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ABSTRACT

Recent studies  have 1led some researchers to
hypothesize a.much more impoﬁtant role for graupel ! in the
hailstone dnd cold;raiﬁ fqrmatfon processes. This study
investigates the potential for conibal graupel formation on
hexagonal plate ice crystals according to Knight and
Knight's hypothesized process, by simulation of the
,appropriateAgrowth conditions in a cloud chamber.

)

A sﬁrvey’of the literature was carried out td
provide an insight into the physical conditions likely to
occur Quring natural graupel formation. These conditions
include the air;tempefature and humidity, the cloud droplet
size distribution and water content, the dimehsions of thé
hexagonal plate ice érYStals. éhd théﬁéenuinal velocifies of
thése crystals and ‘of conical grauﬁel.

The simulation was carried ouf‘by propelling two
growth substrates, 16Cated af the ends of a, rotating booa,
within a clodd chamber. A method for producing the 1 mm

diametér, 50/;m thick hexagonal plates used as substrates,

1 '

»

=

1 Graupel,- Or snov pellets, are small rimed ice particles
"with primarily their surface appearance, shape, and density
distinguishing thenm from either snow flakes, or hailstones.

3
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‘and a new technique developedr by R; S. Babington for
producing.sprays of cloud-sized droplets are explained. The
corstruction of such sprayers is also outlined,
~Thg experi?ent have demonstrated that riming on
L

hexagonal plates occu first at the edge, and then

~

primérily'near the corners of the plate. Continued  grow£h
results in deposits fanning out into the wind with few, if
any, common points of at;achment, other than to the piate.
nThe fragile nature of the growths resultébin a poteﬁtial fpf
breaking near their point*“%f,attachﬁent, and then either
pivoting outward about this point, or b:eaking' completely
away frbm the substrate.

| Inveétigations into the quantitative aspects of
the riming process’hdve genéra]ly been less successful. The
final two chapters. inciude discussions on the probabie
causes of the problenms encounteréd, and~récpmmendations for
improvemehfs of the apparatus ;nd the techniques employed in

order to alleviate fhese problems.

vi
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CHAPTER I

INTRODUCTION

1.1 Background: Hailstone Embryos and Hail Suppression.

Hailstorms are a significant component of the
weather affecting the iﬁhabitants of various c8ﬁtineptal
areas tHrOughéut‘the world. Some of these regions are: the
Prairie Provinces of Canada (and Alberta in particulat): the
High Plains ‘of the qPited .Statesllnid-West; the Central
Plains of the United States; some of the valleys of
‘Switzerland and Northern Italy; the high plains of Kenya and
South Africa; ) énd the plains' of France, Argentina,
Australia, and thé Western USSR.

An estimated $300 million in annual crop and
pfgperty ddmage Qas caused by hailstbrhs‘ in the United
States‘during the early 1970'54 (Knight and Knight, 1971).
o= 1 =« sical year, this was. claimed to be a greater

icial lo=s than that due to tornados, althoﬁgh the
_atre ar- responsible for gfeater human injury and death.
siperta, %ojtiw and Renick (1973) estimated the average

: D
2. :al e r7ictltural 1loss due to hailstorms to be nearkgzé\
million. gurther, they estimated thdt 80% of this damage

occurs on an average of 12 days each summer (25% of the

r



average annual number of hail days).

In an effort to reduce 'the 1losses produced by
these storums, .scientific research programs were begun in
many of the hail afflicted areas to determine the scientific
and economic feasibility of hail suppression. Many of the
%echn}ques~ that have evolved from this research are
dependent wupon the competing embryo concept of hail
suppression. This concept is based upon the production of a
sufficient number of additional ha..stone embryos so that
the supposédly limited Quantity of liqﬁid water (in the formn
of supercooled cloud droplets, grizzle drops, and rain
drops) available for hailstone growth will constrain the
size of the hailstones formed. Through subsequent partial
or complete melting.of the stones during their fall to the
earth, there will be less severe hail damage at the ground,
despite an increase in the number of in-cloud stones
produced.

The éompeting émbryo concept was put on  a
quantifative baéis by Ifibarne and dePena (1960). More
recent studies, by modelling cl;uds throdgh computer
simulation (Charlton anerist, 1972; Dennis and Musil, 1953;
Dennis, 1?7&) have refined the concept, 1leading to the

follovwing basic changes:



(i) early theories on accumulation zones 1t (Iribarne and
dePera, 1960; Sulakvelidze et al., 1967; Kartsivadze, 1968),
their spatial relation_to the storm updraft maximum, and the
significance of their contribution to hailstone formation
have been questioﬁed;

(ii) the production éf competing embryos by silver
iodide crystals interacting directly witl ;loud droplets in
the storm's strong updraft is thqught to be an insignificant
means of modificat on (Dennis, 1975); |

(ii1i) the hypothesis that a significant fraction of the
water content available,fbr hailstone production is depleted
in an unmodified storm, or more importantly, that_almost ali
of it would be depleted in a seeded siorﬁ, has been
questioned (B;owning and Foote, 1975).

Knight et al..k1979) have observed that 80% of the
hailstones collected and analyzeq foliowing the paséage of
thunderstorms in Northeast Colorado had graupel embrjos,
while only 14% had originated from precipitation sized water
drops. The embryos of the remainder were not det rmined.
The primary natural proéess of precipitation formation in
these types of clouds thus consists of: |

(1) the growth of ice crystals by sublimation to a size

! The accumulation zone consists of a portion of the updraft
of a storm where the proper combination of drop size and
updraft velocity result in a continuing capture of smaller
droplets rising in © the updraft, leading to - an
intensification of water content 1in a region of about a
kilometer in depth (Sulakvelidze et al., 1974; and Dennis,
1975) . o » '



sufficiently large to allow the accretion of cloud droplets;:
(ii) riming to form graupel particles: and
(iiif further accretion of more or largef droplets
reéuiting in hailstones.

The implication of these observations together
with the refinément of the competition concept suggest that
silver iodide nuclei should be introduced so as to result in
the growth of graupel as an intermediate step in hailstone
formation. The AgI injection should occupy the correct
Space-time location within feeder clouds of multicell storms
(Dennis, 1975) or within the embryo curtain of supercell
storms (Browniné,.1975) in order to prémote competition for
the available clogd water within the : regions, thereby

reducing embryo size, and thus hailstone .ize. .

1.2 The Definition of Graupel.

Having demonstrated ' the importance of graupel to
the hail formation and thus the hail suppressidn mechanisms,
it is ﬁseful to define_graupel and ‘to delimit its mechanism
of fofmation in relétion to the o£her solid precipitation
particles. |

pccording to Knight arnd Knight (1973), the word

graupel ° has its origin in the German language, and has been

derived from the word for barley or hulled grain, apparently

"because of the likeness of these grains to small graupel.

Graupel occupies a distinct niche in the classifications of

solid precipitation pfoposed‘ . by  Nakaya (1951),



Schaefer (1951), The International Commision on Snow and Ice
of 1951, and Magono and Lee (1966). However, in the
classification Scheme adopted through international
agreement for use by various national weather services, this
type of solid precipitation iS termed a 'snow pellet!,.
Graupel have been defined by Schemenauer (personal

communication) as

...white opagque ice particles with maximunm
dimensions ranging from perhaps 0.35 mn to 7.5 nm
and densities that =are typically 0.25 g cm—3 to
0.70 g cm—3. They may be hexagonal, conical or
irreqular in ‘shape [as categorized in the
classification schemes noted above] and are formed
as a respZ{ of .the heavy riming of cloud droplets
on an 1ice particle (usually a snowv crystal)....
The surface of a graupel is dry and- has the
appearance of soft rime. The individual graupel
are 'compressible!' but not 'squishable'; ie. the -
softness of graupel is not due to the presence of
liquid water but to the presence of numerous- air
spaces within the particle.

However, as‘noted above, growth upon ice crystalé may not be
the only mode, as List (1965} p-481) statesﬁ "Even if no
scientific'proof is évailable, it is 'expected (Browning;
Ludlam, and Hacklin, 1963) that graupel may also start from
frozen cloud droplets...." In addition, graupel may be
distinguished quite readily from snowflakes, vhen:they are
observed falling together, bf*their higher terminal velocity
and by the fact‘that they tend to rebound following impact
with a hard object. |

Aﬁ exémple of a section through a conical graupei
is gi§en in Plate .

Graupel ~T+ limited ‘in their size range by two
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Plate 1. A section through a conical graupel photo-
graphed using transmitted light. The base diameter is 5.5
mm. (from List, 1960) .

distinct factors. For those graupel originating on ice
crystal kernels, the lower 1limit is defined by a rapid
v ‘ . ;

decreasge 'in the «collision efficiéncy of ice crystals for

supercooled droplets as the size of the crystals falls below

about 300/um diameter. In a numerical investigation, Pitter

and Pruppacher (1974) studied the accretion rates of simple

ice crystal plates simulated by oblate spheroids, and
disédvered that the collision efficiency for SQ/Lm diameter

droplets fell from about 0.8 for 800/2m plates to about 0.2

for 320 un ones. In addition, plates of this latter size

were able to 'collect droplets only viihin the 26 to uO/un’

diameter range. Extrapolation from these results 1led thee

to conclude that plétes smaller than about . 250/uu in

diameter would growv very little, if at all, by accretion.
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The upper ‘limit to the size range is defined by a
change 1in the type of accretion from dry growth, to wet or
just wet growth. ' As the graupel grows and its terminal
velocity increases, both the rate of accretion and the
kinetic energy imparted by the impacting droplets increase
more rapidly th;n the ventilation effect. As a result th.
graupel surface temperature rises, leading to lwet or Jjust
wvet growth. The primary factor influencing this change is
the increasing terminal velocity of the grpwing graupel, but
other factors such as the air température, the air pressure,
the graupel shape, cléud droplet and precipitation vater
content of the cloud, and the size distribution of the cloud
droplets‘ are also important. The features of the growth
which change a* his stagé are the density, which - rises as
water flows ~'o “the relatively porous inner structure of
the graupel and then freezes; and ~the surface appearance,
which changes from matte to glassy. The particle then
ceases to be defined as graupel, but should rather be termed

small hail (Schemenauer, personal comnunication).

1.3 The formation~énd Growth of Conical Graupel

As mentioned in the previous section, there are
three types of graupel: conical, vhich shall #e the érimary
concern of this paper; hexagonal; and irregulér or lumpy.
A1l varieties may occur in each of three situations: in
vinter snowstorms, where they will coexist with ice or snow

crystals,  either rimed or unrimed; in spring convective



showers where they may reach the ground in oither a doy

wet form, the latter due to melting following formation:

O

b

in summer thunderstorms where they can be collectod o1

by aircraft, or at the ground, in the form of hailg | e ——

embryos. Knight and Knight (1973) discuss v
observations of the frequency pf cach type 1n each of t -
situations. The most important result for the DUT PO o
this study is that r~onical graupel are found in all ¢t}
situations. In addition ;hey believe that the origi r
each of the types of graupel does not vary substanti j
vith the situation in wvhich they are formed, that is, =+
the graupel formation mechanisnm is essentially cons-~
throughout the year{,

Knight and Knight (1973, p.118) conclude =
"hexagonal graupel are obviously heavily rinmed, hexagc -
Snow crystals that retain their general form. Lump qrac —=wowmnT
may be rimed spatial dendrites or any snow crystal +t
rimes while tumbling." While there may be some uncertai m
as to whether 'ump graupel could form on frozen drops rat:.
than crystals, 't is the formatioﬁ of conical graupel ¢t
has generated the greatest uncertainty, both as to + T
kernel upon which riming begins (if indeed one 1S required “wwmmsesmmms
and as to how the riming proceeds thereafter.

