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Division under the general supervision of Dr. R. W. Gerdel, Chief, En
vironmental Research Branch. USA CRREL provided field faciliti~s and 
participated directly in seeding experiments. 

This report has been reviewed and approved for publication by 
Headquarters, U . S. Army Materiel Command. 

Manuscript received 21 August 1963 

Department of the Army Task DA 8X99-27-001-03 



CONTENTS 
Page 

Preface ii 

Summary ------------------------------------------------ iv 
Introduction ---------------------------------------------- 1 
Summary of whiteout program findings and recommendations 1 

Investigation of arctic whiteouts ------------------------ 1 
Cloud seeding experiments ---------------------------- 1 
Seeding equipment ------------------------------------ 2 
Cloud physics aspects --------------------------------- 3 

Technical discussion -------------------------------------- 3 
Seeding techniques and objectives ----------------------- 3 
The production of dry ice for use in cloud seeding -------- 4 
Rocket development ----------------------------------- 9 

Rocket performance ----------------------------- .. - 9 
Payload behavior under high acceleration launch l 0 

Cloud physics -------------------------------------------- 11 
Time lag in homogeneous nucleation -------------------- 11 
"Stationary" cloud seeding effects ---------------------- 11 
Phloroglucinol as a seeding agent ---------------------- 12 

References ---------------------------------------------- 13 
Appendix A: Time lag in homogeneous nucleation ------------ Al 
Appendix B: A note on "stationary" cloud seeding effects Bl 

F i gure 
1. 
2. 
3. 
4. 

Bl. 
B2. 

Table 
I. 

ILLUSTRATIONS 

Experimental dry ice pellet maker ------------------
Maximum solid C02 obtainable by the vaporization method 
Expanding plume of C02 ---------------------------

Drop test diagram for rocket thrust simulation -------
Crystallization of supercooled cloud with dry ice -----
Ice crystals associated with dry ice seeding experiments 

TABLES 

Design of seeding missions for various cloud modifi
cation objectives ---------------------------------

6 
7 
8 

12 
B2 
B3 

5 

iii 



iv 

SUMMARY 

Means for modifying whiteouts in arctic regions in support of Army 
functions were investigated. An experimental program {1960) in Green
land demonstrated that dry ice seeding of supercooled clouds {fog) would 
facilitate certain operations in whiteouts. Various- seeding techniques 
compatible with the arctic environment were subsequently studied; the 
techniques involved seeding from aircraft, rockets, tethered blimps and 
drones. A bench-model pellet maker was constructed for efficient con
version of liquid carbon dioxide to dry-ice pellets of a prescribed size. 

The relationships among dry-ice pellet size, pellet fall velocity and 
distance, ~loud temperature, and number of ice crystals produced were 
established. With this information, favorable seeding patterns and equip
ment were postulated to fulfill the following objectives: 

1. To maintain safe landing corridors at fixed ice cap installations. 

2. To provide aircraft with an emergency landing capability over 
isolated terrain. 

3. To facilitate certain ground operations. 



AN INVESTIGATION OF WHITEOUT DISSIPATION TECHNIQUES 

by 

James E. Jiusto and Thomas R. Mee, Jr. 

INTRODUCTION 

In regions that are typified by featureless, snow-covered terrain, severe visibility 
restrictions are created by such meteorological phenomena as fog, falling snow, blow
ing snow, and low-cloud overcasts. These situations of restricted visibility - common
ly referred to as whiteouts - can greatly impede air and ground transportation in arctic 
regions. When whiteouts occur, shadow detail, the horizon, and clouds may be com
pletely obscured, giving an observer the impression of being engulfed in a uniformly 
white medium. 

During the first year of Project Whiteout (1960}, an experimental program was 
conducted in Greenland to determine the extent to which whiteouts caused by supercooled 
clouds could be modified. The positive results obtained by us-ing cloud dissipation tech
niques prompted a continuation of the effort with a twofold objective which has been 
carried forward during the project's second and third year. The objectives were: (1) to 
achieve a better understanding of the microphysics of supercooled cloud modification, 
and (Z) to investigate specialized seeding techniques appropriate to the arctic e nvironment. 

SUMMARY OF WHITEOUT PROGRAM FINDINGS AND RECOMMENDATIONS 

Investigation of arctic whiteouts 

Whiteouts, as defined by Gerdel and Diamond ( 19 56), are differentiated according 
to th~ accompanying weather conditions: low-cloud overcasts, water fogs , ice fogs, 
snowfall, or blowing snow. Our experiments demonstrated that the supercooled cloud 
(or fog) whiteouts could be dissipated using conventional cloud modification techniques. 
Supercooled clouds were associated with over 50o/o of the whiteouts observed at Camp 
Fistclench, Greenland, during the 1958 and 1959 summer seasons. 

A replication technique involving the collection of cloud droplets and ice crystals on 
gelatin-coated slides proved effective for determining the size and phase of whiteout hy
drometeors. Sparse measurements indicated a mean droplet diameter of approximately 
8fJ. in supercooled stratus clouds and 16-1 7fJ. in supercooled fog. Shortly after the clouds 
were seeded with dry ice, the mean diameter of the cloud particles decreased to approxi
mately 4fJ., reflecting the initial formation of minute ice crystals and partial evaporation 
of existing cloud droplets; the range and standard deviation of the size distribution of the 
cloud particle (now both ice and liquid) doubled in conjunction with selective growth of 
newly formed ice crystals. 

Measurements of c~ndensation nuclei and freezing nuclei over the ice cap attested 
to the purity of arctic air. Regardless of the meteorological situation, condensation 
nuclei concentrations were always less than the minimum sensitivity (ZOO/ cm3 ) of the 
small-particle detector employed. Freezing nuclei were also scarce at sampling tem
peratures as cold as -ZSC to -30C. The data and field observations suggested that 
natural freezing of supercooled clouds (and ice-cap precipitation) may occasionally be 
initiated by descending ice crystals from cirrus clouds. 

