp qr =- 
pgue2 

(1) 
fIl.Bkw)(idealJ air comoressor w~zuld orovide an 
adequate air supply. Also, the use of steam would where pg = liquid density 
involve some safety hazards. Pg = gas density 

Vj =liquid injection velocity 
A ground-based llquid fertilizer spray rig was assembled 
and tested. The rig consisted of a rotary air UX = free-stream velocity 

compressor, four "Sonicore" 156 nozzles with For example, droplet sizes would be decreased by 
associated air and liquid piping, a flowmeter. a Pump increasing the free-stream velocity or decreasing the 
capable of handling corrosive liquids. and a liquid injection velocity from a fixed-diameter 
motor.generator set for supplying the necessary power. liquid-injection port. 

Figure 18 shows a local Test of the rig. The rig worked For the liquid sheet, the wavelength, and thus the 
best under calm conditions; a relatively stiff breeze droplet size, were functions of the growth rate of 
caused the spray plume to bend toward the ground. surface disturbances. The relationships were not clearly 

1) 



showed that mean droplet diameters of 21 to 31 pm 
resulted from a liquid sheet thickness of about 150 pm 
in a Mach-2.2 airstream. The size distribution showed a 
marked skewness toward the smaller sizes. 

More than 20 years ago, Lane1' listed three stages in . - 
the breakup process: 

.. 
1. Initiation of small disturbsxes on the liquid 
surface. 

2. Formation of ligaments and drops by interfacial 
> 

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 steaqr, stream. In the supersonic nozzle, 
the relative~velocity of the droplet will vary with time. 
Intuitively, the accelerating airstream in the expanding 
part of the nozzle would lead to a un~form drop size. 
This occurs because shearing action IS maintained 
between air and liquid droplet, providing further 
breakup. Lane's work suggests 15 pm as a lower limit 
for the mean diameter caused by breakup In an 
airstream. . 

:=-_s_hea r. 
: ,  ,&== *., 
, . , ' f :;.: 

Additional Information was f w n d  in a paper hy Kim 
3. Additional breakup during movement of,,a~r. and ~arshall". Using air nozzles with liquid injected 

in an annular shape, they found that a plot of the 
These stages correspond to those described by Sherman logarithm of the mass median particle diameter versus 
and Schetz'" as discussed above. the square root of the liquid mass flow rate was linear 

for a given nozzle and air 'mass flow rate. They also 
Lane describes the breakup of droplets in a steady found that the median mass diameter approached a 
airstream as a formation of a hollow bag which burst to lower limit as the aidliquid mass flow rate ratio 
form smaller drops. Experimental results were increased. The experiments showed that even with a 
expressed by the equation: relatively viscous liquid [8.7 centipoise (cp) (1.82 X 

lm4 lb-sec/ft2)1 the limiting median inass diameter 
IU -v)'d=612 (2) could be 1 or 2 pm. This suggests that water (' 1 cp) 

(2.09 x 10.' lb-sec/ft2) could be broken into 
submicron particles. where 

u = crltical velocity of airstream requ~red to Therefore, the problem was to design a nozzle to 

break drop, m/sec produce a required\hniform, minimum droplet slze for 

v = velocity of entrained drop at instant of - a given liquid flow rate, with a minimum expenditure 

breaking, mlsec of energy. Larger sizes could then be generated by 

d = diameter of drop, mm reducing the airflow rate or, if desirable, increasing the 
liqu~d flow rate. 

Thus, higher differential velocities would be required A nozzle, Figures 19 a"d 20, was to form successively smaller drops. Lane found that the designed and fabricated. The air nozzle i s  annular 
relationship did not hold for supersonic airstreams, shaped, liquid is injected upstream from the 
with the rate of decrease in size being less than that nozzle, The ddlecting plate forms an adjustable 
predicted by equation (2). resonance chamber and can be removed completely to 

allow formation of a hollow, circular jet. 
The goal of this investigation was to design a nozzle by 
which required droplet sizes could be produced with a Alternative methods of liquid injection were 
minimum expenditure of energy. 

i: considered. First, the liquid was injected through a 
, , 
!/ needle valve into a polyvinyl-chloride tee fitting in Two approaches seemed feasible: the line uustream from the air nozzle. I t  was susoected 

that some breakup occurred through the needle valve, 
'1' . 1. Control of the wavelength of instability' with 

which ma;nTained a di~erential pressure ranging irom 
resulting control of the droplet size. 

