
_
R7’AD—AOqO 633 COLD REGIONS RESEARCH AND ENGINEERING LAB HANOVER N H FIG 13/2 N

LABORATORY STUDIES OF COMPRESSEO AIR SEEDING OF SIWERCOOLED FOG——Crew )
MAY 77 J R HICKS. R C RICE

LRICLASSIFIED CRREL—SR— 77—12 NL



S

\ C R R E L ) Spec ia l  Repor t  77-12

c~ --

c’~ LABORATORY STUDIES OF COMPRESSED
AIR SEEDING OF SUPERCOOLED FOG

James R. Hic ks and Richard  C. Rice ,Jr.

May 1977

~~~ D D C
!lfl

JUN 16 1911

fl~i~~~u uisLJ
B> Prepa r d  for

~~~ 
U.S. ARMY ELECTRONICS COMMAND

By

L.a_i CORPS OF ENGINEERS, U.S. ARMY
....J COLD REGIONS RESEARCH AND ENGINEERING LABORATORY
L&. HANOVER , NEW HAMPSHIR E

Appcov.d for pubhc re~ssIa; distribut,on unlimit.d.



[ It,, i a iLi i~ J
SECURITY CLASSI F ICATION OF THIS PAGE (W?~en Del. gnt.r.d)

0ED
~~~~

,_ 
~~~~~~~ E~’ ~ I I flkI 0 A READ INSTRUCTIONS

1% uWl~ i i#~~~ .UM r~ ii ~ I I%JI~ r “~~‘ BEF ORE COMPLETING FORM
t~~.~~EPORT NUMBER .. 2. GOVT ACCESSIO N NO. 3. RECIPIENT S CATAL OG NUMBER

O~~~~~
iai ?e~~~~tT\7_ l2 /

11t ( 1 0  OUOutl.) . 
5. rYPE OF REPORT a PERIOD COVERED

L~ABORATORY~~~TUDIES OF COMPRESSED AIR
~~~

- 
~SEEDING OF SUPERCOO~ ED~ FOG

-~~ ~~~~~~~ ~~~~~~~~~ 
-. .-~~

— 6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(,) 8. CONTRACT OR GRANT NUMBER(S)

/i ) James R.fsicks VM Richard  C .7R ice , JrJ
_ _ _ _

9. PERFORMING ORGANIZATION NAME AND ADDRESS ID. PROG RA E MEN .~PR Ec,(~ TAS,<

Engineer ir . (~ Laboratory 
R~~~earch and 

~~~~~~ 
_ _ _ _ _ _ _ _ _ _ _ _ _

Hanover ,_ Hew_Hampshire__03755 ____________________________
ii. CONTROLLING OFFICE NAME AND ADDRESS ~~ ~~ REPORT 0 ‘

- b’U . S .  Army Electronics  Commana /i ~~~ May 77 1
Fort Monmouth , New Jersey 07703 I ’  ~

22
f~ . -MONITORIN G AGENCY NAME & ADDRESS(If dSlfereu,t from Controlling Office) 15. SECURITY CLASS. (of thi, report)

( ~~ T. ~I (
~ “ ; ( Unclassified

1 C ~“ ~\ — / / 15.. OECLASSIF I CATION / OOWNG RAD ING
f .  SCHEDULE

16. DISTRIBUTION STATEMENT (of this R.porf)

;44roved for pnl~i ic  release; di st ri~~ut~~c’n un l imi t ed .  
~ 
r

17. D ISTRIBUTION STATEMENT (of the ebatract entered in Block 20, if different from Report)

I~~. S U P P L E M E N T A R Y  NOTES

¶ 9.  KE’~ WORDS (Continue on rever e, side ii necessary end identify by block number)

‘ r - ~ es.~o I  a i r
Cr’ r~t r L~~d environment  t e s t s
FI &~ d iss ipat ion
seeding

A 9~~f R A CT  (Continu, on revere. .id. If n.c...ar~ end id.ntify by block numb.r)