Cloud seeding experiments 

A weather modification program was conducted in Greenland during the summer of 
1960. The program consisted of an investigation of supercooled whiteouts at Camp Fist
clench (ZOO miles inland from the glacier edge) and a study of warmer-than-freezing 
clouds at Camp Tuto (adjacent to the glacier). Seven seeding agents - dry ice, liquid 
carbon dioxide, silver iodide, Greenland soil particles, sodium chloride, calcium chlo
ride, and carbon black - were dispersed into appropriate clouds and fog by means of 
aircraft, a tethered blimp, and rockets. 
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Of the freezing agents employed, only dry ice was effective in dissipating super
cooled clouds. The seeding agents (Ca Cl2 , NaCI, and carbon black) employed in 
clouds and fog warmer than freezing did not produce measurable clearing. 

Dry ice released from an aircraft produced line openings up to 2. 5 miles wide. 
The clear areas persisted more than 2 hr. A "vertical" array of dry ice packages sus
pended from a tethered blimp produced line openings up to 0. 5 mile wide. 

Phloroglucinol, an organic nucleating material, was used in preliminary cloud seed
ing experiments at Yellowstone National Park in January 1963. Crystallization of the 
treated supercooled clouds was observed. Because of the reported effectiveness of this 
material at temperatures as warm as -2C (Langer and Rosinski, 1962), its stability, and 
ease of storage, further analysis is warranted. Laboratory determinations should be 
made of the number of ice nuclei produced as a function of cloud temperature and mass 
ofphloroglucinol when dispersed as a solution or as a powder. 

The Greenland experiments and subsequent analyses demonstrated the feasibility 
of developing a capability for: 

1. Maintaining safe landing corridors at fixed ice cap installations. 

2. Equipping aircraft with appropriate seeding apparatus for executing 
safe descents when unexpected whiteouts are encountered. 

3. Facilitating ground operations during whiteouts. 

4. Creating obscuring "snow screens 11 for tactical purposes. 

Seeding equipment 

Small aircraft such as the U -lA Otter flown in Greenland can be effectively used in 
certain circumstances to dissipate whiteouts at air terminals. Since cloud dissipation 
effectiveness is a function of many meteorological variables, not all of which may be 
known at the time of operation, manned aircraft should only be used in the less hazard
ous whiteouts and only when an alternate airstrip is open. 

The blimp- seeding technique appeared well suited for maintaining clear landing 
zones at ice cap outposts. The scheme is simple, is not restricted by weather, and 
utilizes a minimum amount of dry ice. Blimps mounted on mobile sleds could be loca
ted an appropriate distance upwind to create line breaks over the airstrip. By spacing 
two or more blimps along a line normal to the wind direction, the width of the clear 
area could be increased as required. 

It was determined that relatively small, inexpensive seeding rockets would be useful 
in support of both air and ground operations. Accordingly, performance specifications 
for a suitable rocket vehicle were established, and potential suppliers were sought. 

Feasibill.ty tests of the M-28 ''Bazooka" rocket were conducted in cooperation with 
the Redsto_ne Arsenal until it became apparent that the cost of modifying these devices 
for cloud seeding purposes would be prohibitive. 

Of the few small commercial rockets currently being developed, two were recom
mended for field trial - the Rocket Power "civil defense" unit and the Texaco Experi
ment Inc. "Cricket". Of the two, in their present form, the Rocket Power unit appears 
best suited to cloud seeding functions in remote areas. 

Investigation indicated that a pilotless aircraft might be highly valuable in a variety 
of meteorological support missions. An analysis of Army drones led to the conclusion 
that the AN/USD-_1 or the AN/USD-2 appeared suitable for seeding whiteouts. Means for 
appropriately instrumenting the USD-1 and applicable seeding patterns were worked out. 
Subsequent drone work was postponed pending the availability of Army field support for a 
drone test program. The use of Army drones at remote sites requires an almost pro
hibitive amount of specialized equipment and trained personnel. 
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A device for converting liquid C02 to dry-ice pellets of a specified size was con
sidered desirable for (a) more efficient cloud seeding, (b) better utilization of liquid 
C0

2
, which is expensive to ship to remo[e areas, and (c) providing aircraft with an 

emergency landing capability when unexpected whiteouts are encountered. A bench
model pellet maker was designed, constructed, and tested. Based on this unit, design 
recommendations for an operational pellet-maker were established. 

Cloud physics aspects 

It has been observed (Aufm Kampe et al., 1957) that at temperatures warmer than 
about -5C, dry-ice pellets falling at teriT;inal velocity generally will not effectively 
nucleate a supercooled cloud. Laboratory experiments (Eadie and Mee, 1963) have 
shown that under these conditions the ice embryos* that form do not remain in the field 
of influence of the dry ice long enough to grow to the critical size necessary for sur
vival. Thus a "stationary"t seeding technique (such as the tethered-blimp method) 
which will permit an interaction period of at least 10 to 20 milliseconds should permit 
crystallization of clouds in the -5C to DC temperature. 

Work on the classical nucleation theory of Zeldovich (1942) and Frenkel (1946) re
suited in an expression for the nucleation time lag which depends only on the initial 
distribution of embryos near the critical size (App. A). 

Snowflakes, which were collected during selected seeding experiments, reflected 
the influence of the dry ice during early stages of crystal growth. In one case, there 
was evidence to suggest that changes in crystal type substantially lagged behind cor
responding temperature changes (App. B). 

TECHNICAL DISCUSSION 

Seeding techniques and objectives 

Dry ice is the most useful material yet found for dissipating whiteouts. While other 
useful seeding materials exist, none have worked as effectively over as wide a temp
erature range. Since liquid carbon dioxide is difficult to supply to remote areas, it is 
important to make most efficient use of it in cloud seeding. This efficiency is deter
mined both by the seeding techniques used and by the methods of converting liquid C02 
to dry ice. 

Pellets of dry ice falling freely through a cloud (as when released from an air-
plane or rocket) are effective in nucleating supercooled clouds whose temperatures are 
colder than - 5C. To assure maximum efficiency, pellet sizes should be tailored so that 
all of the dry ice will sublime within the cloud being seededs thus, all of the ice crystals 
produced (about 1010 to 1012 crystals per gram of dry ice sublimed) will be in the cloud where 
they can grow to snowflake size and precipitate. 