psi (0.1 kg/cm2) at 0.1 gpm (0.01 literlsec) to 25 

2. Control of the droplet size before introduction 
: psi (1.8 kg/cm2) at 0.4 gpm (0.03 literlsec). To verify 

into the supersonic nozzle, thus determining the this, a clear plastic tee was fabricated and installed in 

final droplet size according to a relationship similar the line, Figure 21. The photograph shows that, even 

to Lane's. though some initial breakup took place at the needle 





i 

11 
3. Using only the larger samples (> 1501, theye is  an (3.2 kg/cbn21 and liquid flow rate ranging from 0.2 to 
ill-defined increase in droplet size for incpeasing 0.4 gpd~(0.01 to 0.02 liter /secl.+%"i~d geometric 
liquid flow rate for an air pressure of 20 psi (1.4 mean diameters between 25 to45Xim and median mass 
kg/cm2!. A t  air pressures of 34 (2.41 and 45 &i (3.2 diameters varying frpm 55 to 80 pm. No apparent 
kg/cm2) there appears an insensitivity to liqujd flow correlation was observed between droolet size and 
rate, within the range tested. 1 

A different system of liquid injection was dedised to 
I 

cause initial breakup of the drops before entry into the 
nozzle, with the intention of using the energ$ of the 
airstream more efficiently. A drawing of this system i s  
shown in Figure 23. 

' .i 

: 

A supersonic nozzle was also fabricated with 
resonator cap and flat deflecting plate, ~igure,/24.. The 
purpose of the serrations was to provide more shear 
contakbetween the air-liquid jet and the sfibunding 

- - -  

liquid flow rate for these tests. 

Llquid-pressure Nozzles 

Several types of nozzles operated by l ~ q u ~ d  pressure 
only are shown in Figure 27. 

Self-impinging jets.-Dombrowski and Hooper6 
describe the mechanisms of breakup of impinging jets. 
The lmplnging jets Produce a flat sheet in a plane 
perpendicular to that containing them. Formation of 
aerodynamic or hydrodynam-ic waves on the surface of 

I 
I the sheet then causes additional heskup. 

d 
At an air pressure of 34 psi 12.4 kg/cm2! and a liquid, Dombrowski and ~ d o ~ e r  maintained laminar flow over 
flow rate of 0.3 gpm 10.02 literlsec), the ieometric a range .of Reynolds numbers up to 12.000. lnsertibn 
mean droplet size was 44 pm and the me4ian mass of wires a t  the tube entrances was used.to produce 
diameter was 53 pm. The deflecting Plate +as 'set so turbulent flow. Tests were carried out for both cases, 
that the points of the serrations restecl dn the with impingement angles of 50° to 140° and jet, 
downstream end of the nozzle section. Additional velocities Of 730 to 1,950 cmlsec (24 to 64 ftlsec). 
deflector spacing and air-to-liquid flow $te: were Their results showed that, for both laminar and 
tested visually with a high-intensity light sjur?. The turbulent jets, a minimum geometric mean drop size of 
results showed no advantage over the simpler USBR-1 about 100 pm occurred for an impingement angle of 

I 
nozzle described earlier. :I 140° and a jet velocity of 1,950 cm/sec (64.0 ftlsec). 

il' The laminar flow actually reached the minimum drop 
Figure 25 shows a conventional ~ra?dtl'- eyer Size a t  about 1.200 cmlsec (39.3' ftlsec) for 
supersonic nozzle, which consists of a ddddn 45' impingement angles of 110° to 140°, then began to 
expansion downstream from the nozzie throat. increase with an increase in velocity. However,Zhe 
Operation of this nozzle, with the tee of l ~ i ~ u r e  21, turbulent case i s  of practical interest. The rbults, 
showed a coarser,spray than the other a~r-operated though terminated at 1.950 cmlsec (64.0 ftlsec) 
nozzles. Figure 26 shows the operation>// At an air suggested that there would be no further reduction of 
pressure of 34 psi (2.4 kg/cm2) and a liquid flow rate drop Size with increasing jet velocity. One purpose of 
of 0.1 gpm (0.01 literlsec), the geometric mean droplet the Present tests was to verify this conclusion. , . 
size was 30 pm, with a mass median diameter of 75 
pm. Thus, the spray is  approximately mi?! as large as The impinging jet noizles hold promise both for cloud 
that for the USBR-1 nozzle with a 3116-inch (4.8-mm) seeding with hygroscopic liquids and for large-scale 
deflecting plate spacing under identical operating spraying-drying applications. Thus, it was necessary to 
conditions. - 1 