~cne 1,00 t e s t s  wore ~~n - ij c t e d  in the CHREL C o i~I 1i ’ic~ d ~‘ha r~.Le r i~. ~e’ ~t :.i ne
the  cor - h in a t i o n  of a i r  pressure and nozz l e  des~~~n t :~~it  y ie~~ ieci  [ I C

pr-: -suoticr .  of ice crystal s in ~~~~ perccnied f( 
~~~. t w~ts  f~ ~~~~~ t o

0 .22 (r~ :in 1 of air which  ~~~~~~~~~ c onpressed to ~~~ k l a  is 1 I e e , ~€ oi t o  ~ e
e f f e c t i v e  fI -r ) c 1earing  a superc~ oled fog .

r,
~

DD ~~~~~~~ 1473 EDITION OF I NOV 65 IS OBSOLETE 
. . . . / •

~~~
.7’

~ i7/ ~~/ ) (‘) SECU RITY  r .LAsi~ir I rAyR)~4 OF P A G E  ( Wk.n 1) eta ~~ n ’e r ’d>

-



PREFACE

This report was prepared by James R. Hicks, Meteorologist, of the

Physical Sciences Branch, Research Division, U.S. Army Cold Regions

Research and Engineering Laboratory, Hanover, NH.

The work covered by this report was conducted for the U.S. Army

Electronics Coxwnand, Atmospheric Scier~ces Laboratory, Special Sensors

Technical Area, under Cold Fog Dissipation Project l—S—761&—726—D—5110701.

The contents of this report are not to be used for advertising or

promotional purposes. Citation of brand names does not constitute an

official endorsement or approval of the use of such commercial products.
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Laboratory Studies of Compressed—Air
Seeding of Supercooled Fog

by

James H. Hicks and Richard C. Rice , Jr.

Introduction and Background

Fog is perhaps the weather phenomenon which most adversely affects

all forms of land., sea or air movement of persons and vehicles. Further,

fog affects the military use of artillery and the reconnaissance of

enemy activities. Hence, fog research within the army has been directed

toward developing techniques for improving visibility during periods of

fog.

Field and laboratory studies were performed by the U.S. Army Cold

Regions Research and Engineering Laboratory to determine the feasibility

of using compressed air as an ice—nucleating agent in supercooled fogs.

The work of Lukow and Hicks (19714) and Weinstein and Hicks (1915) bore

out the feasibility of such an idea. Through their work it was determined

that the expansion of air, originally at gage pressures equal to — or

greater than — 82.737 kPa can create ice crystals at rates matching those

of propane. It was also determined that a nozzle designed for supersonic

flow is the most efficient type. The tests described here were made to

refine this work. The main objective was to find the nozzle pressure

combinations which would yield the most ice crystals for the least amount

of air used .

The usefulness of compressed air stems from the adiabatic expansion ,

and subsequent cooling, of a volwne of compressed air that is released

--
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into free air. To be useful the expansion and cooling must lower the air

temperature at the mouth of the nozzle below —142°C (231 K). The equation

that relates this final nozzle temperature T to the initial nozzle

temperature (ambient) T0 and the initial pressure P0 and the final

(ambient) pressure P is:

1P .1 0.287A — A O~~D /
0

Rewritten this yields:

° T

By using P = 1 atm, T0 = 0°C (273 K), and T = —142°C (237 K) (max), we

find that P
~ 

=

P 0 = 1 (~~~ )3~~8 = 1.79 atm (minimum).

This is why the lowest air pressure tested was 82.7 kPa (1.82 atm )

and, the lowest design pressure was 62.7 kPa (1.82 atm). At pressures

lower than this, sufficient adiabatic—expansion cooling does not occur .

The reader should be advised that this formula is accurate only for dry

air, but is a close approximation for the ice—saturated air used here.

Table I. Final Nozzle Temperatures

(°c)

P0 (kpa)

82.7 2 141.3 413.7 517.1

T0 °C

— 0.5 — 143 — 80 — 101 — 110
— 1.0 — 145 — 80 — 102 — 110
— 2.0 — 45 — 81 — 102 — 110
— 14.0 — 147 — 82 — 1014 — 112
— 8.o — 50 — 85 — 106 — 1114

L ~~~~~~



Table I shows the calculated final nozzle temperatures for the

temperatures and pressures used in these tests. From this table we

expect that the best crystal production would occur in the 517.l—kPa

(6.lO—atm ) range of each series. However, previous tests have shown

that this is not always the case. In a recent series of compressed

air tests (Weinstein and Hicks 1975), 1413.7 kPa was shown to yield a

peak of efficiency for supersonic nozzles.