Six main theories have been advapnced to expla =
conical graupel formation .and growth, the only ma o

agreement amon§ them being that graupel are indeed formed +

riming (Knight and Knight, 1973).



(1) One of the first comprehensive theories is due to
Arenberqg (1941). He proposed that the kernel is a pléte«
type 1ce crystal settling through a cloud of supercooled
droplets and riming on the bottom. He expected that
initially the rime accumulates most rapidly along' the
perimeter of the crystal (Fig. 1la,b), but that gradually
accumulation occurs over fhe entire 1lower face (Fig. 1c¢).
Because of the postufated' flow field around the riming
crystal, accretion gradually fills in the central porfion»

and the deposit tapers to a point (Fig. 1d,e). As the

Figure 1. Arenberg's hypothesized mode *of conical
graupel formation, .
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growing gr;upel descends through the cloud, it encounters a
decreasing mean size and number of droplets, and as a result
the tip of lthe cone 1s composed of less dense rime, a
feature observed in collectéd graupel. Arénberg §ugggsts
that the cone would be able to “orm in this manner, that is
falling in its second most stable attitude (the first being
point upward), because it assumes this position when riming
begins, a time when there is little difference ‘in stability
between the two horizontal orientations. It is able to
maintain the position because of a lack of sufficient
turbulence to overturn it. |

(ii) An alternate mechanism, .suggested by

Holroyd (1964), is:based on accretion upon needle crystals.

~
fks\\the needles fall in a horizontal position. (their most

stable 636{4‘stbchastic variations in riming rates lead to
more rapid :Efming at one end . an the other. This results
in a more vertical orientation, and continued rapid riming
at that end. As the riming need :s fall past each other,
they touch where widest (thét is at the base end), and stick
temporarily, since water droplet surface tension would keep
them together long enough to allow the water to freeze. The
air flowving past would then_‘force the trailing tips
together, and further collisions with other such needles,
together with furfher riming,- would Jlead to .é conical
graupel. Holroyd  substantiated this mechanism by
observations of graupel showers 1in which he noticed

partially rimed conical graupel to be composed of two to six

10



rimed needles on one occasion, and to have a long, clear,
needle sticking out of their apex, with little rime on this
extended needle, on another occasion.

An implécation of this theory is that while .lumpy

or hexagonal « aupel must begin at temperatures of -16 to

—20°C in order to form their ice crystal kernel, conical
graupel éould originate at warmer temperatures (-5 to -=1°C),
a;d lower cloud supersaturations.

(11i) The theory that has had the greatest acceptance

amongst researchers in the field is that first advanced by

Reynolds (1876). He expected that as a kermel in the form

of a snow crystal fell through a <cloud of supercooled
droplets, riming would occur on the underside, "and as sone
of the‘particles would strike the face so close to the 'edqe
that they would overhang, the lower face would cohtinually

grow broader" (1876, p.164), with a conical graupel as +the

result. He also explained the increasing graupel density

towvards the base as due to the greater force with which
cloud droplets were collected, dr.ving them intqva nore
compact'mass, and resulting in a variation in density.
Presumably in order to obtain a proper conical shape, with a
pointed tip, some wake capture would.have to take place if
the embrydnic droplet or crystal was larger than about
SOO/ﬂn. ~ The phenomenon of wake capture was studied by
Sasyo (1971), but unfortunately the wvork vas not
sufficienfly advanced to confirm.or rejeét the hypotheéis

that sufficient wake capture occurs in order to produce the

11



conical tip. Knight and Knight (1973) and others, on the

other hand, have frequently observed graupel to occur at the

ground with the apexes truncated. While this would preclude

the»necessity of wake capture, Sectioning'of such * graupel,
as well as many others where the tips were intact, revealed
extremely few cases which indicate the existence of a
crystalline kernel. However, two pictures of hailstones
suggesting such kernels are included in the paper by FKnight

and Knight (1973).

(iv) - A variation of the preceding theory was advocated.

by Weickmann (1953), where the ice ufrystal . kernel was
replaced by a frozen droplet. Eveﬁ in thin sections of
graupel or hailstones formed on graupel, this type of
kernel, if"sufficiently small, woﬁld be indisfinguishable
from other droﬁiéts accreted later} However, Knight and
Knight (1973, p.120) claimed, "riming on a frozen drop would
be no faster thgg coalescence wifh an unfrozen drop of the
sane sizé. Therefore, it would seen that if riming of small

frozen drops could proceed fast enough to make graupel, then

coalescence should be Proceeding at a good rate also, making

“supercooled water drops of substantial size.n It is

possible, however, that the 1large droplets might be
keliminated through freezing or breakup.

(v) A suggestion that has not received much attention is

that of Nakaya (1951, p.213): "The ‘cone-like form [of

graupel] RU4c * is  considered to be due to the rotational

motion around the vertical axis during its fall.v - Because

12



no evidence has been presented to substantiate this

mechanism, and no explanation is given as to the reason for

such rotation, it remains as an idea that requires

verification or diémissal based upon observations of the
free-fall behavior of conical graupel.

(vi) Knightrand Knight {1973) expect that accretion on a
planar or deﬁdritic crystal falling in its most stable
position, that is with its axis of hexagonal symmetry
vertical, will bégin along the edge, and will be most
pronounced at the corners. fvidence of the occurrence of
this proceés iS given in Fig. 8 of . Pitter and
Pruppacher (1974). The accreted growth will fan out into
the wind in a‘ fashion similar to thaf described by.

Reynolds (Fig. 2). This form is readily observea when

accretion occurs upon stationary objects near the ground.

The accretion will continue until conical graupel-like
appendages are formed..on the underside of the crystal.
These will then break dff,‘either singly, or in groups, and
affer additional riming, will result-in conical graupel of
varying sizes.

One of the probless with this explanation,‘ as

noted by the Knights themselves, is the 1lack of

observational evidence of the intermediate stage of ' this

process, that is of graupel-like appendages on the corners

»

! The wuse of this and similar codes refers to the_solid'

precipitation (ice crystal) classification scheme of Magono
and Lee (1966). This scheme is illustrated in Appendix F,.

13
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Figure‘2. Khlght and Knlght's suggested mode of or1g1n
of canical graupel. .

of the parent crystal. They suggest however, that while the

-apparent rarity of that stagetmay indeed by real, it may -

also be due to the great difficulty that would be
'experienced in attemptihg to observe it, as well as the lack
“of a previous effort to do so. Alternatlvely, "it is

possible that in general only a modest rime. development of

this sort is necessary before breakage, and that much‘of the

growth of some conical graupel takes place after breakage;"
(1973, P. 123) This could explaiw the scarcity of
;observations of the intermediate stage.’ -

40§servations of ‘the .precipitation ‘falling from

Sierran coniective snowstoras have allowed Reinking (1975)

to draw some conclu51ons .as to the relatlve merits of these

3
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proposed metﬁods of conical graupel formation. While there
are differences between the conditions prevalent in these
artificially seeded  snowstoras -and the conditions in High
Plains thunderstorns, Reinking expects that the nature of
the riming process should be very similar in both cases.
Since two precipita{ion cases were observed accorbanied by
only néedles, sheaths, - and hollow columns, Reinking
concludes that "the avallablllty of planar crystals to serve
as kernels is not prerequlslte for graupel formation."
(1975, p.749)

| From Reinking's obsérvations of the’concentrations
~of the various types of s0lid precipitation (categorized
according to Hagopo and Lee (1966)), he was ablé to
determine the distributioh of solid precipitation forams
according to their maximum dimension and rhé areal rime
coverage, visually_estimated in six categories. The results
for planar and radiating crysfals with the graupel

distribution added to the i00+% cateqgory are given in

Pig. 3. From a point representing v1rtually 100% of the

crystals at minimum size and no riming, the distribution

broadens through the mid-ranges of rinme doverage and crystal
, ; \

size, and then peaks more strongly, once again, at about 90%

coverage on crystals 3.5 mn in size. Since this ridge in

.the distribution bypasses the mode of the graupel

distribution, which is at 1.0 mm, Reinking concludes that
the graupel cannot be generated by kernel crystals that grow

for the longest times to the largest sizes by confinual
- . .:\ : : ,
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100
w ALL PLANAR AND RADIATING CAYSTALS
AND GRAUPEL

% OF CAYSTALS

Figure 3. Distribution of the amounts of accretion,
given as areal rime coverage, on planar and radiating
crystals with graupel added to the 1004% rime coverage
category. (afteyx Reinking, 1975) .

deposition and accretion} since ?uch growths wiil make up
the ridge in the distribution. | Furthermore, there is a
distinct minimum within the 75-100% rime category at 1.0 mnm

(and at adjacent sizes) which sepatates the main body of the

~distribution from the graupel distribution. If consistent"

~slopes (no sign change) wefe apparent (along a given
diameter) from the mnodal point for the- crfstals, to the
100+% cateéory (fotr. graupel), fhen it could be concluded
gthat,a process of élimination vas occurring, "whereby some
modal percentage of crystals' that reach a given size
collects a given amount of rime, a smaller -percentage
collects nmore rime, and.still fewer collect enough rime to
become graupel."™ (Reinking, 1975, p.752) From the data i{

may be estinmated that a maximum of 25% of the graupel could

16
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have formed in this way.

It appears that a basic underlying assumption in
this argument is that there is no variation of the
distributions with time, and furthermore +that the ice

crystals are forming in “he same general region and are

reaching the observer by si trajecﬁories. While such

an assumption may be vali inking does not present
evidence to supéort it.

The formation of the rew. ni-gq 75% of the graupel
could be explained by theory (vi) sine¢ t "does not require
graupel partiqles to be as large as the parent crystals...,
and permits graupel to occur in greater numbers than the
parent particles." (Reinking, 1975, p.753) It could thus
_also account fof the separation between the mode for the 75-
100% riming category occurring at 3.5 am and the mode for

the graupel at 1.0 nma.

1.4 The Qbjectives of This Study.

Knightb and Knight (1973, p.128) concluded that
"conical graupei are probably very . importént. Their
commonness in‘ convective storms in spring, and as hail
eabryos, suggests that in many cloud situations they are the
fastest growing of all the precipitation forms. As such,
they could be very important as a raih producing mechanisnam.

- A detailed, accurate, and reliable knowledge of their wmode

of origin could be most important in either rain-making or

hail suppression."®

17



This study is a contribution to an increase of
that knowledge through' the experimental simulation of the
. process of accretion of c¢loud droplets upon planar icé
crfstals. Aspects of the process tﬁat ‘have been
investigated include the onset of riming and the initial
manner of accretion, the rate of growth of accreted
matérial, “he 'collection efficiency and density of the
growth, and the variation of these aspects with variations

in the growth temperature, and the terminal velocity of the

crystal for relatively constant values of the cloud droplet’

size distribution and water content. T¥ To the best of the
author's knowledge, a similar investigation has not been

carried out previously.

! For the. purposes of this study, cloud droplet water
content  shall refer to the ratio of «cloud droplet
concentration to air density, and shall normally be
expressed in g kg—!. There will also be a distinction made
between liquid water in the form of cloud droplets and in
precipitation sized drops. The contribution of the former
shall be referred to as cloud droplet water content, and the
latter as precipitation water content.
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CHAPTER II

THE SIMULATION CONDITIONS

2.1 The Conditions Required for a Conical Graupel Growth

Simulation.