Project investigatio~s suggest that, if a "stationary" seeding technique is used, dry 
ice seeding can be made effective at all subfreezing temperatures, including the range 
between 0C and .-5C. The relationships among dry-ice pellet size, fall distance of pel
lets, ambient temperature, and the number of ice crystals produced by a falling or sta
tionary dry-ice pellet were defined in USA CRREL Research Report 124. With this in
formation as a basis, seeding techniques were devised that would make the most efficient 
use of dry ice as well as fulfill a specific seeding objective most advantageously. 

* . Newly formed 1ce crystals that are too small to exist under ambient conditions of 
temperature and humidity. 

t Any technique wherein the relative motion between the seeding agent (dry ice) and 
the supercooled cloud is small. 
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To illustrate the factors that should be considered in designing a seeding mission, 
suitable operating procedures were formulated for the four cloud-moaification objectives 
lis ted below: 

1. Rocket seeding to dissipate clouds over a runway. 

2. Emergency landing of light aircraft over isolated territory. 

3. Clearing a runway airspace when supercooled fogs are warmer than -5C. 

4. Snowfall inducement for camouflage or harassment purposes. 

By assuming representative values of pertinent weather variables, recommended 
seeding patterns and d.ry ice requirements were determined. The optimum pellet mass 
and dry-ice-seeding rate were determined from results of our previous studies. A 0. 2-g 
pellet with -its associated fall distance of 1000 m, and 1 lb of dry ice for each square mile 
of cloud {1000 ft thick) were considered adequate for most r -equirements. (One pound of dry 
ice dissipated within a cloud will potentially produce 4. 5 x 101Z snowflakes, enough to 
completely precipitate a typical whiteout cloud with a liquid-water content of 0. 2 g)m3.) 
The results of the parametric study are presented in Table I. The examples given, though 
not all proven experimentally, are within the state of the art. 

The production of dry ice for use in cloud seeding 

It was deter-mined that the Greenland aircraft- seeding technique - namely, that of 
crushing blocks of dry ice previously formed from liquid COz - resulted in only 5% of the 
liquid being utlimately effective in the cloud nucleation process. Further studies indicated 
that, if proper p_ellet sizes could be produced with optimum efficiency_, as much as 20 to 
30% of the liquid COz could be effectively utilized. The earlier method of seeding was 
found to be inefficient for three reasons: 1) The commercially built machine used for mak
ing the blocks of dry ice was only 20 to 25% efficient in converting the COz from liquid to 
solid. (Th--eoretically, two times greater liquid-to,..solid conversion efficiencies should 
have been obtainable.) 2} About 15% of the dry ice sublimed during the crushing process 
3) Because of the large range of pellet sizes obtained, only about 35o/o of the dry ice 
sublimed within a typical 1000-ft-thick cloud. It was decided that better methods of pro
ducing dry ice should be found - methods especially tailored for use in cloud seeding. 

Most dry-ice-making techniques involve the release of pressurized liquid COz to at
mospheric pressure through a nozzle or other constriction. A portion of the liquid pass
ing through the nozzle vaporizes - thereby absorbing heat - and sufficiently cools the re
maining liquid to corrvert it into fine flucculant particles of solid COz commonly referred 
to -as "snow." This "snow" can then be pressed into pellets or blocks of dry ice. Since 
liquid COz is commonly stored and shipped in pressurized cylinders, the vaporization me
thod is a convenient way for making dry ice under field conditions. The most useful and 
efficient method of producing dry ice for cloud seeding would involve a device for convert
ing liquid COz directly into dry-ice pellets of uniform size. 

In order to test the feasibility of a dry-ice pellet maker and to arrive at design re
commendations, a bench mo-del was designed and built: for testing and analysis (Fig. 1). 
The results of the tests have shown that a device can be made which will efficiently pro
duce dry-ice pellets of optimum size and density for cloud seeding. Furthermore, such 
a device can be small enough for use in small Army aircraft. 

Two major factors affect the efficiency of converting liquid COz into dry ice: the heat 
exchanges during the vaporization process and the initial temperature of the liquid COz. 
Excessive heat is transferred from the surroundings if the rate of liquid COz expansion is 
too slow or if ambient air is allowed to mix with the vaporizing COz. Ideally, all of the 
latent heat of vaporization should be used in converting the remaining liquid into solid COz. 



Table I 
DESIGN OF SEEDING MISSIONS FOR VARIOUS CLOUD MODIFICATION OBJECTIVES 

I 2 3 II 
RUNWAY CLEARING - - EMERGENCY LAND I NG RUNWAY CLEARING - - SNOW INDUCEMENT 

TEMP. COLDER THAN - 5 • C OVER REM01'E AREA SUPERCOOLED FOGS WARMER 
THAN - s•c 

I) ·sEEDING DEVICE ROCKETS PELLET MAKER BLIMPS DRONE 
(ABOARD A I RCRA FT) (OR AIRCRAFT) 

2) PROBABLE DURATION OF REQUIRED SEEDING 
EFFECT OVER TARGET AREA 

a. MINIMUM I HR( 15-MIN. EMERGENCY) - I HR 
b. AVERAGE 2 HRS 15 MIN 2 VAR I ABLE ( I HR. IN 

c. MAX I MUM 6 HRS - 6 EXAMPLE) 

3) LENGTH AND WIDTH OF AFFECTED AREA 20 x I • !i M I LES 2 x 2 MILES 20 X I Ml LES 15 x 7 Ml LES 

WIND DIRECTION(dd) -dd dd dd 
\ 1 \I \1 

TARGET TETHERED BLIMPS 

,~, r,, r--1 I. TARGET l -o· ·o· ·o· 8 ,, ,,, ,,, 

® ~.:.NILE II) SEEDING PATTERN 
0. 75 MI. ~ 0, .0~ _'0 ~ I MI. SEEDED 

~ , "'' , I' I "' TRACK. (THE HOLE L 5-6 MILES ...__ 
I· ·I· .I CREATED WILL LAST 1''-~' l 

5-6 0. 75 ABOUT 2 HOURS II MILES BETWEEN 
MI. MI. DRIFTING DOWNWIND SEEDED TRACKS 

(11.5 MINUTES BETWEEN FIRINGS) 