Controlled Environment Tests

Test Facilities and Procedures

The facilities for the controlled environment tests are described by

Hicks and Vali (1973). The coidroom—cloud chamber was a walk—in refrigerated

room 3.85 m long by 2.3 m wide by 3.63 m high. This yielded an appropriate

total room volume of 32.114 m3. The effective volume of the room however

was 29.095 m3. This takes into account the refrigeration unit located

near the room’s ceiling and all other objects in the room during the

tests, including one person. This number was necessary in extrapolating

the total number of crystals produced from the few collected in the

samples.

Room cooling was accomplished by circulating cold brine at —56°C

through cores near the chamber ceiling and then circulating the air in

the chamber with blowers. The chamber temperature was carefully

monitored by a fast—response thermistor located near the center of the

chamber at a height of 185 cm. The chamber temperature was kept within

0.5°C of the required tosting temperature by thermostats.

3
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The foo was created by re 1easin~’~ low pressure steam into the

chamber. some heating occurred and the room had to be cooled ~~~.rox-

imately 2°C colder than the desired test temperature. After seedini~,

the ice crystals were collected from a known VOIUT O o~ air on Forn’.~~r-

coated slides and examined under a phase contrast microscope.

Seeding air was introducel using the sam e apparatus descriHoi b~’

Lukow and Hicks (19714) and Weinstein and Hicks (1975) (Fir. i). A~:

shown, the equipment consisted of a compressed air sourc e, a pressure

regulator , an ice saturation tank, a solenoid valve controlled by a

remote timer , and interchangeable nozzles.

C~~~~~~

- .
~~~~. - J  __

~~q- .. Q~~.

r~~ S -~~~
- c~-

Figure 1. Compressed air apparatus for controlled
environment tes ts .  ( After  Lukow and Hicks 19I~4)

Nozzle Design

r;ozzles having throat diameters of 0.57 15 mm and 0.8128 were

and constructed . For each throat ~1 L n (t l r , fo.n Ico;ion ~age T O O : :  u r .

were used : 82 .7 ,  2 141.3, 1413.7 and 511.1 kl- a. flencc , -L ~tt . rc z z le :  o i

-llfferent designs were fabricated (see V1r . 2).

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Figure 2. Design specifications for compressed air nozzles .
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Each nozzle was scheduled to be tested at gage pressures of 82.7,

24 1.3, 1413.7 and 517.1 kPa and at temperatures of —0 .5, —1.0, —2 .0, —14.0

and —8.0°c. Of prime concern were the —0.5°C and —1 .0°C temperatures,

because many fogs occur just below the point of freezing and many seeding

agents such as silver iodide are ineffective at these temperatures.

Seedi~g Air Volume Determination

The efficiency of the nozzles EA is defined as the total number of

crystals produced N divided by the volume of seeding air used (V/Burst)

E = 
N (crystals) Crystals

A V/Burst (cm 3/bu.rst) 
cm3

A 0.1 to 0.2—sec burst of air was used for each test , and the volume

of the burst was determined by simply counting the number of bursts it

took to inflate a plastic bag of known volume. All volumes determined

in this manner were then converted to standard temperature and pressure.

At best, the degree of “inflatedness” of the bag was still subject

to human interpretation. For this reason, approximate percentage error

figures have been drawn up for the accuracy of the volume. They are as

follows:

If the count is high or low by 1 burst in 23, the measurements are

off’ by + 4.3%

If the count is high or low by 1 burst in 30, the measurements are

off by + 3.3%

If the count is high or low by 1 burst in 50, the measurements are

off by + 2.0%.

6
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Table II. Volume of air released for various
temperature — nozzle — pressure combinations.

Temp. Throat diameter = 0.5715 mis Throat diameter = 0.8128 mm
( °c) ~~~ ~~~~~~~~~~~~d

~~~s

~ 
82.7 2141.3 1413.7 517.1 82.7 2141.3 1413.1 517.1

Volume/Burst (cm 3 ) Volume/Burst ~cr~~)