The laboratory conditions used for the simulation
of graupel growth should bé as close as possible to those
expected in the graupel grduth Vregion of a cumulus or
cumulonimbus cloud. The characteristics of the cloud which

influence graupel growth are the air temperature and

pressure, the humidity, ‘the turbulence, the cloud droplet

water content, the ice nuclei, the electric fields,‘ the
cloud condensation nﬁclei, the cloud droplet size
distribution,_ and ﬁhe electric charges on the cloud
'droplets, . rain drops, and ice particles. . The _growth
substrate must conform in shape, diameter, and thickness to
a hexﬁgonal plate ice crystal (Type P1la). In,addition, the
rate of flov of air past the substrate should duplicate a
plate's  terminal velocity both initially, and following the
initiation of miming. Each of these Charactéristics‘ shall
ge'dealt with in the followving sectioﬁé of this chapter.

a. difficﬁlty in achieiing accurate simulation

arises from the paucity of field observations avai'-ble for

o
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most of the above—nentioned cloud characteristics in,the
graupel growth region._ The best data of this type are those
obtained by airéraft. Hovever the factors of high capital
and operating costs for the instrument piatform; the
difficulty of maintaining the operational readiness of
aircraft, instruments and associated personnel; the time-
consuming task of data reduction invdlved with many of the
‘instruments; and the hazard involved in making such
measurements, particularly in areas associated with
developing éumulonimbus clo;hs,‘have all contributed to the
scarcity of data. The situation Legarding ice crystal and
graupel characteristics is somewhat  better, because
measurements of these charactgristiés have been possible at
high altitude laboratories during winter _graﬁpel growth
conditions (Locatelli and Hobbs, 1974; 'Zikmunda " -and
Vali, 1972). However §ﬁce again the very slow process of
data reduction necessitated by individual measurements of
ciystal dimensions, percentage of riming, and tefminal
velocity, has resulted in a small data base from whiqh to
make geﬁeralizations and draw conclusions. EAs a result of
this sifuation, it has been necessary to drav\upon a variety
of sources for iﬁfornation regarding the propéfties of those
clouds which might be suitable for the formation of graupel.
Iﬁ sonme céses, no graupel vere actually detected, but in the

observer's judgement, the properties of the cloud vere

suitable for graupel formation. Where grauvel was bbservadﬂ//f

‘it was Qenerally not classified as to its type ie. conical,
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hexagonal, or lumpy.

2.2 Air Temperature.

Hobbs (1975) has wmeasured the temperature of
vinter cumulus clouds embedded within stratiform orographic
clouds during the paésage of a front. He found that
portions of the cloud at temperatures above about -8°C,
frequently containedb only supercooled vater droplets.
Between -8 and -1woC, rimed and vunrimed frozen drops,
irreqular ice particles, dendfites and stellars were found.
Graupel were also coamon, particulérly along the Qestern
slopes of the mountains in Washington State. Unfortunately
these data are not conclusive because the gréupel could have
formed~ eitherr at higher levels, and have descended (vhile
growing) to the collection point: or at 1e§els below the
observation location and have been orogtaphicalif and
convectively lifted to the observation location.

Christensen et al. (197#4) have penetrated' prehail
convective cloudé in Colorado to determine ice crystal
concentrations. The{ discoveréd that at the —-15°C level in
a Cunulus‘clougbvhichwas.rising through an ice cloud, there
vere regions of about 300 m along the.flight ~ +h with ice
com; etely absent. It apbeared that the ice «.ystals had
been mixed in ‘only.at the edges‘of fhe cumulus éloud, and
vere rimed there. Also observed weré large regiond of
cumulus, clouds at temperatures as low as -22°C where the ice

particle concentration was below the detection linit of
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their 16 mm Foravar particle replicator {capable o eesmmesterme———

measuring 1 particle per 40 1 of air), while the clo e

droplet liquid water content was as high as 4 g m=3. On t r——oocmweos

other hand, glaciation of receding towers was apparent fr
visual observations once the ascending tower had reachke -
—-259cC.

An investigation of the concentrations of ic
nuclei, 1ce «crystals, and graupel as well as of the a i
temperature of winter cumuli in Israel has been carried ow
by Gagin (1975). He determined that the c¢loud btase i
generally'at about 750 m MSL and 8°C, while the mode of th
cloud top height and temperature distribution is at 5.5 X
and —-20°C. The freezing level is commonly below 1.8 km
Since the ice concentration measurements wvere made b
penetration of the clouds not wmore than 300 m belov th semmw—"
cloud top, the resulting distribution of graupe
concentration with temperature is actually also a functio r o
of <cloud top height and thus cloud thickness. Gagin foun c—————
that the graﬁpel concentrations as measured by th e

continuous formvar sampler are less than 10-3 1-1 a

temperatures less than -109C, but that they rise to betvweezxr———————

T

0.1 and 1.0 1-1 at, -20°c. The observed graupe X

concentration is roughly one order of magnitude lowver tha r=e—rr—eee

o

the total ice crystal concentration. Furthermore, i4t“O———————

increases at the rate of about one order of magnitude fo—

every drop in teaperature qu 59C. It should be note&d

though, that this temperature decrease is related to a rE=sm——w—



increase in cloud top height and cloud thickness.

The ice crystal concentrations are supported by
the observations of Cannon and Sartdr ({97U) made from an
instrumented 'sailplane flying through Colorado cumuli.
Their measurements, made using a particle decelerator,- show
the ice particle concentration to vary from 5.3 1-! pear the

cloud base (-2°C), to as high as 500 1-® at 7.3 km angd

—-18°C. In these clouds with tops at the --20°C level, Cannon

and Sartor collected graupe? -d supercooled cloud droplets .

along with the ice crystals. Theypmention that the ice
Crystals and graupel appeared to be talling from above, and
that the 1ice crystal concentrations near the top of the
cloud vere up to two orders of magnitude higher than those
near the cloud base. They then conclﬂde that "the smaller
ice . particle sizes, size ranges and- much higher
concentrations ih Afhe hpper_portions suggest that this is
wvhere the new ice particles are forming in the -reatest
numbers;“‘ (1974, p.127)

| Dje (197&), and Knight et al. (1974) have
described their penetfations of spring and summer Colorado
cumuli with an 1nstrumented sailplane. Fhe height of
graupel collection varied from jdst aboye the freezing
level, to as high §$'6.1 km MSLV(at —9°C and 1.4 km above
" cloud base), the graupel collected being about 3 mm‘ in
~diameter. In addition éome'graupel vas-éollecﬁed in virga
at temperatures above freezing. For. ﬁhis case the radaf

echo top of the cloud vas above 8 km, which éotresponded to
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a temperature below ~20°cC.
In a paper recently submitted to The Journal of

the Atmospheric Sciences, Knight et al. (personal communi-

“

cation) describe their “observations of a rapid change in the

crystal size found within artificially grown hailstones.

This sharp transition from large to small cfystals as the
deposit cools through -—-15%2°C, has been found to be
essentiallyﬁ independent of the drop size distribution, the
air flow velocity past the growth, “or the liquid water
content of the air, provided that these parameteré wvere
within the ranges to bg expected in natural conditions.
Using these results, Qhey exampined graupel’énd small hail
that had fallen from NE Colorado stofms, and - were able to
conclude thét many graupel had indeed passed through the

—15°C level during their trajectories within the clouds.

2.3 Humidity.

Except in regions of entrainment near the edges of
’graﬁpel producing clouds, the relative humidity of the air
(with' respect to a plane surface of pure uatei) 1s expected
to be in the range of 100.1 to 101%. This corresponds to‘ a
.supersaturation Wwith respect to ice of up to 40%
ie. sufficiently high to account for the growth of cloud
droplets (and. ice crystals, where ice nuclei exist, or the
temperature is low enough). Of coﬁréb, such droplet growth

would also act to réstrain a rise in the supersaturation.
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2.4 Ice and Cloud Con@ensation Nuclei.

The  concentrations of these nuclei are very
impoftant in determining the rate of production of graupel
through their influence upon theApfoduction of the droplets
or ice crystals from which the graupel form. However, ‘this
study will deal with the aspects of graupel growth followving
the formation of hexagonal plate ice crystals and a drdplet
distribution with a mass median diameter of near 10/um.
Thus = the manner in which the crystals anad thé‘droplet

distribv+ion formed will not be of immediat- . wcern.

2.5 The Cloud Droplet Size Distribution anc iateyr Content.

The clound drdplet Ssize distribution, concen-

tration, and cloud~dfoplet vater content appear to be highly

variable within graupel proddcing clouds. This“variation is
due to a number of factors. Some of them are: the
temperature and huuiditf of the air parcel within the cloud;
the cloud condensation nuclei'available in the environment
{(their coﬁcentration and size are depeﬁdent‘to some extent
upon the proximity to a body of salt water):; the ice nuclei
present; and the length of time over which the droplets have
been able to grow from the vapor, and have been scavenged
through accretion upon falling ice crystals, or through
coalescence with raindrops. ‘
The 1iquid vater content of the‘graupel forming
vinter clouds examined by Hobbs (1975) varied from 0.5 to

2.0 g =3 up to the S ka level (at about -z0°C).
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Ryan et al. (1972) used a cloud particle spec-
trometer to measure the distribution in a Apartially
glaciated continental cumulus. They found that at the
penetration level (5.55 kn, —-9.8°C) the cloud droplet water
content varied from 0.02 to 0.3 g m=3, while the
concentration of droplets greater than 17/Lm in diameter

remained less than 0.1 cm*’"(/wm radius interval)-1, fThe

Cloud base and top were at the 4.7 and " 6.1 km levels

respectively.

The sailplgne ‘measurements of Cannon and
Sartor (1974) show thaf‘at mid-levels (5.# kn'and‘-7.5°C) in
ﬁE Colorado cumuli, the 'cloud droélets are distributed
éxponentially with diameter, the lérgest droplets generally
being 1less than . 22/ul in diameter. The droplet
concentration is .typiCally about 500 to 1000 1-1 resulting
in a typical cloud droplet water content of 0.2 g u-i.

Dye et al. (1978) note that large droplets were encountered

only very rarely, and in fact thin sections of graupel

collected from such storis shovw no frozen water drops as

large as 300/uu in diameter. In another paper, Dye (1974)

states that examination of rimed ice which was collected:

from clouds with base and top temperatures of 2°C and less
than -20°C respectively, shows that the lafgesi droplefs
-Were on the order of 60/un ?diauetef. The clouq droplet
vgter cohtent of tﬁe upper part of these clouds was about
0.35 g a~3. Powler et al. (1974), usihg van optical cloud

‘Particle spectrometer mounted on a light plane, have found
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that in small, fair weather cunmuli, the cloud droplets were

fairly equally distributed in the range of 5 to 20/Am'

diameter with the Largest droplets SSO/um in diameter. For
large towering cumuli, the diameters ranged up to 110/um.

The penetrations by Gagin (1975) of ‘uinter
continental cumuli in Israei, wvhich in most aspects are very
similar to the spring and summer cumulus clouds of NE
Colorado (Dye, 1974), revealed that the concentration of
droplets with diameters between 25 and 35/um vas less than
1 cn—3 f%f] all temperatures warmer than -8°cC, but that it
rose to as high as 100 cm=3 for -8 < T < —120cC. In one
particular case (at 470 m below the 4370 n top of a tgwerlng
cumulus), the distribution of cloud droplets, expressed as
the percentage of toﬁal droplet mass contributed by‘droplets
smaller than or equa&ntp augiven diéieter, was that shown in
Fig. 4. |

HcLeod.(1976) has made measurements of the droplet
size distribution in  the 1lower ©portions of ' the updraft
region in a developing Alberta thunderstorm. The data for
three levels in this storm are shown in Fig. 5. The nass
median dianetgr‘at.the lowest level,_sbout 3.7/um,‘isﬂone'of
the smallest yet measured. It is thought that this is due
to‘the'lack of time availéble for the droplets toAgrov vhile
Ar351ng in the. relatively fast updraft from their formatlon
region, at cloudl base. It is seen that the mass median
diameter increases vith height in the cloud.