5) WEATHER CONDITIONs• 
a) REPRESENTATIVE WIND SPEED 10 mph 10 mph 10 mph 15 mph 

b) LIMITING CLOUD THICKNESS ~3000 FT S. 3000 FT S. 2000 FT > ABOUT 300 FT 

6) CONFIGURATION OF SEEDING MATERIAL 0. 2 GRAM PELLETS L1 QUID C0 2 CON- I LB BASKETS OF CRUSHED 0. 2 GRAM PELLETS 
VERTED TO PELLETS OR PELLET I ZED DRY ICE 
ABOARD AIRCRAFT 

7) ESTIMATED DRY ICE CONSUMPTION RATE I LB/ROCKET SHOT 3 LB/MI LE "'10 LB/HR PER BLIMP 2 LB/MILE 

8) TOTAL DRY ICE FOR AVERAGE DURATIONf 511 LB 3 LB 110 LB 50 LB 

OF CLOUD MODIFICATION 

• CLOUDS ARE. PRESUMED TO BE SUPERCOOLED. 

GREATER OR LESSER WIND SPEEDS WILL ALTER THE DISTANCE BETWEEN SEEDIIIQ POINT AND CLEARING (OR PRECIPITATING) ZONE. 

L 
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Figure 1. Experimental dry ice pellet rpaker. 

The initial temperature of the liquid COz is important because the -latent heat .of va
porization increases as the temperature -of the liquid is lowered. For example, the latent 
heat of vaporization of liquid COz is 70 Btu/lb at 70F and 120 Btu/lb at OF. Consequently, 
it is always desirable to have storage bottle temperatures as low as possible when making 
dry ice. When a seeding mission is to be conducted, ambient temperatures at the ground 
are typically OC. If the .storage bottles are pre-cooled to OC, about 40o/o of the liquid COz 
should be convertjble to dry ice. Figure 2 shows the optimum amount of solid C02 that 
can be obtained by the vaporization method from liquid C02 at a given initial temperature. 

. . 

Experiments were conducted to find ways of minimizing the heat exchanges incurred 
during the vaporization. process. Figure 3 shows the shape assumed by an expanding 
plume of C02 when liquid C02 is discharged through a nozzle. When the C02 is allowed to 
expand into the free atmosphere, as in the photo, air mixes -with the C02 and very little 
snow is produced. The heat transfer that occurs when a1r mixes with the expanding C02 
can be minimized by containing the expanding C02 in an expansion chamber or horn. How
ever, experiments show that very little snow would be produced if the expansion chamber 
walls restricted the rate of expansion of the C02 excessively. It was determined that max
imum snow production would be obtained if the expansion chamber just contained the ex
panding jet of C02 without constraint, thereby allowing the C02 to vaporize at its maximum 
rate, but not allowing air to mix with it. 

The optimum design for the expansion chamber is determined by the shape and size 
of a freely expanding plume of C02 , therefore by the size of the liquid-discharge nozzle. 
With the 0. 07-in. dis-charge nozzle used on the bench model, the cross-sectional area of 
the expansion chamber should increase at a rate of 1. 6 in. z per inch of length. This constant 
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Figure 3. Expanding plume of COz. 

rate of expansion occurs after an initial increase from the 0 .. 07-in. -diam nozzle to a 
1. 4-in. chamber diameter. If the plume is not allowed to expand into its bell shape, 
heat transfer bet ween the vaporizing liquid and the remaining bulk liquid in the chamber 
is interfered with, and the production of dry ice is restricted. 

The rate of production of dry ice is determined by the size of the liquid-discharge 
nozzle and by the efficiency of the dry-ice-making process. Operating at room temp
erature (approximately zoe), the bench model produced dry ice at a rate of 2. 5 lb/min, 
which is equivalent to a liquid-to-solid conversion efficiency of about 25o/o. At -lOG this 
same operation would be approximately 40o/o efficient, and would produce dry ice at a 
rate of about 4 lb/min. In an operational model the required dry-ice production rate would 
be determined by the ultimate use. If the pellet maker is to be used as an emergency seed
ing device in an aircraft, then the speed of the aircraft will .determine the necessary produc .... 
tion rate. If the pellet maker is intended for producing dry ice on the ground, then con
venience and total quantity required will determine the desired rate. 

The .bench-model pellet maker consists of an expansion chamber, a snow-collecting 
mechanism, and a dry-ice cubing and ejecting mechanism {Fig. 1}. Briefly, it operates 
as follows. Upon the release of liquid COz into the expansion chamber, sufficient cooling 
occurs to cause some of the COz to solidify into snow. The snow is collected on a wire
screen conveyor belt and fed under a compressing roller to a multi-celled cubing cylinder 
that further compresses the snow into roughly cubical pellets. The COz in the gas phase 
passes through the wire-screen conveyor belt so that back pressure is not built up. After 
the operations of compressing and cubing, the dry-ice pellets are discharged from their 
cells by a cam-operated-piston mechanism. Pistons inside the cubing cylinder thrust out 
through each row of cells, thus forcefully discharging the pellets. 

The optimum dry-ice pellet for general use in cloud seeding should have a mass of 
about 0. 2 g, permitting a fall distance of about 1000 m. Dry-ice density is determined 
by the rate at which snow is fed into the cuber and by the speed of rotation of the cubing 
cylinder. Pellet densities as high as 1. 5 g/cm3 can be obtained; however, high densities 
require more rugged compacting machinery and are not necessary. A pellet density of 
0. 4 g/ cm3 is adequate, thus defining a pellet volume of about 0. 5 cm3 (about 0. 8 em on a 
side). 
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The diameter of the cubing cylinder on the bench model, 5 in. , proved to be too 
small; the uncompressed snow fed into the ,cuber tended to pile up and jam. Jamming 
was overcome by adding a precompressing roller to the system. The prec 0mpressing 
roller would not be necessary if the diameter of the cubing cylinder was larger {at least 
10 in.). With a 10-in. -diam cubing cylinder, the cuber cross plates would enter the un
compressed snow at a 60-deg angle rather than 45 de g as with the 5-in. cuber. The 
increased entrance angle would allow the snow to be 11 swallowed" more easily by the 
cubing cylinder, and also less str ess would be put on the cuber cross plates. 