I, 1 ,: 
obtain a rapid means of drilling large numbers of hole 

i pairs and at the same time to maintain good control of 
A test of the Sprayco No. 6K nozzle, Figure,l5F, was . holealinement, size, and shape. . . 
performed after use of the nozzle in ah operational 
hygroscopic cloud seeding program in Oklahoma. The Figure 28, shows a series of impinging jets formed by 
nozzle was designed so that the liquid 9s introduced punching 'plastic pipe with a No. 10 needle. As the 
into the center of a swirling airstrea+ and mixed photo shows, some jets were misalined and others were 
before leaving the exit port. Laboratary tests were plugged. Tests were also performed with holes formed 
performed to duplicate conditions use51 inlthe cloud by a No. 80 [(0.0135-inch (0.3-nim)] drill bit. 
reeding operation. Air pressure was set/;at 32 psi (22  Problems with plugging continued, even during 
kg/cm2), and liquid flow was set for .0.3gpm: (0.02 operation a t  several hundred <)si. Figure 29 shows 
liter/secl. Geometric mean diameter ofl; the spray was material forced into the pipe interior during drilling; 



10.0135 inch (0.3 mm)]. Impingement angles of 00' 
to 110O were chosen to minimize splash back onto the ,, Figuri38 shows the variation in droplet diameter and 
pipe surface and to allow proper aeration of the jets. 

-' 

nozzle flow rate with !quid pressure. The data scatter 
', : , f o r  mass median diameter in the smaller sizes i s  

A special shop jig was made to ensure proper alinement 'believed to b e  caused by agglomeration of smaller 
of the ho!es.~However, i t  was found that misalinement drops into larger drops. Therefore, the curve fit to the 
of the jets occurred for certain pressure ranges. Figures data was tempered by this obrervation. 
30 to 32. The misalinement was caused by jet 
instability, not drilling technique. Geometric standard deviation varied from about 1.3 to 

1.8 in the analysis, with a slight decrease with 
, . ! ( Numerous trials tinally resulted in a pair of 9oC, increasing liquid pressure and flow rate. ~... 

?.< . . 0.0135inch (0.3.mm) diameter holes which properly i ,-> , 
u 

impinged over the ranJe of ~tst pressures,Figures 33 to The limiting droplet size is  indicated by the curves to 
35. The holes intersected a t  the outside surface of the be about 20pm. Comparison with the minimum size of 

pipe. droplets produced by the Bete nozzle (45 pm) s'lggests 
that the minimum size might be directly related to the 

Figure36 shews the variation of median mass diameter orifice size. Figure 39 shows the appearance of the 

and geom~trik F a n  ,'diameter with pressure. The spray for liquid Pressures of 40. 300. and 575 psi 
 scatter;^; d a t a & Y ~ g h  o t  serious, i s  believed to tk (2.8, 21.1. and 43.4 kg/cmZ). ,. 

,, 

cagied by aggl~rile:$tion of droplets before the s+ple ;.. 
photograph ~ i 4  tak3n. ~h~ curves suggest limiting mass ~arget-impi&ing nozzles dbviously are capable of 
median and geometric mean diameters of about 50 and producing smaller droplets at much lower liquid 

25 pm. respectively, for this particular nozzle. pressures and flow rates than the ~lf.impinging jets. 
Laboratory 9sts showed no significant change in hea& However, :?he> relative costs of 'c6nrtructing or 
loss with hole size. However, investigations by other! purchasing each type must be considered when dealing 
suggest that hole diameters less than abouf.0.01 inch with large quantities of fluid. 
(0.3 mm) are impractical because of liquid filtering 
problems and viscous effects. Fan Type.-The Spraying Systems 1/8.K5 nozzle, 