Christensen et al. (1974), in penetrations of
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Colorado prehail convective clouds lying between the -20¢
' and -250cC levels, detected the cloud ~ droplet dlstrlbutlons
shown in Pig. '6. The mass median dlameters at two levels
Within these clouds were 14.8 and ' 23.5/Lm. The cloud
droplet water content rose as high as 4.9 g m3 at the
—14.2°C leve]. |

’

2:6 Dimensions of Hexagonal Plate Ice Crysta ls.

Auver and vVeal (1970) have made observations of the
dimensions of hexagonal Plate ijce Ccrystals occurring inp
orographic ang cumuliform Clouds. They fou.d the diameter
of such crystals to vary fron about 2/um to just over 1 nm,
the most common size being of the order of‘100/um. . Prom
their observations, they were able to determine the
'following 'best fitr relatlonshlp for the crystal thickness

as a function of diameter, (both A and in sm)

A2.02 4% (2.1

Thus a 1 »m plate should be as/am thick, and a SOO/um plate,
33/un in thickness. ' |

A ‘theoretical study of the Ciming Properties of
hexagonal plate ice crystals (as  simulated by oblate
spheroids of high eccentricity) was carrled out by Pitter
and Pruppacher (1974) . Their results, as shown in- Fig. 7,
indicate that for i plate with radius a, , there is a linited
range of droplet radii over which the collision eff1c1ency

of the blate is non-zero. This result. is significant ip
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Figure 7. variation with water sphere radius 0f the
collision efficiency of an oblate spheroid of ice: (1
a, =160, (2) a =194, (3) a, =213, (4) a,_=289, (5) aL~u0u/pm.
(after Pitter and Pruppacher, 1974)

that it implieé that the effiéiency with which a hexagonal
plate collects 20 m radius droplets, for example, increases
as the radius of the plate increaseé. Furthermore, as the
plate fsize increases, ‘the abiiity to collect smaller and
larger drops also increases. An extrapolation of their
results has led Pitter and Pruppacher to predict that riming
upon hexagonal plates should not begin until the plate has

grown by dlffu51on to'a diameter of about 250/~m.

-

2.7 Ice Crystal and Gradpel,Terminal Velocities.

Zikmunda and vali (1972) have used a stereoscopic
camera system w.t: stroboscopic illumination to measure the
terminal velocitie- 3f various types of ice ~rystals and

graupél during their fall through an outdoor.coldroom at a

high altitude observatory.  Their fitted curves for the

términal velocities of densely rimed hexagonal plates (R2a)
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and for conical graupel (RUc) are given in Figé. 8 and 9

respectively. '

4 Heymsfield (1972) used drag coefficients deter-
mined by Jayaweera and Cottis (1969), agpect ratios deter~
mined by Auer and Veal (1970), as well ' as his own
observations of plate density, to calculate the teraminal
velocity for hexagonal plates. His values are given in
Pig. 8. |

Combining the terminal velocity data of Bashkirova
and  Pershina (1964), Fukuta (1969), Jayaweéra . and
Ryan (1972), Kajikawa (1972), and Zikmunda and Vali (1972),
along with their own observations of the terminal velocities

of hexagonal plates (P1a) and thick hexagonal plates (Ciq),

Davis and Auer (1974) derived the velocity-dimension
relationships displayed in Fig. 8. .-
List and Schemenauer (1971) investigated the

free—fall behavior ‘of hexagonal plates and conical graupel
by simulating the fall of these solid precipitation
particles with idealized models falling in fluids 6f varyi

viscosity to.achieve the appropriate Best number. Théj then
presented 'best fit' .curves giving the Best number versus
Reynolds number rel: :ons for hexagonal plates,. various
models of conical graupel, as well as other crystalline
foras. A transformation of these data into terminal
velocity versas diametér'relationships has been carried out.
The results for hexagonal Plates, and for cone—sphetical

sectors with apex angles of 70 and 90 degrees.are given in
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FPigs. 8 and 9. In Fig. 9, the velocities for the sect o
are those obtained with the models falling in a base-8o

orientation.

Locatelli and Hobbs (1974) have used an instrume worm—

vhich measures the time interval required for a falli ———————
particle to pass two light beams to obtain the ternin ===

velocities of various types of rimed ice crystals as vell c—eow———

aggregates of crystals ang graupel. Their values are al ===
given in Fig. 9.

Because the measurements of terminal velocity o
the wvarious investiéators have been obtained at differir
altitudes, an attempt has been made to adjust the values <t
‘a common altitude. For this purpose, the altitude o —

Edmonton. (640 m) has been chosen. This corresponds to ===

‘standard pressure of 9ao.m5\"at -10°C (U.S. Standar

i

Atmosphere). In reducing the &alues, the aséumption ha ss=————=
been made that the ternin;I\ velocities vary as theem———
reciprocal of the square root of the atmospheric nsity -
This assumption is strictly valid only when drag—————
_coefficiént does not vary with Reynolds number; Hhile thiss
condition is closely approximated for hailstones, some
variation does occur for graupel and ice crystals. However,
the error in terminal velocity resulting froa the

application of this assumption is likely to be no more than

10% for any given curve.



2.8 R Summary of the Simulation Conditions.

Because no thorough and complete microphysical
investigation of tﬁe conditions occurring in a graupel
producing cloud has been completed to the present time, our
knowledge of these conditions is incomﬁlete. As a result,
in order to provide as accuraté a Simdlation as possible,
the observations and neasurements of various investigators

have been combined, even though this does not provide as

accurate a set of conditions as one or more copplete sets

would have.

Judging from the data presented above, the most
probable tgmperature range for the most active growth of
conical graupel is from -5 to -—20°C. Hhile sonme graupei has
been collected between 0 and —59C, it is not certain that it
wvas not produced higher in the cloud. oOn the other hand,
very few grauéel are found above the —200C isothern. Cloud
droplet water contents most cpmmdnly tend to fall within the

range of 0.2 to 1.5 ¢ m~3 in the regions of clouds which are

expected to be suitable for graupel produ ion. The cloud

droplet distributions will commonly be bounded on the lower
end by something similar to Hchod's 2743 m distribution
(Pig. 5), and on the higher end by a distributidn like the
July 9 distribution of Christensen et al. (Fig. o). This
means that the mass median diameter will most probably 1lie
betveen about 11 and 23/um, witék the shape of the

istribution being similar to Mdcleod's 2743 m one (Fig. S).

Based upon Pitter and Pruppacher‘s work, a

37



hexagonal plate of SOO/um to 1 mm in diameter should rinme
efficiently, and provide a suitable graupel growth
substrate. The frequeﬂéy of collection of such crystals by
variou§ authors tends to support this. The data of Figs. 8
and 9 lead to the conclusion that a 500/#m hexagonal plate
ice crystal. should sweep out cloud dropleté wvhile falling at
a rate of abouﬁ 25 cm s~'. A 1 mm plate would begin falling
at near 50 cm s—! and as riming progressedi and th~ particle
grew into a conical graupel 4 mm in diameter, the terminal
velocity would rise to about 3 m s-1. |

‘The application of these conditions for the
g}mulation of conical grau;ecl growtﬁ is detailed in the

following chapters.
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CHAPTER IIIX

. THE EXPERIMENTAL APPARATUS

3.1 An Overview of the Equipment.

‘through a hose. -

The conditions deemed to be hecessary for the
simulation of conical graupel growth, as described in the
previous chapter, were achieved through the use of a cloud

chamber located within a controlled temperature cold-room.

The free—fall-of a hexagonal plate ice crystal was.

simulated within the clouad chamﬁer through t@e motibn of a
hexagonal plate substrate which was attached to the end of a
rotating boom. Provision was made f®r the stroboscopic
illumination of the substrate upon each revolution of the
boom, as wal as the acquisition, at a preset interval, of a
photograph of the riming upon the substrate. The substrate,
along with its needle support, could be rembved,wfrom the
cloud chamber to facilitate its qbserVation under a stereo
microscope. |

The clouu-like droplet distribution required for
the simulatioﬁ ‘was produced .externally to both the cloud

chamber and the cold-room using a vrecently deveioped

'spraying system. It was. introduced into the cloud chamber.

p—
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Detailed descriptions of this apparatus will Dbe

provided in the following sections of this chapter.

3=2 The Spraying Systenm. )

At the outset of this study it waé'discovered that
none of the conven%ional, éommercialLy‘ available spray
nozzles which the author investigated,‘would be suitable for
. the production of the droplet distribution/ required. Such
Sprayers produce enough iarge droplets to raisé the mass
gédian diameter be}ond the desired range; While commercial
ultrasonic nebulizers producing ‘vefy fine mists are
available, they suffer fronm tvo disadvantages. First,
because of the principle of. their operation, the mist
produced is warmer than the air and water which is put into

them. ,This is a distinct problem for the application

intended in this study, since the temperature difference

rbetween the mist4ghg . @ air already in the cloud chamber,
should be minimiz=d. ":e. second disadvantage of these
nebulizers . is _the Lelatively"low cloud droplet ﬁater
concentratibn.vhich they producé. Spinning disk nebulizers
have the attfibute'of producing a droplet size distribution
- with small dispersion, but this is at the expense of a
fairly 1low cloud droplet water.ébncentration.

o A  unique sprayer'develop;d by R.S. Babington, and
based upon a new engineeringfconcept, has been described by
Dresner (1973), and by Litt and Swift (1972). Conventional

pneumatic.spréy nozzles forcefully break up the 1liquigd hy
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using the total pressure of the driving gas to force a‘gas—
liquid mixture through an ofifice( Ultrasonic nebulizers
rely wupon rapidly vibrating transducers to break up the
vater. The Babingtoh nebulizer utilizes the surface tension
of the liquid to control the pniformity of a thin f. a1 of
liquid formed on a ball. 'This film is broken up by the
pressure of the gas to form a droplet distribution which has
smaller dispersion than the Spray produced by the techniques
mentioned above. _ ) .

The principle . of operation -of the Kahington

nebulizer is 3illustrated Schematically in Fig. 10. The

~ 1. LIQUID SUPPLY — I 4. DISCHARGE
} ORIFICE
5. IMPACTOR_,

/‘( \

2. CONTINUOUS *

THIN LIQUID FILtM ——> ff Y
\ .\(,(..
3. COMPRESSED 6. RUN-OFF LIQUID

GAS SUPPLY ——> FOR

RECIRCULATION

Figure 10." A schematic diagranm Outlining the principle
of operation of the Bakington nebulizer. (after Owens-
Illinois, 1974) ’ ,

liquid supply, in this case vater; is directed (with a

-pressure head of at least 10 cm) at the top of a glass ball.
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Because of surface tension, the water forms é thin film over
‘the surface of the ball and runs off at the bottom, where it
is‘collected'for recirculation. 1 compressed gas supply, in
this-case‘air, is introduced_into the glass sphere and exits
at near sonic speeds via a small slit cut along the
'eguator' of the sphere. This rush qf compressed gas breaks
up the thin liquid film flowing over the slot and results in
a spray with small droplet size dispersion. The‘ spray
characterlstlcs are determined by the gas pressure, the size
and shape of the slot, and the thickness of the film flowing
over  ‘tha ball. This last characteristic is in turh
1nfluehced by the surface tension of the liquid, the size of
the ball, and the flow rate of the fluid.‘ The advantage of
this method of fluid b;eakup over that used in conventional
nozzles, is the direct breakup of the fluid into droplets
without the conventional formation of a ‘tulip or film- llke
cone. The tullp normally breaks into llgaments in turn
shaking apart into droplets with a large size dispersion
(Photos p. 102, Dresner, 1973). The resalt of the nore
direct breakup in the Babington system is a narrower droplet
distribution. |

Consultation with mr. Babington 1led to the
conclusion that a _cdmﬁercial ‘nebulizer based wupon this
concept and intended for medicai applications (Owens-
Illinois, 1974), produced a mist,with a maﬁs median diaméter
of about-S/um,’which_vas too small for the reéuirements of

this study. as a result, it was decided to construct a pair

ES
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of sprayers based upon this concept, whose characteristics
vere adjusted to achieve the desired cloud droplet mass
median diameter,

The glass sphere‘vas blown to a diameter of 1.5 cm
using a section ~f 6 mm glass tubing. The most difficult
p?rtion of the construction vas the'cutting of a slot- along
tﬁe 'equ;hor' of the sphere. Litt and Swift (1972)
suggested using a 0.2 nm by 1.5 mm slot with an impactor
located in front of the dlscharge orifice to produce a
" droplet distribution with a mass median diameter of .about
U/Am. Using this as a quide, it was discovered that a slot
could be cut in the glass of the sphere\ by employing a
cutting tool construc. @d specifically for this purpose.
Using a small machine lathe, a stock 9/16 inch diapeter
round bar of alumlnum was machined into a 300/»m thick, 9 an
diameter disk on a 4 mm diameter shaft. This tool was then
mounted in a chuck on the lathe, ang rotated at the slovest
sttainable speed of 650 rpm. The glass sphere was mounted
in a vise and was fed into the rinp of the disk . Which was
coated with, a mixture of 400 grit industrial diamond dust
and petroleun jelly. The rinm of the aluminum disk became
1mpregnated with the diamond dust and it was able to cut a
0.45 nnm wvide, and 3.2 am long slot wiﬁhin about five
ninutes. Plate72 illustrates the operatlon of cuttlng the
slot. The glass sphere and cuttlng disk are near the center
of the picture.