—0.5 241.3 *57 8 *47 3 *57 6 *47 2 2141.3 50.5 *87 4 *79 ] *~~ Q ’

to

—1.0 413.7 51.5 149.14 78.8 514.2 1413.7 91.2 95.0 87.6 814.6
517.1 69.5 65.9 67.7 67.5 517.1 914.6 102.6 81.14 102.4

2141.3 *49 0 *48 5 *52 8 *52 .8 2141.3 )4R.5 148.5 148.5 48.5

—2.0 413.1 49.3 48.5 47.5 51.6 413.7 72.0 7.7 67.? 69.9

517.1 62.6 56.6 53.11 59.14 517.1 80.6 79.2 82.n 91.14

2 141. 3 *47 9 *51.0 *52.1 *51.0 2 141.3 148.9 1J~ .0 ~1.C 
.~7 .5

—14.0 1413.7 147.0 52.1 149.8 52.1 413.7 77.~ 
‘14 .8

517.1 53.14 57.0 61.14 59.8 517. 1 85.5 88. 7 ~~~~~~~~ ~~~~~~~~~

24 1.3 3-5.1 33.8 *57 9 *55 9 2 141.3 L 9 .6  56. c 5~ .3
-8.0 1413.7 54 .0 147 .7 52.8 52. 9 413.7 83.8 83.8 .

517.1 65.7 57.9 63.1 67.5 517.1 97.2 99.2 ~)7.2 .0

*
0.2 — sec burst, others are 0.1 — sec 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



These tolerances are considered to be within acceptable limits con-

sidering the inherent uncertainty in the actual crystal counts. The

smallest seeding air voltunes were obtained with the (O.5175—mm)-diam

nozzles and the largest from the (0.8l28—mm)—diain nozzles (see Table ii).

Because of the closeness of the —0.5°C and —1.0°C temperature ranges, the

volume tests were performed from 0 to —2°C, corrected to standard pressure

and used for both ranges .

Table II shows several combinations of nozzles and air pressures

that do not appear to fit any pattern. The explanation for these

discrepancies may lie in the presence or absence of severe turbulence

at the mouth of the nozzles.

Flow Rates

The Flow—Rates (FR ) given in Table III are extrapolated from the

volume measurements by the following formula:

3 liter
— V/Burst cm 60 sec x 1
Time/Burst sec mm 1000 cm

V/Burst lit ers
= Liters/mm / or FR = 0.06 Time/Burst mm

It must be pointed out that these values m~y not represent the true

flow rates for air moving in a continuous stream through these nozzles.

For example, the O.8128—nun - 82 .7—kPa nozzle was operated at 2 141.3 kPa

with both 0.1— and 0,2—sec burst times . The volume of air used at the

0.1—sec burst time was 50.5 cm3/burst, while the amount used at 0.2 sec

burst time was 87 .14 cm3/burst at —0.5°C. This represents an increase of

only 73.1%, not ioo% as would be expected.

8
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Table III. Flow rates (approximate) (Liters/minute).

Throat diameter = 0.5715 mrs Throat diameter = 0.8128 r~r~
*
N~ Design
I ~~~ ressure(kPa)

Temp . ~ 82. 7 2 141.3 1113.7 517.1 82.7 2 141.3 .13.7 517.1
( °:) Operat ing

Pressur e (kPa )

2 111.3 17. 14 lL .2 17. 3 111.2 30.3 2t- .2 ~3.7

— 0 . 5  1113.7 31.0 29.6 147 .3  5.6 54 .7 5~~.O 52.6 ~n .5
517.1 141.7 39.6 140. 6 140. 5 56.8 6J.5 148.8 ( 1 . 14

24 1.3 17. 14 111.2 17.3 14 .2 ~.0 .3 26 .2 23.~ ~~‘~~9

—1.0 4 13.7 31.1 29 .6 4 7 .3  35.6 ~~~~ 51.0 ~~ .6 s~~
517.1 141.7 39 .6 140.6 14O.~ s( .e 61.5 14B .~ 1.