Figure 278, was tested in the summer of 1972 during a 
A review 3f technical literature on pulsed laser drilling program of hygroscopic cloud seeding in Oklahoma. 
suggested this 'a; a possible technique for drilling large Measurements were made with spraying.of water from 
numbers of hole pairs to close specificatio_ns. A pilot a parked aircraft and of an;lmonium nitrateurea 
tes t  st,,wed thav the technique holds promise and solution from a low-flying aircia7t. Test, results are 
should be developed. Plans call for fabrication of a summarized in Table 3. 
tube holder and development of a beam splitter to 

. : simultaneously drill two holes with a single laserbeam. ~ h ,  large difference in median mass diameter between 
sampling at the tail and sampling at downwind 

Target-impinging jets.-In this nozzle type, a locations was a result of larger droplets striking the 
? .  high.prsssure, high.velocity liquid jet::mpinges on a ground a short distance dpynwind from the aircraft. 

fixed target. A typical nozzle of this type i s  The larger droplets were not included in the collected 
manufactured by Bete Fog Nozzle. Inc., and is  shown sample. 
in Figure 37. The nozzle has an advantage in simplicity 
of design. However, the target can be easily knocked During the airborne low passes, mostly large droplets 
out of alinement; which is a critical factor. Also, as 'were coliected. Even considering the hygroscopic 

, , Figure 37 shows, filaments o f  relatively large drops growth, particles were probably over 800 gm median . .. 
tend to form at the target support. The particular mass diameter when released from'thw aircraft. J, 

? nozzle tested had an orifice diameter of 0.018 inch 
(0.46 mm), with a target of appro~imately the same Later laboratory tests showed that an airspeed of 236 
size,: Difficulties in sampling did not providP'reliable fttsec (71.5 meterdsec) should reduce the median mass 
data for presentation here, but a minimum geometric diameter to about one-half of that for still-aig' 
mean diameter of about 45 pm was suggested. operatioii of the nozzle. Limited laboratory tests also 

showed that increasing the liquid pressure from 20 
Another nozzl i  of the target.imFin$ng type is the '' psi (1.4 kg/cm2) to 100 or 200 psi (7.0 or 14.1, 
"Mee" nozzle, manufactured by h l e e  Jndistries, Inc. kg/cm2) would reduce the spray size considerably. 

& 
,. .~, i 



Geometric Geometric Median 
Sampling Aircraft mean standard mass 

location configuration diameter, pm deviation diameter, pm 

Tail section Parked-engines 21.1 3.18 1,166.8 
off 

30 feet  (9.1 meters) Parked-engines 12.5 2.35 110.6 

downwmd on 
45 feet (13.7 meters) Parked-engines 13.2 2.41 134.0 

downwind on 
On runway Airborne-low 180.1 2.07 876.1 

passes 

Injection pressure was 20 psi (7.4 kg/cm2) for all tests. 

Solid-cone type.-The Monarch solid-cone nozzle, the minimum size drop which could be further broken 

Figure 27D, was given a very limited test, using a liquid by this air velocity. 

pressure of 400 psi (28.1 kg/cm2). A sample of 482 
droplets gave a geometric mean diameter of 50.4 pm, a Figure 40 shows the laboratory apparatus used in 

geornetrlc standard deviation of 1.52, and a median checking t h i s  conclusion. The air pipe is  at the right of 

mass diameter of 85.1 pm. The geometric mean the photoyraph; airflow isfrom right to left. The liquid 
diameter i s  similar to that for the impinging-jets nozzle, was injected perpendicular to the stream through a 
Figure 33, but the median mass diameter i s  l/l&inch.diameter (1.6-mm) orifice into a calibrated 
considerably smaller. Also, the spray from the 202 ft/sec (61.6 meters/sec) airstream. 
solid-cone nozzle i s  considerably larger than that for 
the target nozzle at the same pressure. The resulting droplets were not collected but were 

estimated f- range between 100 and 500 pm in size. 
Miscellaneous Devices 

Jet injected into slipstream.-Based on the findings of 
Sherman and ~ c h e u ' ~ ,  Lane", and others, it seemed 
that appreciabie drop breakup could be accomplished 
by injectin: a solid liquid jet into an aircraft slipstream. 

tad this Some field investigations h3d also sugges.", 
poss~bility. 