The two Sprayers, one of which is shown inp
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Plate 2. Cutting the slot in the glass sphere for the
sprayer. ,

Plate 3, were basically similar to the schematic diagram of

Fig. 10. Water entered from the top, generally at a
pres e head of 30 to 40 cm, collected at the bpttom of the
box, and drained out at the lower iéft. Air at a pressure
of 200 to 275 kPa (40 to 50 psi) entered from the left side
and was dirécted -into the glass sphere. The sbray exited
through a corrugated hose of 6.5 cn diameter at the right.
The box  itself was .constructed. from 1/4 inch . (6.3 nm)
Plexiglas, with the components being fastened together by a
glue made up of Plexiglas Shavinés dissolved in chlorofora.
" The illustrated sprayer did not maké use Qf"an"‘impactor
ball, although the other sprayer did utilize that éomponent.
The impactor -ball was 4 am iﬂ diameter, and was attached

1 mm away from, and directly in front of the slot, in a
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Plate 3. The cloud droplet sprayer.

manner similar to that shown in Fig. 10.

The spraying system, most of which is displafed in
Plate 4, consisted of two sprayers, along with water and air
gupply sysﬁems. The .distilled water was supplied from a
23 1 (5 gallon) container shown at the top of the picture.
This water was routed through a Barnstead mixed-bed

deionizing cartridge (shown at the lower center of {he

&

picture), capable of increasing the resiétivity of the water
to over 8 Megohm cm. It was then direéfed into.the sprayers
(located at the center of the picture). A simple water head
measuring manometer was placed just to the left of the

sprayers. The water was drained from the sprayer box to a

23 1 container below the sprayers (at the lower right of the

picture). The air supply was chilled prior to entry into

45



Plate 4. fThe spray production system,

the sprayers by routing it through a 16 cn diameter coil
made of a 3 m length of sStandard 1/4 inch (6.3 mm) outside
diameter copper tubing immersed in a 2 1 container filled
with an antifreeze and vater solution. This container was
located within the cold-room, and its contents were thus
maintained at approximately thé same temperature as the air
within the cloud chamber. To minimize the heating of the
air during its Passage outside the cold-room, the air supply

hose and sprayer exit hoses vére.insulated.

Because of the lack of insulation on the sprayer
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box, it became necessary to determine the temperature
difference between the air (and vater droplets) entering the

cloud chamber through the sprayer hoses, and the prechilled

air already in the chanmber. Using the heat transfer

:'?1ou1ations outlined in Appendix A, it was found that if

= -

he water temperature was 21°C, and the temperature of the

Hp_ the sprayer box was 14°C (both being measured

' values), then a 10 um dianeter droplet produc v the

sprayer would reach ambient air temperature bet izaving
the sprayer .ox. Purther, assuming tho cold=room tv e at
—10°C, then by the time the air had passed tﬁrough the
sprayer hoses and entered the <cloud chamber, it wvas
predicted that it would ‘have cooled to a temperature of
about —2°C. A measuremént of the air entering at that point

showed the numerical estimate to be quite accurate. The

temperature differential thus created between the top and

bottom of the cloud chamber was helpful in promoting mixing

of the air as it entered the top of the chamber. This

~mixing in turn encouraged the formation of 5 horizontally

homogeneous qifplet distribution lower i1 “: box. Because
of the resulting stable air stratification, and the cooling
effect of thé cold chamber walls, the tenperature of the air

near the path of the substrate rose by at most 1.5°C dur g

- the period required to. carry out any given experiment.

Again using the techniques of Appendix A, and assuming a
linear rate of change of. temperature from the top of the

chamber (-2°C) to its bottom (-109C), it was found that even
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the largest droplets (QO/pm diameter) ° yere reaching
temperature equilibrium with the air as they descended at a
velocity equal to their terminal velocity plus the
0.19 cm s—t at vhich the air was flowing through‘ the
chamber. ’ | |

A nmethod which "superficially might seem to be a
better solution  to this heat exchange problem involves
placing the sprayers within the cold-roon itself. However,
problenms of preventlng the wvater from freezing in. the supply
vllnes and 1n the collec*ior region xat the bottom of the
sprayer box, expecially at times when the sprayers are not

operating,'make'this method less desirable than the one

vhich was adopted.

3.3 The Hexagonal Plate Substrate and its Suspension.

-

As mentioned in the prev1ous chapter, the
hexagonal plate substrate used to slmulate an 1ce crystal of
the same shape, should 1dea11y be between SOO/wm and 1 nmnm
diameter, and 33 ‘to 45 mm thick. The difficulty of

producing such a plate fron_ metal using common machining

teChniquee Soon became apparent. As a result, a completely‘

different technique vas adopted utilizing a softer mater1al
Stock round rods of 1/4 inch diameter nylon and
teflon vwere cut _to lengths of about 1.5 ¢cm and m  *ed in
the jaws of a lathe chuck. The ends of these reds vere then
machined down to a éylinder of about 2 mm diameter and 3 RA

length. The chuck was removed from the miniature ﬁachine
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lathe and attached to the lathe's\indexing attachment. This

device allowed the rod to be rotated in up to 48 precise
g .

fractions of a full turn. The indexing actachment was

mounted in the vise of a Leitz 1400 Base Sledge Microtome in

L4
. the manner displayed in Plate 5. The microtome, utilizing a

Plate 5. A view of the manner in which the ‘microtome
was used to produce the nylon hexagonal plates.

wvedge-shaped blade, was then uéed to form a hexagon§1 célunn
by slicing, at intervals of 60° of rotation, thin portions
off "the side of the cylinder which had been machined
earlier. When the correct diameter column vhad ‘been
achieved, the indexing attachment was removed from the vise,
and the hexagonal column was placed in the nlcrotone vise in

a p051t10n vhich would permit thin slices to be cut from the
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column's end. After the nylon ¢olumn's length had

reduced to about 1 mm hy repeaied slices, the

attained sufficient rigidity to allow the productio
uniform hexagonal plates of 50 to GO/Lm thickness.
teflon column remained too flexible, and resulted in pla
with either non-uniform thickness, or a pronounced curl.
Two methods of plate suspension ‘vere ‘attomp*

The first involved the attachment {using epoxy. glRe) of

substrate in a coplanar fashion to the intersection of t % _ e
80/um dirmeter wires which had bheen strung (at 120° to e ==
other) from a metallic ring of 5 cm inside diameter. -

this ring was propelled through a supercooled cloud

droplets, it soon became evident that the most pronoun c——————
riming occurred_upon the thin supporting wires, followed

the corners of the plate, and the plate's edges. The lea

»émbunt of rime accumulated at the center of the‘ pla t

Since the riming on the supportsrwas very likely disturbi

the rime which should have formed on the plate alone, th

method of substrate ~$uspension was discontinued. 1In 3 A

place,‘a.sting type of Support was devised., Tt involved & 3F————r

substra +————

attachment Jagain using epoxy glu . of the
pérpendic@iarly to the end of a needle, which vas 5 cm lo= . . .

and 0.5 mm in diameter at itsvwidesﬁ point,  tapering to les;

than 0.2 mm at the poiné’of attachment. Since the moti o
~through the cloud of ﬁ%e substrate and the needle was suc

that the needle was trailing the subsStrate, and furthernor s

since the needle's diameter at .the .point of suspension va =——————



less than one-fifth that of the plate, the influence of t'e.

needle upon the riming propertie: of the pl te was mirimal.

3-4 "he Rotating Boon.

| At the outset of this study, the intention va%;*q
carry out the graupel growth simulation within a wind tﬁggel
into which tﬁe appropriate cloud ’( glet distribution and
concentration was being \sprayed. This technique has the
advanta - = a relative ease of velocity control énd
variatic - dn ‘continuous observation of the growth .[ rime
upon the =su™<’ ate. The ,%sadvantaqes of this technique
include the difficulty in maintaining a turbulent-frce flow
“field past the substrate, and in measurlng the cloud droplet
vater content and SlZ; distribution. This latter problem is
due to the need to determine the collection efficiency of
the devices used to make such ﬁeasurements. Unfort inately,
a wind tunnel suitable, Qithout modification, for the
purposes of this study wvas not availabl . When the costs of
producing a suitaﬁié” tunpel were compared with the
advantages which such a faciiity would have over the nmuch
simpler simulation sys-2m described below, tﬁe latter systen
was determined fo be mofe'appropriate; |

Rather than have the substrate stationary and the

air fiowing past it as in a vind tunnel, the experiment was

carried out in a cloud chamber vhere the air was essentlally

-statlonary, and the substrate 'was moved. This was

acconplished by attaching the substrate suspension to the
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end of a rotating boom. The scheme 1is illustrated in

Plate 6. One of 1. st questiods to be ansvered was the

~

Plate 6. The boom as seen near the bottom of the cloud
Chamber. The needle and substrate at the end of the boom
are difficult to see.

<

degree of realism afforded by this technique. “-That is, vhat
are the effects of the rotationalrnofion upén the airflow
about the ‘substgate, and aupon the substrate's riming’
pfopertigs? ' | )

| A Brownscombe and Hallett (1967) have carried out #n
experimental Vinvestiéation of the process of riming. Theyi
determined that for sméll defqrnatgohs of the inpacting
droplets, ie. where the resulting ffozen.cap has a height
aﬁproxinately equal‘ﬁo }ts'radius, the fiie of deformation

Y
-



O(r./U) = Wvﬁi s (3-1)
for a droplet‘radius A, equal to about 6/wm, and a plate
D ‘
velocity Vo of 50 cm s—1, If one assumes..constant
My Tl
5 -

deceleration during this period, then the deceleration’ is
.g\‘l
U221 - Now the <centripetal acceleration due to the
F 3§
rotation of the boom is equal to U, /2s» where 2b is the

radius of the boom. Since the tatio of accelerations is

J

O(Z/L,//u)= ‘ﬁ,,OX/O"'S i (3.2)

the rotational acceleration of the boom should not cause a

significant additional deformation of the droplet during the

riming. To\zinimize the effects of the boom upon riming on

the plate, the needle éuppqrt vas positioned so- that the
‘substrate ‘led the boom by about 3 cm. In addition, the
angle betveen the needle and the boom was édjusted to
position the substrate perpéndicular to the flow.

The difference iﬁ flow velocity around the

subsir;te is proportional to the differedce‘in the distance

from the boom's center of rotation to the opposite edges of .