2141. 3 114 .7  14 .6 15.8 15.8 29.1 29.1 29.1 -

—2.0  1413.7 29 .6 29.1 28 .5 31.0 4 3.2  146. 0 142 .7 141.9

517.1 37.6 33.9 148.i 35.6 14~~. 14 47 .5 ~~~~ ~~~
. . 3

2 141.3 114 . 4 15. 3 15.6 15.3 29.3 27.6 A C- . 6 28.~
— 14 .0 1413.7 28.2 31.3 29 .9 31.3 146. 3 1414.9 1414.9 27.8

517.1 35.0 314.2 36.8 35.9 51.3 53.2 52.3 53.2

241.3 21.7 20.3 17.14 i6.8 29.8 33.9 3.2 31.14

—8.0 413.7 32.14 28.6 31.7 31.7 50.3 50.3 147.0 1414.2

517.1 39 .4 34 .7 37.9 140 .5 58.3 59.5 58.3 514 .0

9



Test Results

Total Number of Crystals Produced

The total number of crystals produc”d (see Table IV) are numbers

extrapolated from count s of crystals taken from a known volume . They

were collected on Formvar—covered slides and examined under a phase—

contrast microscope. By knowing the volume sampled and relating that

volume to the total effective volume of the room , a number for total

crystals produced is obtained.

Notice from Table IV that the general trend at the higher ambient

t emperatures, >— 2°C , is for the production of higher numbers of crystals

as the pressure increases. At — 14 °C , and lower , this does not hold true .

INote: Previous studies (Hicks and Vali 1973) showed that crystal

production is relatively constant below — 14°C. Thus , it appears that the

maximum crystal production is a function of the ambient air properties

and not necessarily the efficiency of the seeding materiais.~

The trend is not consistent though . For example: notice from

Table IV that at — 0 .5 ° C a nozzle designed for 4 13.7 kPa optimum pressure

produces far fewer crystals than either the 2141.3 or 517.1 kPa design

pressure nozzles at 1413.7 kPa. The sane appears true for a 517.l—kPa

design pressure operating at 517.1 kPa.

The optimum pressure on the basis of total number of crystals pro-

duced appears to be 517.1 kPa. This contrasts with the 413.7—kPa

opt imum pressure reported in previous work (Weinstein and Hicks 1975).

At 517.1 kPa, three nozzles appear to be superior: the 0.5715—mm —

82.7—kPa and 413.7—kPa design pressure n. zzles , and the O.8 128—mm —

l#13.7—kP a desi gn pressure nozzle.

10
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Table IV . Average t~~ta~ nu~ber nt~ .:: :, t ~ i~~r r r  ur ” i  (x  ~~~~

Throat diameter = 2.5715 i’s. 1}~r ~~~~~~~~~~ = fl . i 2 2

Desicrn
Temp. I Pressure (kPa)

( °c)  ~ 82.7  2 141.3 ~1? .1 517.1 52. ” 2 1 4 J .~ 141 3 .7 k i i .i
Operating
Pressure (kPa

214 1 .3  0.17 0.12 0.06? 0.05 0.1 14 1.~~2 0.1~ ~~~~
— 0 . 5  1413.7 0.17 0.7 14 1.23 ~.7 6 - . i ~ .8~ o . 5~

517.1 0.90 1.~~5. LI? 2.f~7 .145 -~ .72 1.6 r

24 1.3 0.38 1.15 2.514 0. ~95 ~~~~ OJ~~ ~. 1; 14 .

— 1 . 0  1413.7 6 .29 7.1k ~ . L 3 ( . 143 10 .21 r .22 ~ .?3

517.1 13.56 7 .67 ~~~~~ l2.’~)1 11. 014 14 .02 ] ‘~~.
?( ( .