Assuming a 202 ft/sec (61.6 meters/sec) slipstream, 
application of equation (2) would yield: 

,- 

' J 

Propeller spray generator.-A propeller spray generator, 
Figure 41, was loaned to the laboratory by the Sierra 
Research Corporation. However, time did not permit 
testing of the device. Liquid is introduced to the 
propeller through a series of tiny holes located in the 
circular ring around the propeller shatt. The blades 
possessed different shapes, and the leading edger 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 flat. All blades contained grooves 
along the trailing edge, eliminating the possibiliw of a - 
smooth,,convergence of flow from either side of the 
blade and increasing the degree of vorticify. The degree 
of turbulence produced by this propeller would be 
extremely high compared with a propeller with 
conventional blading and should produce considerable 
liquid droplet breakup. 
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Photo P8010.74367 N A  

Figure 3. Vented collection hood for indoor spravinll 
of corrosive lir~uidr. Photo P801D-74358 N A  





F w r e  6. Gelam-coated dude mounted in wand. Photo P801D-74371NA 

Fgure 7 Poor rllde rpeemen. Photo P801D-74372NA 





A. Water droplet craters on gelatin-coated slide. Photo P8010.74374 NA 

0. Ammonium nitrawurea droplets on uncoated rlidc. Photo P801D-74375 N A  

F w r e  9. Comparison of droplets on coa~cd and uncoetcd slider 







Flgure 13 Photomicrographs showing agglomeration of water droplets in Stoddard 
solvent. Photo P801D-74380 NA 
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Flgurc- 16. 'Sonicorr"  No. 188 nozzit: ~ w r h  m r  ,ircsrur,. - 1 0  psi 10.7 kglcm21 warcr pressure = 60 PSI 14.2 
'cglcm-1. Photo P801D-74384 N A  







?., 
Figure 20. Mach-1.5 rupersonic nozzle IUSBR-1). Photo P801D-74386NA 

Figure 21 Transparent tee and nozzle in operatmn. Photo 
P801 D-74387NA 



Fisure 22. Mach-1.5 nozzle (USER-11 with deflecting plate. Photo 
~801 D-74388NA 

L i q u i d  Flow--- 

L i q u i d  F l o w  - .  -. 
Figuic 23. Device lor injection of liquid upstream from air norrlc. 
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entrance 

Figure 25. Prandtl-Meyer supersonic nozzle. Photo 
P801 D 7 4 3 9 0 N A  

exit 

Photo P801D-74391 N A  

Figure 26. Prandtl.Meyer nozzle in opcrxion. Photo PBOlD.74392NA 





Figure 28. Series of self-impinging jet nozzles in oprmtion. Photo 
P801 D-74394NA 

Figurc 29. Interior of PVC pipe showing 
residue of  material removed during mechanical 
dillling. Photb P801D.74395NA 













L I Q U I D  P R E S S U R E  ( P S I G )  
F~gure 38 Charactermzcr of "Mee" target-mptngng nozzle. 



A. 4 0  mi 12.8 kg/cm21. Photo P8Ol D.74403 NA 

C. 575 prl 140.4 k((/cm21. Pholo Pa01 D-74405 NA 

Figure 39. "MW" target-impinging nozzle. 

B. 300 psi 121.1 kglcm21. Photo P801D-744P4 NA 



Figure 40 .  Breakup 01 liquid jet in airstream. Photo P8Ol D-74406NA 

Figure 41 .  Propeller spray generator. Photo PBOlD-74407NA 



The following mnersion factors adopted oy the 8~1eau of Reclamat'on are t hoa  abl irhed by the Amerean 
Saierv for Tening and Materials IASTM Metric Practice G-ioe. E 38068) except mat additional faston 1.1 
mmmonly &red in Ulc 6urea~  hare men aaaed. Further dirc~ssion of  definitionr of wantitiesand un is  r gbcn .n 
the ASTM Memc Pran~ee Gwde. 

The metric units and mwerrion factors adopted by the ASTM are bared on the "lntsmational Syrtern o f  Units" 
lderignated SI for Systeme International dUniter). fixed by the lnternarional Comminee for Weighs and 
Measurer; thir w t m  ir also known ar the Giorgi w MKSA (meter-kilogram lrnarrl-remnd.amprel rynem. This 
system has been adopted by the lnremational Organization for Standardization in IS0 Resommendation RJl. 