.the substrate. These two distances are 23.9 and 24.0 cnm.
The difference ' is thus approximately 0.4% of'the average
distance. The resulting change in the flow field should

have only af very small effect upon the ‘rining
S . .
ill provide a sufficiently accurate

characteristics Of‘ig’ substrate. Therefore it is concluded

that -this system
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dynamical Simulation for the Pyrposes of this study,
although some problems still arise with this arrangement and
are discﬁssed in Chapter 5.

dn order to minimize any variation in the rotd'tion
rate of the boom, a 36 cm (14 inch) diameter balance wheel
with a moment of inertia equal to 3X10-2 kg m2 wvas att ched
to the shaft joining the motor to the boom. The wmotor and
this flywheel are shown at fﬂe center of Plate 7. A pair of

»

et

Plate 7. The equipment partition of the cloud chamber
Showing the motor, the balance wvheel, and the camera trigger
- Sensor and associated light source. : '

“

partitions were placed between the boon and'ﬁfb notor area
,to prevent the cloud-like 2 mosphere vithin the cloud
chamber from producing rini’b in ®™he motor area. The speed

of the Dayton AC-DC msotor was controlled through the use of

23
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a Powerstat variable transformer. This provided motor speed
- variation over the range of 20 to 200 rbm, thereby allowing
a variation in the velocity of the substrate from 50 cm s—1
to 5 m s—1. | |

&% .. Since the substrate velocity during the
experiments was always greater than or equal to 50 cm s-1,
and the terminal vélocity of the largest droplets was less
than 10% of that, the effect on.the riming process of the
droplets falling perpendicular to the direction of motion of

the ‘substrate was negligible. This | conclusidn is

substantiated by the lack of evidence of the. asymmetrical

deposits that would have formed had this effect been

significant.
¥
»

No technique vas found to measure the
electrostétic charge build-up, if any, on the substrate due
to the riming procéss. However, a build~up on tﬁe bdom,
wvhich would have been even largér; ¥as avoided by grounding
this device. Two other effectsqvhich could have affected
the experiments were oscillation of the substrate due to
eidy shedding, and vibration of the boon during rotation;

However, no special means vere employed to counter these

préblems;__since it did not appear = that ' they were

.2+ ¢~ Significant.

&

55



56

— s s e S

A

SO0 as to provide an enclosed volune

'cloud-like atmOsphere‘bthrdugh vhich

The side and back walls, as uell as the ceiling,
interior partitlons of the
pPlyvood.
(72 inches) high,

The cloud chamber, shown in Plate 8, w s designed

Wy

Plate 8. The cloud chamber and associated equipment.

capable of holding a

a boom could rotate,

resulting in riming on a substrate near the end of the boon.

floor, and

Chambar vere constructed frona

The outside dimensions of the chamber vere 183 ca

and 76 cm (30 inches) square, excluding

’ : d
, , , .
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the front shelf area. The lower 43 cn (17 1nchesj of the
chamber was partitioned into two sections for housing
equipment and éroviding an air exit. Plexlglas vas used for
~the front wall to allow a clear view of the interior. Two
accessory shelves were provided at the front to facilitate
the placement of the' photographic and other ejuipment
described below. Ports with sliding Plexiglas dootrs were
provided near the top and botton of the right side wall, and
near the bottom of the front wﬁll. The lower ports wvere
T[po%itioned to allow rapid access to the boom in order to
adjust the substrate and needle, or to remove them for
microscopic inspeétién. The spray reached the clbud chamber
by passing through two 6.5 ce diameter corrugated hoses
which ied from the sprayers fhrough a port in the cold—room
wall, vénd up to two holes in the top of the cloud chamber.
The cloud droplets settled downward in the chamber past the
rotatlng boom, anad through a partition located 14.5 cm below
the boom. 1In thls partltlon were drilled 22 equally spaced
3.2 cm (1.25 inch) dianeter holes directly below the path of
the substrate. (see Plate 5)« These holes provided an exit
from the chamber for the air introduced through the sprayer
hoses. -Thirteen centineters (5 inches) below this partition
wvas another solid partition which prevented fhe remaining
cloud droplets fronm 'reaching the bottom section of the
chamber containing th~ motor énd oﬁher equipment, The final
exit of the spent air from the chamber was through two

10.8 cm  (4.25 inch) diameter corruqgated hoses‘at the lowver
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sides of the chamber. The interior of the cloud chamber was
painted flat black in order to minimize glare and to improve
the photog®aphic contrast. The paint"also protected the

wvood from the water content of the cloud-1like atmosphere.

3.6 The Cold-room.

Two cold-rooms were used during the course of this
study. The first, provided by the Mechanical Engineering
- Department, éllowed for the commencement of the experiments
during delays in the construction of a cold-room facility
within the Hetéorology Division. Both‘cold-rooms were used
to provide a controlled temperat ..e atmosphere within the

range of 0 to -20°¢°cC.

3.7 The Ph.,toqraphic Systenm.

At the outset of this study it was determlned that
the rotatlng boom method of providing the relative motion of

the substrate past the cloud-like atmosphere would be

suitable only if some means vere found to illuminate the-

substrate foruan instant at precisely the same point during
each revolution of  the boom. In adceition, a facility for
photographing, at preset intervals, the substrate and the
grovth of rime upon it vas required These object1ves vere

net through the use of the folloving egulpment

Wy

The first requirement was the br vision of a

triggering signal to indicate that the‘boon had Just passed’

a certain point during its rotation. This signal was

58
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i
provided by a photo-electric Sensor which responded to a

light beam being reflected to it from a mirror placed on the
underside of the balance vheel. This equipment is
illustrated at‘ the left &tenter of Plate 7. The sensor and
light Source vere mounted on a movable platform vhich is
located near the left edge of tha' picture.

The pPhotographs were taken with a Canon F-1 35 nn
camera, driven by a Canon‘ﬂotor Drive MNP, and attachod to a
Pentax bellows unit and 10¢ nmm f/u macro lens. The bellows
and lens system were exte .ded to provide a two-to-one
magnification of the subject, and the camera was positioned

to photograph the substrate at an angle of so forvard from

the ' perpendlcular to the substrate's trajectory. The lens’

extended through a hole in the Plexiglas‘front of the claxd
chamber in order to prevent oisggrtion of the image by the
Plexiglas. The timer used to trigger the camera at preget
intervals was the Canon Interval Timer L.

There was an approximate 80 ms delay between the
reception of a signal by the camera, ang the actual
triggering of the shutter. While this time was constant,
the distance travelled by the substrate during this period
varled as the rate of rotation was varied. Thus the
triggering source nantioned earlier had to be movable along
a path directly beloy that of the mirror on the rim of the

balance wheel so as to coapensate for the varlous rates of

rotatlon used, and to insure that the shutter was trxggered_

and the flash fired just as the substrate came into the
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field of view of the camera.

An electronic circuit wvas designed and constructed
by- the OUOniversity of Alberta Department of Technical
Services to provide the synchronization require« between the

triggering device, the strobe, the Camera, and the interval

timer. The design and operation of this device is described

in Appendix B.
The flash employed to illuminate the ‘'subject was a
General Radio Strobolume. It was used with Lts narrow bean
and high power settings. The strobe uas\ﬁointed directly at
the substrate,'énd was located as shown in Plate 8. A
housing was buﬁlt to surround‘ the front{of the flas., to
Prevent stray light fronm béuncing off the Plexiglas fron*
vall and thus annoying the observer. The operation of the
strobe créated a small quantity of ozone which was ducted to
outside of the cbld-room in order to prevent an
accumulation of this gas within the cold-roonm. ~ This ducting
arrangement can also be seeﬁ in Plate 8.

S ‘ ‘ ’
3.8 Temperature Measurement.

The temperature of the air within the cloud

_Chamber was measured using a Weather Measure Cofporation

thermistor thermometer. The instrument wvas placed on the

lover front spéif of the cloud chamber, with the sensing
) :

device located d#ﬁone of the holes in the upper partitjon,

abouty 14.5 cm below the path of the substrate.
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3.9 The Measurement of the C! »ud Droplet Size Q;stribut;gg;

A distinct advantage of the technigue of moving
the substrate through the relatively stationary cloud-like
atmosphere (rather than the converse technique wused in a
vind tunnel) was the relative ease with which the cloud
droplet water content and size d° ‘ribution could be
determined. - When sensors Qéedvto measure these quaﬁtities
are(moving Le'~tive to the air, as would be the case in a
wvind tunnel, ne collision ‘\iency of the sensor must be
determined in order to nakef corrections to the observed
concentrations and size distribution. In this study such
corrections were unnecessary. ‘

Various téchniques fqr the meagurement of the
cloud Jdroplét size distribution 4ere attempted. The first
ihvolved the coating of microscépe slides with a thin layer
of Pormvar plastic (Schabfer, 1964; Strong, 1952) and proved
to be difficult to usé. R liability of this technique was
the rapid rate of evaporation df the; chloroform or 1,2-
dichloroethane solvents which were used to liquify the
Formvar prior to sampling. This evaporation, together with
the élightly_cooler temperature of the cold-roon relative. to
the cloud chamber, promoted the condensation of water vapor
on the Formiar surfaqe vhen the slide was placed in the
_supeFSQEQPQted~ environment of the cloud chanber. The
resuliing ;glpshing' of the Formvar surface made observation
of_the cloud droplet‘inpact craﬁers difficult.

A second technique, Raking use of a thin coating
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of magnesium oxide powder on the slides, also Proved to be
unsatisfactory. There arose a difficulty in applying a
sufficiently unifornm coating on the slides to ensure a
consistent calibration between the crater dlaneter and the
diameter of the hroplet vhich produced it.

A third mcthos vhich wvas used as the standacd
agaiost which th  other techn: gues were calibrated, involved
the coating of Toscepe slides with a  thin . layer of
Omala 85 oi- .This technique had the advantage of
maintaining the droplets which haqd become immersed in the
otl in their Spherical shape, so that the diameter of the
droplets did not change as they impacted. The technlque's
disadvantages »1ncluded the relatlvely rapid evaporation of
the droplets (complete disappearance, in some Cases, after
as little as one -minute under a microscope for dfoplets of
about 7/4m diameter), the resultino lack of permanence of
the ueasureaent, and the possibility of droplet coalescence

vithin the o0il. The droplet distributions as seen on the

slides vere obtained through analysis of prin+ “ained by

photoqraphlng the slides using transmltted 13 Jugh a

standard microscope.

The technique finally adopted for the'dggplet

dlstrlbutlon leasurelent vas the COatlng of the microscope

slide v1th a thin film of household gelatin. The mrethod, as

L?outllned b? Jiusto (personal connunication), involves aixing

a 15% solution (by veight) of gelatin in vater, applying

this to the slides,lsinga glass rod, and then - waiting at
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<
least a few minutes : the coating to dry before using the
slides. However, a v :iation of this technigue was adopted
in 'order to "2 rcease the efficiency of the rate of slide
production, and to wvirtuwally eliminate the air bubbles
introduced during application of the coating by Jiusto's
technique. ‘?hé gelatin solution and the slides were kept at
a temperature of about 75°C in order to slow the rate of
solidification of the solution. The solution vas applied
using a 1 ce capac1ty hypodermic syringe. It was deterained
that after solidification of the gelatin, the slides could
vbe~stored_at least one or two months provided that they were
kept in an environment frée of liquid wvater. Upon use, the
coating in the immediate vicinity of the impact of a cloud
drbplet vas temporarily liquified by the water, "ting in
the creation of a  crater with a diameter related to the
diameter of the impacting droplet. The relationship between
these diameteré vill be discussed in the pext chapter.
Folloving the exposure of these slides to the cloud-like
atmosphere in the cloud chamber (the equsufe technique is
described in Chapter‘a), they vére photographed using the
Department - of Botany'él Zeiss Photomicroscope II  with
facility ~for Nomarski interference contrast (reflected
light) illunination. The . ’uerits of tﬁis technigue for
111un1nat1ng the craters in the gelatln coat;ng were stated
o

by Garland (1971).