The foregoing general discussion describes some of the more important pellet maker 
design parameters that were analyzed. Specifications for an operational model are out
lined below. The recommended design is for a general purpose dry-ice-pellet maker that 
could be used for emergency seeding from a l ight aircraft or for dry-ice production on the 
ground. 

1. It is recommended that dry ice be produced by the vaporization method: releasing 
liquid COz into an expansion chamber, collecting the resulting 11 snow, 11 and feeding it 
through a compressing and cubing mechanism. 

2. The dry-ice pellets should have a mass of 0. 2 g each and a density of 0. 4 g/cm3 • 

Therefore, pellets measuring 0. 8 em on a side {volume of 0. 5 cm3 ) should be produced. 

3. The rate of dry ice production should provide for a seeding rate of 1, 000 g/mile 
from an aircraft traveling at 90 mph. Thus, pellets must be produced at a rate of 125/ sec. 

4. The pellet-making wheel {the compressor and cuber) should be approximately 10 in. 
in diameter and 3. 2 in. wide · {10 cells), with a total of 1000 pellet-making cells on the 
wheel. The wheel should be spring-loaded to prevent jamming. 

5. To achieve a production rate of 125 pellets I sec {25 g I sec), the pellet-making wheel 
must turn at 7. 5 rpm. 

6. The pellet-ejection mechanisms should consist of positive acting, cam-operated 
pistons. The cutting disks {walls of the pellet cells) and the pistons should be fabricated 
of 300-series stainless steel. 

7. The liquid COz ejection nozzle should be 0. 07 in. in diameter to yield a dry-ice pro
ducing capability of approximately 25 g/sec at OC. 

8. The initial diameter of the expansion chamber should be 1. 4 in. and the cross-sectional 
area should increase at a rate of 1. 6 irf. per inch of length. 

Rocket development 

Rocket _performanc~. It was. decided that one advantageous method of seeding white
outs w_ould 1nv:olve se_ed1ng mater1al launched from the ground. An analysis of several 
potential seed1ng veh1cles {rockets, mortars, etc.) led to the conclusion that small rockets 
wo_uld be the most feasible vehicles for seeding operations. Calculations indicated that a 
po1n~ drop o~ 1 lb of _dry ~ce would be sufficie?t to seed a supercooled cl"oud and produce 
open1ngs of 2. to 1 m1le d1ameter. It was dec1ded that a rocket capable of lifting a 1-lb pay
load to an alt1tude of 3 000 ft would be adequate for most whiteout modification tasks. 

A search for a suitable rocket vehicle was conducted. Three vehicles were considered 
as pot~ntial cloud seeders: 1) the "Cricket" cold propellant rocket manufactured by Texaco 
Experrment Incorporated, 2) the M -28 11 Bazooka" rocket, and 3) the small 11 civil defense" 
rocket developed by Rocket Power, Inc. of Mesa, Arizona. 
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· The "Cricket" rockets are propelled by expelling a mixture of liquid carbon diox
ide and acetone, the rocket motor being charged with propellant in the field prior to 
launch. The "Cricket" will meet payload and altitude specifications, but a suitable 
payload expulsion device remains to be developed. When operations are to be conducted 

. in remote areas, the necessary pre-launch motor charging may prove awkward because 
of the ground support equipment required. 

Test firings with the M-28, conducted by personnel at Redstone Arsenal, showed 
that this rocket motor was capable of lifting a 1-lb payload to a height of at least 2100 ft. 
However, the standard vehicle was unstable with a 1-lb payload added and the rocket 
fins had to be modified. Another possible drawback to the M-28 was the high set-back 
force the payload would experience at launch, resulting from an acceleration in excess 
of 600 g's. As discussed in the next section, it was feared that this force might have 
undesirable effects on the dry-ice payload. 

The small rocket vehicle manufactured by Rocket Power, Inc. seemed the most 
. prom1s1ng. This rocket was intended as a civil defense warning device. It was designed 
to _lift a total weight of 6 lb to a · height of 2500 ft. A warning flare, a parachute, and a 
titner and payload-ejection device accounted for half the payload. It was estimated that 
this vehicle would be capable of carrying a 1-lb dry-icepayload to a height of 5000 ft, 

· and that the existing payload-expulsion mechanism would be adequate for dispersing dry 
ice for cloud -seeding purposes. In addition, the time could be set to initiate payload 
dis per sal at any altitude between l 000 and 5000 ft. 

Payload behavior under high acceleration launch. ·The M-28 rocket was designed for 
high accuracy and rnanual operation, factors which dictate a short burning time and high 

. . acceleration during launch. A 1-lb payload of seeding agent .would experience an accel
· eration of 600-900 g's (equivalent to approximately 190-2.80 psi) during a burning time of 
about 20 milliseconds. The mechanical behavior of dry-ice pellets and phloroglucinol 

·powder under such conditions wa.s unkllown. The degree of m.aterial compaction or 
.crumbling experienced would dictate ( l) optimum initial particle size of the seeding agent, 

-_ and (2) the type of dispersal mechanism needed to release the seeding agent at altitude. 

Payload evaluation was to be performed in the laboratory at CAL but the experiments 
were cancelled because the cost of modifying the M-28 rockets was found to be prohibitive. 

A br:lef review of various impaction techniques indicated that drop tests would most 
e:xPeditiously provide the desired information. The launch conditions of the M-28 would 
be simulated by dropping a container of dry ice on an energy-absorbing foam. A 25-ft

- high drop- bed would be employed. Prior laboratory work showed that rigid polystyrene 
' foa~ (density of 1.· 75 lb/ft3 ) has relatively constant energy-a,bsorbing characteristics of 

50 lb/in2 6{ surface, provided the foam is not compressed to more than 70% of its origi-
mi.l thicknes~. The governing equations in the proposed expe:riment are presented below. 