Tne metrr rRnn cal un:r of force is the r i  ogrorn.forsr; tho$ .r me form r h  ch. when appl.ed to a body hmmg a 
marl o f  i kg, g rer st an Dccelersrion of 980665 m/rps/lcc, W stanmrd ace  emton of hee tall t o w r a  the eann'r 
center for rea lwel a1 45 am lniwae. The metric ~n t o f  force in 51 .nm is the newton IN] .  wh'ch 'roefined as 
that farce whish, when applied t o  a body hsvinga m a r  of 1 kg. giver i t  an acceleration of i r&eclrec. Thereunits 
m u n  be dirtinguirhed from the l i nmnmnt l  lwai  weight of a body having a mas of 1 kg, that is, theweight of a 
body is t h a  force with whish a body ir attrasfed to  the earth and ir equal t o  the mars of a body multiplied by the 
acceleration due to  gravity. Hwvwer. becaure i t  is general practice to  "re "pound" rather than the technically 
correct term "pound-force,'' term "kiiogsm" (or derived m a r  unit) has been "red in thir guide instead o f  
"kilogram.f~rd' in exprersing the converrion factors for forcer The newton unit of force wiii find increasing us?. 
and ir enentiat in 51 units. 

Where appmxtmate ar nommal Englirtl units are used to expres a value or range of valuer, the convened metric 
un16 in parentherer are also approximate or nomlnal. Where prescre Engllrh units are used, the converted metrdc 
unm are exprerred sr equally rtgnlflcant valuer 

Table I 

QUANTITIES AND JNlTS OF SPACE 

Multlpiy BY TO obmn 

LENGTH 

. . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  Mil  25.4 Iexastiyl Micron 

. . . . . . . . . . . . . . . . . . .  Inchu . . . . . . . . . . . . . . .  25,4(exastiyl Mll!imeterr 
lnshe . . . . . . . . . . . . . . .  2.54 Iexestiyl' . . . . . . . . . . . . . . . . . .  ~ e h m e t e r s  
Feet . . . . . . . . . . . . . . . .  30.48 (exactlyl . . . . . . . . . . . . . . . . . .  Centimeters 

. . . . . . . . . . . . . . . . . . .  Feet . . . . . . . . . . . . . . . .  0.3048 lexastlyl' Meterr . . . . . . . . . . . . . .  ; Feet . . . . . . . . . . . . . . . .  0.OW3M8 lex.?dyl' Kilometers 
Yards . . . . . . . . . . . . . . .  0.9144 lexaetlvi . . . . . . . . . . . . . . . . . . . .  Meters 

AREA 

,+' . . . . . . . . . . . . .  Square inches . . . . . . . . . . .  6.4516lexanlyl Squarecentiwxerr 
Square feet . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  '929.03 Square enti&terr . . . . . . . . . . . . . . . . . . . .  Square feet . . . . . . . . . . . .  :' 0.092903 Square'meterr 

. . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . .  Square yards 0.836127 Square meters 
Acres . . . . . . . . . . . . . . . .  '0.40469 . . . . . . . . . . . . . . . . . . . . . . . .  Hectares 
Acres . . . . . . . . . . . . . . . .  "4.046.9 . . . . . . . . . . . . . . . . . . . . . . . .  Square meters 
Acres . . . . . . . . . . . . . . . .  '0.0040463 Square kilometers . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  Square miles . . . . . . . . . . .  2.58999 Square kilometers 

VOLUME 

. . . . . . . . . . . . . . . . . . .  Cubic inchcr . . . . . . . . . . .  16.3671 Cubic centimcterr . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  Cubic feet 0.0283168 Cubic meters 
Cubic yards . . . . . . . . . . . .  0.764555 . . . . . . . . . . . . . . . . . . . .  Cubic meters 

CAPACITY 
+,\ 

Fluid ounoer (U5.1; . . . . . . .  29.5737 . . . . . . . . . . . . . . . . . . .  Cubiccentimeters . . . . . . . . . . . . . . . . . . . . . . . .  Fluidouncer IUS;i . . . . . . . . .  29.5729 Milliliters . . . . . . . . . . . . . . . . . .  Liquid pints [U.S!~! . . . . . . . .  0.473179 Cubicdesimeterr 
. . . . . . . . . . . . . . . . . . . . . . . .  Liquid pints 1U.S.I ........ 0.473166 Literr 