‘
~~~,

‘

2141.3 10.1 15.1 11.2 10.1 ]14 .3 114 .2 i° .~~i I;.;’

—2.0  1413.7 17. 7 20. 8 11.5 21. ” 27.1’ 25.0 1Q .’~ ~~~~
511.1 38. 7 32. ° ?6. e ~1.S ~7 .8  142 .5  1 47 . 5  3(’~.~

2 141.3 ~~~~ 30.5 19.0 22 . L 26 .~ 11. ’ 2~~.1

1413.7 19.3 37.14 ~14 .0 97.1 ‘h ( ~~~~~5 1°.?

517.1 3 1.9 2 14 .3 28.8 2 1 4 . 6  514 .5 ~3. ’

2~i 1 . ?  25.1 12. 8 12 .0  1- 1.8 
- 

.11 . 8 114 .5 ~L2

14] 3.1 ~.1 2 1.5 7 .9  20 .(- ~14 . L ~14 . 14 . ~ .8 ~h .

5l~~.1 L . 5  16.5 ‘H . fl 14~~~• 9 ( • 1 ~~~~~~ 
(-.7 ~~~

11 
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Average Nozzle Efficiencies

The efficiency of a nozzle has been defined as the total number of

crystals produced per volume of seeding air. Mathematically this is:

E = 
N ( crYstals

A 3V/Burst cm /burst

where E
A Efficiency in crystals/cm3

N = Total number of crystals produced

V/Burst = Volume of seeding air used (cm3) .

The values are shown in Table V. See also Figure 3. As was

expected, the best efficiencies are at 517.l—kPa air pressure. They

again belong to the same three nozzles discussed earlier (see Table VI).

Comparison of 1976 Test Results with 1975 Test Results

The work of Weinstein and Hicks (1975) yielded laboratory and

field study test results for several supersonic nozzles. Based on their

laboratory results, a 1.016—nun — l86.l6—kPa design pressure nozzle was

recommended for field testing (Fig 14). A comparison of the laboratory

results for that nozzle (no. 1) and the most efficient nozzle of this

test series (rio . 2) is shown in Table VII.

12



_ _ _  
_ _ __ _  

_ _ _  

_

*Talle V. ~iuc1eation efficiency or vari -~~ : . o z z i e— F r ~~~sure  ccj:~b~ i Li j r~~.

Throat diameter = 0.5715 mm Throat. diameter 0.R~2R rn~n