FD = M V 2 I 2 ( 1) 
1 

Fdt = M dV or FAt= l .1. V. (2) 
1 

Vi = ..JZgH (3) 

where F is thrust, Dis penetration depth in foam, M is impaction m~ss, Vi is impact 
velocity, _!is time,~ is gravity, and H is d_rop height. 

Equations 1, 2, and 3 yield: 

D = At Vi/2 =At VZ gH/2 (4) 

FAt M = 
..JZgH 

or weight W = FAt .Jg/2H. ( 5) 
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GUIDE WIRES 

2 inDIA. CYLINDER 
(M-28 PAYLOAD 
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DROP ASSEMBLY 

l======t WE I GHT 
13.~ LB 

18 i n2 BASEPLATE 
(MI NIMAL WEIGHT) 

MINIMUM THICKNESS 
0.57 ft 

Figure 4. Drop-test diagram for rocket thrust simulation. 

ll 

For our specific simulation, F = 900 lb {which dictates an impaction surface area 
of 18 cm2), ~t = • 02 sec, and H = 25 ft. Equations 4 and 5 then · show that the impaction 
depth D in the foam will be 0. 40 ft and the required impaction weight W is 14. 4 lb. An 
appropriate drop-test configuration is shown in Figure 4 . -

Cloud physics 

Time lag in homogeneous nucleation. As a dry-ice pellet falls through a supercooled 
cloud, large concentrations of ice embryos are created in the low-temperature, super
saturated boundary layer surrounding the pellet. To survive and grow, these ice embryos 
must surpass a certain critical size which can· be estimated from the well-known Kelvin 
equation. An ice embryo, then , must remain under the influence of the falling dry-ice 
pellet long enough to reach this stable size, or it will dissipate. In addition to the critical 
growth time of an ice embryo, there _ is a finite time required for the initial liquid•to-solid 
phase change - · the so-called nucleation time lag. -

Laboratory experiments {Eadie and Mee, 1963) indicated that at temperatures war-
mer than about -5C a falling dry-ice pellet does not interact with newly created ice embryos 
long enough for effective cloud crystallization~ The findings indicate that stationary seed
ing techniques, where the interaction time "between dry ice and ambient air is extended, 
should be effective in nucleating clouds in the temperature regime -from OC t~ -5C. Con
ventional drop techniques proba?ly would not be effective under the same circumstances. 

During the past year, the nucleation time lag of the supercooled liquid phase was 
theoretically analyzed, and a new analytic form for the nucleation time lag was developed 
(see App. A). In this new form, nucleation time lag depends only upon the initl.al size dis
tribution of embryos near the critical size; this obviates the awkward task of making· as-: 
sumptions about the formation of very small embryos. While a complete numerical analy
sis was not obtained, it appears that the nucleation time lag involved is of the order of micro
seconds as compared with the critical growth time of ice embryos of milliseconds. Thus, 
the nucleation time lag appears to be relatively unimportant in the cloud crystallization pro
cess associated with dry-ice seeding. 

"Stationary" cloud seeding effects. During tethered-blimp seeding experiments in 
Greenland and during related" stationary" seeding experiments at Yellovrstone National Park, 
some interesting snow crystals were observed (see App. B). In some cases, ice crystal 
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structure gave evidence of being influenced by the dry ice during early stages of cr.ystal 
growth. Calculations of crystal growth rate suggested, furthermore, that the crystal form 
{dendritic.) established at the colder temperature did not immediately change when exposed 
to warmer ambient temperature. 

Studies of ice crystal morphology as affected by the semi-artificial condit ions imposed 
by cloud seeding should be pursued further. 

Phloro lucinol as a seedin a ent. Laboratory work conducted at the Armour Research 
Foundation Langer and Rosinski, 1962 revealed that the organic compound phloroglucinol 
is effective as a cloud nucleation agent at temperatures as warm as -2C. Since the material 
is apparently more effective at warmer temperatures than all other known nucleating agents 
except dry ice, is reportedly non-toxic, and can be stored for long periods of time without 
adverse effect, phloroglucinol may have important applications in arctic seeding operations. 

\ 

Phloroglucinol can be released as a powder, in which case the optimum particle size 
is reported to be 0. 5 J.l.· The organic compound can also be dissolved in alcohol and then 
released as a liquid aerosol. Sample quantities of phloroglucinol were prepared in both 
liquid and solid form, and the results of preliminary cold box experi-ments and field experi
ments were promising. 

A preliminary assessment of phloroglucinol was made during the National Science 
Foundation field research seminar at Yellowstone National Park, 22-29 January 1963, 
although the limited time and facilities available did not permit definitive experimentation. 
Test batches of commercial grade phloroglucinol were prepared in different ways before 
leaving the laboratory. One batch was ball milled for 48 hr. mixed with twice its volume of 
colloidal silica to prevent flocculation, and then milled for another 8 hr. This resulted in 
a fine powder with many particles less than lu. in diameter. Another batch was prepared 
as a saturated solution with methanol, and a third batch was used in its original powdered 
form. 

Seeding effectiveness was determined qualitatively by visual observation of ice crystals 
within the seeded cloud {fog) and by microscopic examination of cloud hydrometeor col
lections. 

The coarse commercial grade powder was not effective as a nucleating agent. The 
fine-ground powder resulted in the production of ice crystals, but relatively large amounts 
(compared with dry ice or silver iodide) had to be used to affect significant nucleation. 
The saturated methanol solution appeared most effective. In one experiment conducted in 
a small cloud plume from a geyser, three or four "whiffs" of solution atomized with a de 
Vilbiss nebulizer compared in seeqing effectiveness with 15 sec of seeding with a 10-g piece 
of dry ice. Ambient temperature was -15C. 