Quans 1U.S.i . . . .  1.. . . . . .  W6.358 . ; Cubiccentimeterr . . . . . . . . . . . . . . . . .  . . 
Qua- 1U.S.i . . . . . . . . . . . . . . . . . . . . . . . .  '0.946331 Liters . . . . . . . . . . .  
Gallons iU.S.1 . . . . . . . . . . .  -3,785.43 . . . . . . . . . . . . . . . . . . . .  Cubisentimeterr 

3.78543 . . . . . . . . . . . . . . . . . . .  Cubisdesimeterr Gdlonr 1US.i . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . .  Gallons (US.) . . . . . . . . . . .  3.78533 Liters 
Gallons IU.S.1 . . . . . . . . . . .  '0.00378543 . . . . . . . . . . . . . . . . . . .  Cubic meterr 

. . . . . . . . . . . . . . . . . . .  Gallons 1U.K.I . . . . . . . . . .  4.54609 Cubicdecimeters . . . . . . . . . . . . . . . . . . . . . . . . .  Gallons IU.K.1 . . . . . . . . . .  4.54598 Liters 
. .  . . . . . . . . . . . . . . . . . . . . .  Cubic feat . . . . . . . . . . . . .  28.3160.. : Liters 

Cubic yards . . . . . . . . . . . .  '764.55 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Aoefeet . . . . . . . . . . . . . . . . . . . . . . . .  '1233.5 Cubic meters . . . . . . . . . . . . .  
Acrefeet . . . . . . . . . . . . .  '1.233.5W . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Literr 

,, > 



Table 11 

OUANTITIES AND UNITS OF MECHANICS 

Uultl~ly BY To ohlain 

MASS 

. . . . . . . . . . . . . . . . . . . . . . . .  Grain$ Ili7.MO lbl . . . . . . . . .  €479891 lexactlyl Milligrams 
Troy o u n a  1480grairul . . . . . .  31.1035 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ounce, I d o l  . . . . . . . . . . . .  28.3495 Grams 
pounds i a d p l  . . . . . . . . . . . .  0.45359237 lamn ly l  . . . . . . . . . . . . . . . . . . . . . .  Kilomaml 
short m n s 1 2 . 0 ~  lbl . . . . . . . .  907.185 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kilogram3 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Short rom(2,OW lbl . . . . . . . .  0.907185 Merricmnr 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Longl0nrI2.240lbl . . . . . . . .  1,01605 Kilograml 

FORCEIAREA 

P ~ ~ Y I O ~ I  V I A ~ R  nch . 3070301 . . . . .  I(  rams p r  urmr cenx mnrr  
. . . . . . .  P~.nY%oel  VIddrP ncn . . .  0689476 hrmm p r  l a ~ a l s c e o l  meter 

. . . . . . . . . . . .  . a  l o o  . 4 887a3 ~ a l ~ q r a r n l ~ ~ f  ~l,ar~mmor 
P O L W ~ ~ C .  ro.>l. loo! 4)8803 . . .  . . N n l o n r  wr mdarLmCter 

MASVOLUME IDENSlTYl 

BENDING MOMENT OR ~ O R O U E  

0unce.inrhcr . . . . . . . . . . . . .  72.008 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grrm.cmtimeWn 

VELOCITY 

. . . . . . . . . . . . . . . . . .  Feet PDI w a n d  . . . . . . . . . . .  30.48 ~ ~ l a ; z l y I  Cmiimslsrr o w  secmd . . . . . . . . . . . . . . . . . . .  Fmt par =and . . . . . . . . . . .  0.3Od8 Iexrctlyl. MLZ~~IPL~PID~~ 
. . . . . . . . . . . . . . .  ~ m t  per year . . . . . . . . . . . . .  .0.965873 x 10-6 centimeten per acond 
. . . . . . . . . . . . . . . .  M i l ~ l p e r  hour . . . . . . . . . . . .  1.609344 leractlyl :. Kilomelerlwr hour 

. . . . . . . . . . . . . . . . . . .  Miles per hour . . . . . . . . . . . .  0.447M lcracllyl Matenpor-nd 

CubicfBBf r ) e l s e w d  . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  I=ond.feed '0.028317 Cubic meterr nersecond . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  cubiefeetper minute 0.4718  ite err p w m a n d  . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . .  " Gallonr IU.S.1 ocr minute 0.083L19 Literr parerond 
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