~~~~~~~~Temp . ~\ c ~~~ a .
( °C) 

~~~~~~~ 82.~ 24 1.3 4 13.7 517.1 82 .7 2 141 .3  14~~ 3~~-

Ef f i c i ency(E
A

) Crystals cm~~ xi~
8 

E f f i c ie nc y( E
A

) Cryst.’71:~ cr xJ O

2 141.3 0.0029 0.0026 0.0011 0.0017 241 .3 0.0027 0 .00~ ? 0 .029 3 0.0257

—0.5 14J3.7 0.00314 0.0150 0.0029 0.0130 1413.7 0.0021 0.0085 O . °06O 0. n ’H )

517.1 0.0131 0.0180 0.0170 0.0100 517.1 0.0051 0.0071 0.0200 0.flfl(~ -’

2111.3 0.0065 0.02 140 0.0 1490 0.0210 2 14 1.3  0 .C~~~0 0 .0972

-1.0 1 4 13 .7  0.1281 0.14115 0.1070 0.0300 1413.7 0.1126 9 .2 552  ~~~~~~~~~

517.1 0.1956 o.iio4 0.1373 0.19114 517.1 0.1168 0 .039’ 2 . L ” O

241.3 0.2190 0.3100 0.3100 0.1900 2 141.3 0.3030 0.2900 0.~. 1-9 0 O.2 ” 0 - 2

— :~.o 1413.7 0.3600 0. 5300 0.3500 0. 14200 1113.7 0.3800 0.3300 0. 14142 0 0. 142 0 ’

517.1 0.6200 0.5800 0.6800 0.5400 517.1 0.14700 0.5 1400 0 . 52 - ’o 0.~ -30 C

2 141.3 2 . 3  3.1 3. 2 3. 11 2 141.3 3. 14 5.7 14 .2 2 .8

1i13.T 5.9 5.5 3.5 5.5 1413.7 3.3 2.1 3. 2 3 .f

517.1 3.9 3.6 5 .7 14 .5 517.1 14 .5 3.7 3 .? ~ .2

24 1.3 14 . 5 5.0 2.7 3.8 2141.3 5.0 3.14 3.9 5.1

—8.n 513.7 3.7 5.5 3.5 14.7 1113.7 3.6 2.9 14 .3 3.2

517.1 3.1 14 .0 11.9 6. 3 517. 1 11.~ 3.5 3.2 3.3

*The value o ” is the average of at least three tests at
each of the nozzle—pressure—temperature combinations listed .

13
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Figure 3. Ice crystal production rates.
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TABLE VI . Efficiency dat a for the three
most efficient nozzles .

All nozzles operated at 517.1 kPa

Nozzle Type

Average efficiency
Diameter Design Average # (E A

)
Pressure Temperature crystals

(mm ) ( kPa ) (°c) produced crystals

cm3 seeding air

0.10

0.5715 413.7 — 0.5 1.13 0.0170
— 1.0 9.30 0.1373
— 2.0 36.6 0.6800
— 14.0 28.8 5.700
— 8.0 31.0 14 .900

0. 5715 82.7 — 0.5 0 .90 0.0131
— 1.0 13.56 0.1956
— 2.0 38.7 0.6200
— 14.0 31.9 3.900
— 8.0 11.5 3.100

0.8128 413.7 — 0.5 1.63 0.0200

— 1.0 10.26 0.1261

— 2.0 147.5 0.5800
— 14.0 36.7 3.300

— 8.0 23.7 3.200
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TABLE VII. Test results for nos. 1 and 2 nozzles.

Nozzle no. 1 Nozzle no. 2

Test 1.016 mm — 186.16 kPa 0.5715 mm — 1413.7 lcPa
temperature design pressure nozzle design pressure nozzle

(°c ) operated at 1413.7 kPa operated at 517.1 kPa

— 0.5 0.024 x 108 xtals/cm3 0.017 x io8 xtals/cm3

— 1.0 0.051 x io8 xtals/cm3 o.i14o x 108 xtals/cm3

— 2.0 0.220 x l0~ xta:Ls/cm3 0.680 x ~o8 xtals/cm3

— 4 .o 1.400 x 108 xtals/cm3 5.700 x 108 xtals/cm3

— 8.0 1.500 x 108 xtals/cm 3 11.9 00 x 1O~ xtals/cin3

Nozzle no. 1 Flow rat e = 142.2 liter/su n

Nozzle no. 2 Flow rate = 140.6 liter/mm at —0. 5 ,  —1 .0°C

= 148.1 liter/mm at — 2.0 °C

Nozzle no. 1 V/burst (approx) 70.3 cm3/O.1—sec burst

Nozzle no. 2 V/burst (approx) 67.7 cm3/0.1—sec burst at —0.5, —1.0°C

80.2 cm3fO.1—sec burst at — 2 .0 °C

A comparison of flow rates and volumes/0.l—sec burst of air do not

show a significant difference. There is obviously a difference in

efficiency in that at the — 1.0 and —2.0° C ranges the 0.5715—mm nozzle was

2 to 3 times as efficient in producing ice crystals. It is interesting

to note that the 0.57l5..nun nozzle has approximately 1/3 as much nozzle

area as the previous nozzle did. Consequently , the 0.57 15—mm nozzle

yields an air flow velocity 3 times faster than the previous (1.0l6—min )

nozzle did (laboratory studies bear this out).
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Another comparison is that of compressed air versus propane’s ice

crystal production rates . According to Weinstein and Hicks (1975), the

best previous comparison (at —2.0°C) was that about 14500 cm3 of compressed

air would yield the same number of crystals as 1 cm3 of propane. The

present laboratory findings indicate that only 1500 cm3 of air are now

needed to produce the same number of crystals as 1 cm3 of propane. Again

the efficiency obtained in these tests is about 3 times as much as that

previously obtained.

Conclusions and Recommendations

Conclusions

Based upon the known effective rate of release for propane, i.e.,

10 gallons (37.85 liters ) hr~~ , it can now be concluded that 0.22 m3

min~~ of air which has been compressed to 517 kPa is needed to be

effective for clearing a supercooled fog.

Recommendations

It is therefore recommended that field tests of the nozzle having

a throat diameter of 0.5715 nun, a design pressure of 1413.7 kPa , and an

operating pressure of 517.1 kPa be conducted to determine the feasibility

of using compressed air to disperse supercooled fog.
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