The ultimate utility of phloroglucinol for whiteout modification purposes will depend on 
the quantity of material required for effective seeding. Laboratory experiments to establish 
the amount of material necessary to crystallize a supercooled cloud as a function of temp
erature and dispersal medium are highly recommended. 
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APPENDIX A 

,TIME LAG IN HOMOGENEOUS NUCLEATION 

by 

William J. Eadie 

Several investigators, using differing simplifying assumptions, have given approximate 
solutions of Zeldovich (1942} and Fr-enkel's (1946} general equation for the distribution of 
embryos f(g; t}, 

af(g; t) 
at 

aT(g; t) 
ag 

= _Q_[n< ) a£(g;t) ag g ag 
+ D{g) 

kT f(g; t) a ~t~g) J {1) 

leading to estimates of a time lag in homogeneous nucleation (Probstein, 1951; Kantrowitz, 
1951; Farley, 1952; Lyubov, 1953; Wakeshima, 1954; Collins, 1955). 

Introducing a definition of nucleation time lag 

I - I{G; t) s 
I 

dt (2) 
0 s 

which corresponds to the commonly accepted definition in diffusion theory, Frisch (1957) 
obtained an exact expression for this time lag without solving eq 1 explicitly for the tran
sient distribution function f{g; t). Frisch's expression for the nucleation time lag proved 
extremely sensitive to the initial distribution of embryos, leading to the conclusion that, in 
the absence of catalytic agents, prohibitively long times are required for appreciable nu
cleation to occur in a system where initially only single molecules are present (1010 sec 
in a typical expansion chamber experiment with water vapor). 

It has recently been shown by Courtney (1962), however, that Frisch's derivation is 
incorrect. In the present notation, Courtney's corrected expression for the nucleation time 
lag L is 

L 
fs(g) - f(g; 0} 

Is 
dg - D(l) [ d~ 

fs (g) - f(g; t) 

Is 
dt J g = 1, (3) 

where f(g; o) is the initial and f (g) is the steady state distribution of embryos. Courtney 
points out that the evaluation of 1:he nucleation time lag from this corrected expression is 
unattractive, because of the dependence upon the kinetics of formation of two molecule 
clusters, particularly since the derivation of eq 3 is based on eq 1 which assumes g >> 1. 

The purpose of this note is to demonstrate that the nucleation time lag L can be put 
1n a form which depends only upon the initial distribution of embryos near the critical size 
and therefo~e can be evaluated without assumptions about the formation of very small em
bryos. The notation of Frenkel (1946) is used throughout. 

Multiplying both sides of eq 1 by the quantity 

l... cg r ap(g')] 
N J exp kT 

1 ... 

and integrating over _g from l to G and over t from 0 to oo , we obtain the expression 
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SooSc{ 1 aT(g;t) sg [ - ~cp(g'}J 
0 . 1 - N ag 1 exp kT 

d I ~ 
i[h f dgdt 

S,G S,"' { ~ a£(~~ t) d I } i[h dtdg. (4} 

Perfo"rming the integration over time on the right-hand side of eq 4 and integrating the 
left-hand side over _g by parts, we find that 

_ s G 1 { s g [ ~cp{g I) J d I } { } 
- 1 N 1 exp kT -mf.J fs (g) - f(g; 0} dg. (5) 

Substituting from eq l for I(g; t) in the second term and noting th?-t 

I = N IS G expr ~ <j>(g} J dg 
s . 1 _ kT D{g) ' f(l; t} = N, f(G; t} = 0, and <j>(l) = 0 (Frenkel, 1946}, 

the left-hand side of eq 5 reduces to Frisch's defining relation for the nucleation time 
lag ~ ,eq 2. 

By a suitable manipulation, it can be shown that the right-hand side of eq 5 is equiv
alent to Courtney's corrected expression for the nucleation time lag L, eq 3. It should 
also be noted that this alternate expression can be obtained by the general method recently 
presented by Frisch (19 6-2) for the calculation of the time lag in the attainment of a station
ary state for certain classes of transport equations . 

In a system where initially only single molecules are present, f(g; 0) = 0 and, sub
stituting the steady state solution of eq 1 for f (g) (Frenkel, 1946), eq 5 becomes s 

L SG [-~cp(g) J {Sg -[ ~cp{g·) J ~} {SG r ~cj>{g·) J ~ 
1 exp kT 1 exp kT D(g'J g exp- kT D(g'J } 

/
('G [~ J d dg j 1 exp kT ~ . ( 6) 

Adopting the approximation of Frenkel that 

it can be shown that the integrand of eq 6 has a maximum at g = g*. Replacing the inte
. grand by its expansion about g = g* and making use of eq 7, we obtain 

L = (2~kT)t s~ ex{(! -l)zfr (g- g*Y] dv4D(g*). (8) 
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Assuming that G - g* and g* - 1 are both large compared with the effective half -width 
1 

of the maximum Z ( kyT )
2 

, the expression for the nucleation time lag reduces to 

L~CZ";T )1 r: exp[-.273~~z J d~/4D(g*) ~ -/~~*) (9) 

A3 

Except for a constant factor of Z, eq 9 is identical with the estimate obtained by Collins 
(1955) through the approximate solution of eq 1 for the same initial condition. 

Since the principal contribution to the integral in eq 6 for the nucleation time lag comes 
1 

from the region within an effective half -width 2 ( ~ T ) 
2 

of g *, contrary to Frisch 1 s 

(1957) earlier conclusions based on an incorrect expression f-Or L, the nucleation time 
lag is relatively insensitive to the solutions of eq 1, which assume f(g; 0) = 0 for mathe
matical convenience, should provide a good approximation to the temporal evolution of 
the nucleation rate in many experiments, even though the actual distribution of small em
bryos existing }Jrior to the experiments may be far more complex. 
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A NOTE ON "STATIONARY" CLOUD SEEDING EFFECTS 

by 

James E. J'iusto 

Since Schaefer's (1946) pioneering work in cloud modification, the dissipation of super
cooled stratus clouds and fog by seeding with dry ice has been demonstrated by numerous 
investigators. The customary technique employed has involved the free fall of dry-ice pel
lets from aircraft, small rockets, and free balloons down through the cloud layers of in
terest. Eadie and Mee (1962) have shown in the laboratory that the contact time between 
supercooled cloud air and dry ice particles falling at terminal velocity is not sufficiently 
long for effective nucleation at temperatures between approximately -5C and OC. This note 
pr-esents a 11 stationary" seeding technique which appears capable of overcoming that defici
ency and which does not require extensive or elaborate equipment. Photographs of selected 
crystal growth patterns accompanying seeding experiments in Greenland and at Yellowstone 
National Park are shown. 