9:

Exanples ot,the photogtapbs obtalned using an oil-

coated sllde v1th ttansmltted 1lght.. and a gelatin-coated:
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slide with the Nomarski 1lighting technique are given

Plates 9 ard1 10.

The cloud droplet qater_-content of the clo —r
chamber atnosphere‘ vas determined in two ways. Pirst, & weeme
slide# employed for determwining the éroplet iifzmmmm
‘distribution vere used directly to estimate @t
concentration of droplets in the air directly above t ¥
slide, through the use of the sum of the terminal velocitie——=
of the droplets plus the velocity of the air passing throug—
the cloud . Chaaber. | Secondly, assuming the droplex ---
distribution te be constant, a measurement of the mass o
.uater uhiéh had impacted upon a known area of the non—coa§£2
slides in a given time vas employed in detefmining the waigg
content. - These - -~chniques will be elaborated upon. in th - .-

next chapter.
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- lighting showing the droplet érater diameters,

Plate 9. Microscopid) hotograph of an-oil-coated.skide
obtained with transmitted light showing- the .droplet -
d¥ameters. The €nlargement is 225x, L

by
.

«

W
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Plate 10, Nicroscopic photograph’ of a gelatin-coated
slide obtain€d with Normarski . interference reflected
" The
o o

Y

enlargement is 130X,
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CHAPTER IV

THE TECHNIQUES ENMPLOYED IN DATA ANALYSIS

4.1 Ihg-cdf?hﬁation ;; Gelg ;g-gogted Sl;de§;& A |
- . N -

In ogﬁer tO’ﬁeternlne 'a calibration faétpr' for
“ o l;r‘ PO

converting the ®cagua’ droplet crater diameters on the

gelatln-coated slldes! to the diameters of the droplets

i

. k\ 0 WF Y
themselve%, thé 0il- -coated and gelatin-coated slides were
. : i ; h:,;;,‘:, " , . .

expoged“sidé byrside, for the same period of time, ¢to the

fi=ithe chamber. The‘method ofﬂexposure consisted of

V

o
»ihﬁ'slldes‘}n a horizontal p081t10n onﬁa vire holdexr,

vhich held them S cm ahove the ‘upper partition of the cloud

3
chamber (about 10 ca directly below the path of the

~

‘substrate). In all caSes,- the sprayers Here etarted at'

least flve minutes before the slldes were exposed, to allow

L]

a steady state in the droplet characterlstlcs to be .Feached

O

. : T
Vlthln the cloud chanber.' The .- 6il- coated slldes were

AN

reuoved from the cloud -chamber and photographed through the

mlcroscope as qu?%kly ss possrble to mlnlnlze the droplet

o

evaporation Hlthln thﬁ o. itcoatlng.

The crater and droplet size drstrlbutlons for the

geletiﬂ and orl-coated slldes respectzvely, vere deterllned .

(

»

hy- tahu}atlng the 31ze dlstrzbution of the 1nages nQ\epred

Y
SR
-

66

\"on‘ - a 16 by 2ﬁ Ch photographic en;argenént{ .and then. .
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correcting for the magnification factor. The diameters. of
the droplet or crater ima¥es vefe measured visually using a
ruler. . -

= . The slide exposures for tvo. calibration test

e
serles '(denoted Cal. I and Cal. II) vere carrled out withip

a wt@o&of each other at a temperature’ of -6°cC, In
L35+ R N
bo etlo! the 011 and gelat1n~coated slides wvere exposed

530 !aaneters in » the photograph. . Por al..IB; the gelatin

for 120 s. For cal. Ia, the 01135 slle was enlarged to.

Ly

.sllde vas gﬁotographed usfng transmitted llqht and eﬂlarged

to 265X. For Cii‘”IC, the sanme sllde vas phg%ographed uslng 4

*'the Nomarski 1Hterference contrist technlque and enlarged to

= - ‘e, ? |v,

450X. In the second series,“2x Cal IIA vas . prepared for
analyg .% the sane way ‘as Cal. IA. ~Cal. IIA used the sane
'sanpling sllde ’ s‘ IIX, but was enlﬁrged oply ’ 265X.
‘ Eal. IIB and Cal. IIC‘ vere"treared in thewsamevnanner as

Cal. IB and Cal. IC, respectlvely. Tables 6 through 13 of

"Appendlx (o sunlarxze the results of these analyses. Graphs

_Of the percentage of the droplets sniller than or. egual to a

) '
partlcular size interval as a functlon of the laXlIUI

dxameter_ for that 1nterva1. are given in Fzgs. 1" and 12.

fPlg.f11 shows' that tgp lagnlflcatlon-corrected -median
dlaleter of th 1s greater for the dlrect transultted light

‘Vtechnlgne (IB) than for the Nonarski technique (IC)(1Q.3/L|

as opposed to 11. 1jun), .but that-both are greater than that-
for the oil-coated slide “(xn) (6. 9,u.-). Fig. 12 shovs the .

same result to be true for _the second -series. It §s

B

k0

N
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CU. % OF DROPLETS °
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Figure 11. fThe cumtlative percen:hg}/ofvdrvoplet‘nunber

as a function of droplet diameter for € calibration runs _

. of Case I. The median ‘diameters of the distribution are
6.9, 18.3, and 11-._1‘,]‘4.1 for .IA, IB, and IC respectively.~
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e
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) . a)'%:‘! - .
believed that the differences in the CS%ngf distribw;ions .

for the ' two. lighting tecﬁifgues (series B and C) are due
primarily to the different enlargenent factor used for the

photographic printk.c mThe importancg of choosing a

aagnificatioh sufficiently large,,. to ‘"allow accurate

measurement of . the crater or droplet images on the

- .n? o . . . ) B
phof%graphs is™ emphasiZed by “"the difference in ueddan

_diameter bétween cases IIA and IIA (6.6 and 8. 3/uu nedian

" diameter for QSOX and ZGSX enlargement, respectively)s

N
N

B

Assuming that the droplets within the<@11 coatlng did not

| diulnlghgqﬁn size signlficantly before being photographed,

FPig. 11 1nplies the calibration factor for the gelatin slide
_crart"s is given by the median diameter for cal. IC dlvided

by that for Cal. IA, wvhich equals 1.61. The corresponding

callbratlon factor : for tal. IIC and Calién <112’ “is 1.7,

Taking the mean of these glves 1. 68:0 07, an uncertainty of

a%. $1nce;the ‘51ze distribution curves are ~essentially'

:parallel, this callbratlon factor  has been assumed to be

independent of s;ze.g This is the‘factor;used on Subsequeht

‘measurements of crater  distributions to obtain the

—_——

correspondlng droplet dlstrlbutxons.
& “

Upon completion of the expenlnents, ocne \fdrther

3

calib tion test ‘'wvas run. = In this case oil and gelatin-‘

coated lides were again exposed side by . side wlthin the}

'cloqd chamber fot the saae“period. This tine ‘the oil-coated'

slide . uas photographed repeatedly through the nicroscope to

’:deternlne .the rate of droplet evaporation. hnalysis of this
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‘\

o ries of photographs showed the rate of evaporation to be

nuch Slover than for previous occasions, perhaps because of

_thedpge—erposure of the oil-coated slide to ‘cloud droplets

Wpreuioquy cdllected droplets were allowved to evaporate

“‘conpletely before re-exposure of the slide). Furthermore,

the droplet distributfons,‘ given in Tables 13 and 14 of

.Appendix c, and shovn 1n Flg.-13 h"e Rass medlan diameters

-t

“of 7.1 and 14. 1/Lm respectively, resulting in a callbratlon

~conteant.

J"

factor of 1 99. Thrs value is consmderably greater than the

one used dn} this study, and thus throws doubt upon the

aSSumed accuracy of the value employed Purther comparison

~n

-betveenv these techniques 1s glven in the next section, and

lends 'support to the reconmendation of replacement of the

gelatin-coated slides by oihvcoated ones for the purpose of

L
determining both the cloud droplet dlstributlon and * vater

A

4.2 The Detern;natigg of Cloud pr p et WQ er Conceptration.
' The“cﬂbud droplet water concentratlon of the cloud

: . R
.chanber atmOSphere _was’' determined in two vays. The-first

technigue' began by calculating the droplet diameters
c rrespondinq to crater 1nage dxaneters on a photographic

print as described in the previous ,section. Next, the

vterlinal <velocity of these drops wvas calculated using

'Stokes' Lav, which is accurate to within about 2% for wateri"
v W o
';,droplets vith a diameter less than uo/un. stng“theoarea A

of the slide corresponding to the area»éltjnalysis on the

S

71



99.

99

80

70

60
50
40

30

OF DROPUETS

CU- 7%

10

-~

—&— OIL COATED SLIDE
| —&— GELATIN COATED
- SL TDE

1 | L '

0.1

12 1 L4 o4 1)
b 68789 2 3 4 58178

5 R _ 9
100 . 3 10t "*\ o 102

v DIAMETER “f uM )

'.~T=?1’:pe;1b._ As in Pig. 11, except for the calibration
ren: of Casé ¥IY. The median diameters of the distributions
» anez7iﬁ,aﬁa?1u,T¢ul for IIIA and& IIIB respectively. :

72



associated photographic print, the slide
thea J&ker density e“r, and the number of:ﬁfn-
given Size category with mean diameter D, ;Jdroplet water
concentration in the air-above the slide was determined to

&

be

'_‘[L No | 3
L. T D - (4. 1)

-where V' is the sum of the droplet terminal velocity and the
mean air velocity vithin the cloud chamber. Thliy latter
‘velocity wvas estimated at 0.19 cm s-1? by measurehent-of the
rate of flow of gir through the sprayer hoses. A basic
assumption”involved in this calculation is’thet the cloud is

homogeneous. Multiplying the droplet‘number.concentration

in that interval by the corresponding mean droplet mass gave

the droplet mass concentration for the interval. This in

tutn was used to detern - the mass median diameter of the

o

distribution.
There exists a potential inaccuracy in. both " the

size distribution and tloud droplet-concentration deternined

in  this way. Stochastic fluctuations in the number of

1 N

droplets impacting upon lhe slide may be important for those.

size intervals in which onlj a few droplets are observedu‘

Such fIQCtuationS"in the ohserved numbersioﬁ the largest
droplets could under some circumstances lead to an erroneous

_estilate of the droplet nass- concentrations. Hovever,

'because the present droplet mass distribution appears to

" taper off at.the largest droplet diameters, it is expeéted'

ana—
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that these sfochastic fluctuations vould not. drastically
oalter the the distributions displafed in Chapter 5.

The second technique used in determining'the cloud
droplet waeer concentration was based{gfon a measurement of
the mass Mm of the droplets vﬁich vere collected in a time

Tm on an uncoated slide which was exposed in the same

manner as’the slides for the first technique. Assuming that

-the cloud droplet size distrlbutlon was constant between the

time that it was measured by the flrst technique, and the

v'?;jﬁme at ‘ch thé mass of the J.mpactlng droplets was
B LT hom '
& aﬁ?red, then the cloud droplet vater concentratlon couLd

7

bé estimated as

mte |
Lo e e -2

vhere M. 'is the mass of  the droprbts lmpactlng on the
K2

coated sl¥9331¢}§3 a time UCe, a estlmated from the

distribution obtained from the fir§t technlgue. These

~

“

values are given in Tables 15 through 21 of Appendlx C., <

Both methods are employed in determining cloud

droplet concentrations in Chapter 5.