The seeding technique consists of the suspension of dry-ice packages in low stratus 
cloud or fog by means of a tethered blimp, a technique which showed promise during a brief 
seeding experiment in the Pacific Northwest (Wells, MacCready, et al., 1957). This method 
was employed (Jiusto and Rogers, 1961) during a series of whiteoutmodification experiments 
on the Greenland Ice Cap. As shown in Figure BI, droplet nucleation occurred as the cloud 
moved through the array of dry-ice packages attached to the tethering line. In the two ex
periments eight to ten open-mesh baskets, each containing 1 lb of dry ice, were hung at 25-ft 
intervals along the blimp* tether. Since the dry ice is not dispersed but is held aloft within 
the cloud, relatively small quantities are required for long periods of seeding: the sublima
tion time of a 1-lb payload was approximately l hr. The optimum vertical spacing q.f dry ice_ 
as a function of cloud parameters and wind conditions has yet to be determined. 

Prevailing weather conditions during the experiments are summarized in Table BI. 
In both cases, snowfall commenced in a narrow band directly downwind of the seeding site 
approximately 30 min after seeding. Clear lanes up to 0. 5 mile wide resulted. 

Table BI. Weather conditons during seeding experiments. 
Predominant 

Estimated ice crystal 
Experi- Cloud cloud Cloud Ground type after 

ment Clouds base thickness temp winds peed seeding 

1. Stratus 180m 60-lOU m -4.5C 2 mph Ice needles 
overcast (l mm) 

2. Stratus 330m 100m -lOC l mph Dendrites 
overcast or less (l-3mm} 

Thus, with a modest quantity of dry ice and simple equipment, significant dissipation 
of supercooled stratus clouds was achieved. The blimp-seeding technique appears well 
suited to air terminal use during periods when low supercooled clouds or fog impede traffic. 

The ice needles resulting from the first seeding, where cloud temperature measured 
-4. 5C, are consistent with Nakaya 1s (1951) ice crystal experiments in the laborato;y. How- · 
ever, in the second case dendrites were not expected with a cloud temperature of -lOC since 
they ordinarily require formation temperatures of -14C to -17C. Photomicrographs of re
presentative dendrites, one of which is shown in Figure B2a, were provided by Dr. Motoi 
Kumai of USA CRREL. As revealed by the photographs, the extremities of the dendrites 
consisted of thick hexagonal plates -a crystalline form which is customary at ·a temperature 
of -lOC. It can also be seen that the initial ice embryo produced was of plate form and 
that two transitions subsequently occurred, first to dendrite, and then again to plate form. 

* 1200 ftl blimp, Type S-1000, Sefang Co. 
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F igure Bl. Crystalli zation of sup e rcooled cloud with dry ice. 

Such a progression is compatible with a steady warming trend from the low temperature 
marking the onset of droplet nucleation . 

Thus, crystal structure appears to reflect the low-temperature, high-supersaturation 
influence of the dry ice during the early stag es of crystal growth. It is believed that the 
initial plates and dendritic growth modes were initiated wh1le the ice embryo was relatively 
close to the dry ice. As the crystal moved downstream and approached an ambient cloud 
temperature of -lOC, plate growth commenced on the dendrite extremities. Calculations of 
the growth rate of ice crystals suggest that dendritic growth continued well after the crystal 
was expoE?ed to warmer environmental temperatures. Barring the possibility of natural 
thermal variations of a few degrees within the thin cloud, no explanation can presently be 
given. Under the semi-artificial growth conditions imposed , the molecular arrangement of 
deposited water molecules consistent with a given temperature appears to establish a crystal 
growth pattern that substantially lags behind temperature changes. 

Some less common snow crystals were also observed during wintertime seeding ex
periments at Yellowstone National Park , the site of the second Yellowstone Field Research 
Seminar of the Atmospheric Sciences Research Center of the State University of New York.* 
By virtue of the continual transport of water vapor from hot geysers and springs into cold 
ambient air, a readily accessible source of low-level condensate, often supercooled, is 
available for experimentation . 

..,_ 

.,.The Yellowstone Field Research Seminar, under the direction of Vincent J. Schaefer, was 
sponsore_d by the National Science Foundation. The experiments described represented the 
coo-?eratlve _effort of numerous seminar participants, including Dr. Randal Koenig {Univ
erslty of Ch1cago) and Dr. John Hallett (Imperial College, London). 
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Seeding consisted of manually exposing dry ice to slowly drifting supercooled clouds 
(fog), a procedure analogous to the "stationary" blimp-seeding technique. Figure Blb typi
fies the capped columns that resulted from one seeding where air temperature 4 ft above the 
ground was -7C. Capping of the column{:l presumably occurred as the newly formed crystals 
were convected to higher, colder altitudes. 

Figure Blc represents a krylon replica of a spherical ice pellet, a crystal type oc
casionally observed subsequent to seeding with dry ice at Yellowstone. The frozen spheres 
appear to have resulted when relatively 1arge geyser droplets, supercooled during the early 
portion of their trajectory, were intercepted and nucleated during descent by small ice em
bryos. Insufficient time was available for the ice sphere to develop crystalline facets. 
This indicated sequence of events tends to support the concept of controlling certain freezing 
rain situations (Pilie, 1956). By seeding with dry ice and creating large concentrations of ice 
embryos within cold layers of ice-saturated air below the rain generation level, it may be 
possible to convert supercooled hydrometeors to the ice phase prior to their reaching the 
ground. 

b. CAPPED COLIIII -
SUPERCOOLED 1'08, 
-1•c FOUR FEET 
ABOVE 8ROUID 

c. ICE SPHERE -
DOWIIWIID OF 
OLD FAITHFUL 
GEYSER, ..:g•c 
FOUR FEET ABOVE 
GROUID 

a. DEIIDRIT£ -
STRATUS OVERCAST, 
-1o•c 

Figure B2. Ice crystals associated with dry i ce 
seeding experiments. 