.The -calibration test performed on the 011—coated'

and gelatin coated slldes, mentloned in the last section,

also  allowed for an independent determlnatlon of the

‘ aocuracy~of them tvov methods for _dete:mlnlng' the cloud

drOplet -weter‘ conté‘t." As nentioned earlier, £he ail and

gelatin-coated siides. vere expoSed ~simu1taheous1y,~ ‘and.

photdgraphed_ in much the same manner as: for :equier"

2 A
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calibratjons. 1In this case, hovever, the @mass of the
deposit on the gelatin slide was also determined. Tables 15

and 16 . of Appendix C show that the mass on the slid&i vas

- predicted by the droplet distribntion technique to be»ﬁ.Z ng

for the oil-coated slide, and 0.91 mg for the gelatiq‘?oeted

one. Since the actual deposit was 3.1 mg, the E%Iatin-
coated estinate is seen to be greatly in error, while the
. \‘ .

other one is’ gqife accurate. As a result, the droplet
distribution’ ugter conteits derived from gelatin‘coated

%ﬁzdes in. Chaptﬂﬁt are og*dubious value. Since the size
"1“/ ok

: N
. dlstrlbutlon doési$06t appear to be greatly in error (after

adjustment by - the calibration factor), at least not enough
to explain the dlscrepancy noted in Chapter 5, it is

believed that the err&¥ dust lie in !lt inability of the
) . N v

~ gelatin coatidd to faithfully produce ‘cfaters for each

“lnpactlng droplet. This inability might be due to the 1low

veloc1ty VQgg§wh1ch the droplets impact in thlS case, sinoe

1t has not been noted by other authors using this nethod of

deternlng droplet distributions at higher impact velocities
(Jiusto, persotul comaunication; Garland, . 1971 ‘ucLeod,
1976) . .

S et

iy . N S %y "1

4+3 The Deteraipaticp of the Cloud DropYet Size Distribution ..

The . droplet mass éoncentrationl(for each of the

droplet ‘size 1ntervals) obtalned using the,f technique

.described in the previous section, vas enployed to deterline\

the percentage of . .the tota; nass of the drop;ets in sizes
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smaller than or equal to a given size interval, as a
. . i ¢ )
function ~0of the nmaximum diameter ofa intervql. The

‘ . . . ¢ .
results of this analysis are described iﬁvChapter 5a

4.4 The ffec; of gb;;!gtlog Upon .h_ Deterglng ion of T

the Cloud Droplet Water gcentrgtl on. ‘ v

\ The pccuracy of the second technique describeq - in

ol -
Section 6.2 “ for obtalnlng the cloud droplet water
o’ A . \
concentratlop (that is by measuring the total mass of the

droplets accretlng upon

slide exposed to the cloud chanberff,ﬂ
‘ “ AT

atmosphere), is 1nf1uenceﬁ by the effect of suhlimatlon upon\ :

the slide. In- order té estxméte the- magnltude of thxs\

L

1nfluence, the follovlng analy51s vas carrzed out. ' \
3

Fletcher (1969, P-267) rand “Mason (1971, pP.2

glve the rate of change of‘the mass of sublimated ice upon .

surface as ' o ’ , e, e 4& T; L ah!
\. ﬁdm ¢/-7rC6 s’ ’ T .

vhere S is the supersaturatlon relatlve to a plane ice

'surface, C is the 'electrostatlc capacity' for the shape: of

—

the surface upon which the subrlnatlon occurs, and | N

6 [Tfr’“("'?- ) 5%’1?7]4“ .

[
L

In this expres{on, Ls is the 1atent heat of suhlinat&on, _K

is the thernal conductlvity ;of a;r,: fr is the Kelvin;

telperature, | R the universal gas constant,. P,(T) is the Sy
_saturation vapor pressure on; a'ﬁi?“e-¥°9,-snrface.4”12;15 e
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Sk

the coeff1c1ent of d:.ffus:.v:.ty of water vapor in alc,%gr is .

- . ”‘J‘J

the molecular veight of water, and Pu(T) is he * vapor

4
pressure of the air with respect to vater. The value of G S

as a Function of temperature, is glven by
\
) A
"Eletcher (1969, p.268). It is assumed that the air in the

chanber is saturated v1th respect to a plane surface of <

IS

vater. Also if the slide (which is 25 by 75 by 1 mm in

—

—

félze) is appronnated by a cu‘cular di.sk of egum.lent area,

»
then the 'electrostat(a.c capac1ty' is given by
4 ‘\“.

-2 ' | (8.5)
711' . .
whe,re Ds is the dlaneter of the disk. Thus the mass, Am

-

., o,f the subllnatlngy ice on the sllde ‘after a sllde exposure

of t seconds,wlll be

o,
!

! o / . . .";V “ . ) ) -
‘ o 4M=4D§G'st “ ~ (8.6)
s L |
Using ’this result, c&lculatlons show that the mass of the

|7

sublmatlon qn a typical shde ull be no greater than 5% of.,

the Bass accumulated through" the accret:.on of droplets.

-

3_.__53 ,The Effects gf Sublimation Upon the Hexagonal Plate

Substrate L | o

4

Y

precedlng secti.qn,. lt vas determlned that the mass of the

subluation ‘on the substrate would account for no Rore than ' ‘

about sx of the Bass of the accreted droplets, This holds

téue even :Qf the boon is not rotatlng, and the substrate is

AL

=5

Using the method of analysi’s outlined in the |

17

7



accreting only because of the terminal veloc "ty of e
droplets themselves and the low speed novenerbt of the ===

abbut the stationary substrate.

4.6 Determination of the Rate"of Accretion on the ubetrai::x
Two parameters would noriélly be 1nvolved/~‘/ﬁ»¥v

-determining the rate of accretion on the ‘su étrate- .

"

. . A
- photographic - record of the snbstrate durlng AcCret i e

¢ “ie . -
- timg, ' and the volume or aass. Since the sequentz_

provided only one viev ' of the grovth, the volude of th —=———

-growth cou;%f not be determined accurately from the s
photographs. As a result‘”?tﬁe two' paragfters used s —EREae

g
indicate the grovth rate vere the max1mum length of ¢t

accreted nater1a1 in the dlrectlon of dotlon, and thedt~
:at whlch the photographs vere’ taken. o

The na11mun length vas deterhined thro gh, tte_aﬁaa
- analysis  of the negatives obtained v1th the motqZ drive
~:canera,lby projecting thel onto “the glass -screén‘ of‘
Recordak C—T 35 wa Plll Reader. . This viever's nagéificati<>
of ebout :12x (together Hlth a 2X negn;ilcat;on froupt&g:=====
object to the neqatlve), resulted in an inage vhlch ;a,---
suff1c1ently larqe to enable the leasurelent of tﬁe 1engt.3l!!!!
of the accreted laterlal to an. accurecy of 0. 1 'RA.

The tiles at whxch photographs vere taken 3 ———

‘determined. by noting the tues of selected fra-es,_and them

‘by 1nterp01attng for the renazning franes. Because thea=====

r-

. )

intervalonete.r regulated the ct:e_r}/s{ntte‘r releese, thes e—————
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times are estimated to be no moi. "N S s in error for the
lonjer intervals, and 2 s for the shorter ones.
4.7 Determination of the Density of the Crowths.

The volume of the qgrowths (upon reaching their
maximum size) was aestimated by photographing them first in
the normal manner, and then again following a rotation
through 9u® about the needle axis. It was assumed that the
shape of the growth could be approximated by a series of
disks of elliptical cross-section arranged along the growth
directioﬁ. Using an  overlay for the Recordak's glass
screen, the major and minor axes of these 0.1 mm thick disks
vere datermined, and their volunme calculated. The mass of
‘the growths was obtained by detachiné them. from the
substrate, and placing them in the sample pan of a Mettler

H20 balance. This device was calibrated to provide an

accuracy of +0.1 nmgqg.

g



CHAPTER V

THE RESULTS OF THE SIMULATIONS

5.1 The oOnset and Early Stages of Accretion.

In order to determine the char?cteristics of the
initial stages of 1iccretion ', the boom and substrate were
rotated within th - cloud chamberrat a fixed air temperafure
and substrate velocit . ov~or a brief period of time. The
substrate a: 1.5 sting support were then removed from the
cloud chamber and photographed using a stereo microscope
located within the cold-roon. |

Plates 11 and 12 show the front and side views,
respectively, of the substrate—needle.combinatiqn folloving
a2 5 min period of accretion at a mean air teméerature of
—3.8°C. The rimiﬁé for this ané¢ all other runs in the
initial stage studies, was <carried out with a substrate
velocity of 50 cm s=t. In all cases the temperatures are

averaged over the period of the run. Plate 11 clearly shows

the hexagonal shape of the plate, a~?1 Plate 12 illustrates

t The characteristics of the initial stages of accretion
upon a hexagonal plate ice crystal were investigated by
Cheng (1975) through the use of a numerical simulation
procedure. .
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Plates 11 and 12. Two views ¢. the initial stages of
riming at a velocity of 50 cm s-t, with an air temperat: -«
of -3.89C, over a period of 5 min. The magnification factor
for these and subsequent plates in this section is 40X. The
side view is -oriented vertically for the convenience of
display, but the growth occurred in a horizontal orientation
as in all other cases. .

. the size of the needle in relation to that of the plate, and

the bell shape of the glue joining the two.' The thickness
" of the plate can also be seen at the left edge of the
growth, and two corners of the plate are visible at the left
edge and the center. The smooth surface of "the growth is
indicated both by its outline, and by the nature of the

reflection of the strobe light froa the surface of the

deposit. The growth shows evidence of being formed of ~

transparent ice, suggesting that it formed at a deposit
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temperature near 0°C. The quasi-hemispherical nature of the
growth shape suggests that the droplets did not freeze
immediately upon impact, and that the prime factor

determining the shape of the growth vas " e water surface

tension.

Plates 13 and 14 yere taken following about 8 s of

Plates 13 and 14. As in Plates 11 and 12 except with a
mean temperature of —19,4°C a.g over period of 8 s. Because
the stereo microscope has 'a very shallow depth of field at
this magnification, parts of the growth are out-of-focus.

riﬁing at a mean temperature of —19.40°cC. Plate 13 clearly

indicates " that 4the most rapid rate of growth under these

<
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. v
conditions occurs along the edges of the ‘hexagonal plate,

with‘ perhaps,(sone évidence of preferential riming at the
cornersi{™ Reflections from individual rimed droplets show
that, within the lrmits of the accuracy with which the sizes
of the droplets <can be measured on the photograph, there
does not appear to be a size sorting of the droplets. as
large as 2:1 with distance from the center of the substrate.
An.estimate of the size of these droplets as determined from
the photograph, sugées%s that few areolarger than 20/4m in
diémeter."Plate 14 shois the fragile nature of the growths
at this t;me. Riming\ at points along the length of £he
needie is also evident. | |

Plates 15 and 16 show the results of 60 s of

growth at an air temperature of -=15.29°C. Plate 15

demonstrates that at this stage, riming along the edge 'of
the substfate Still predominates, but more raﬁid growth at
two of the plate's corners can also be'seen. Plate 16 shows
-tha£ the rime has grown to a length of about 350/Lm.
Following 4 min of growth af a mean temperature of
—-7°C, the substrate has accreted 1in- the mahner shown in
Plates 17 and .18. Thds growth shows definite signs of the
influence’of the corners, with five of,six_corners appearing
to have long slender growths originating. near thenm. The
"orientation of the hexagonal plate in Plate 17 1s visible
near the top, where either riming has not occurfed, or the

growth has broken off. Plate 18, in particular, displays

the individual nature of these growths. Some of thea do not
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Plates 15 and 16. As in Plates 11 and 12 except with a
mean temperature of —15.29C, and over a period of 60 s.

appear to be attached to each other at any point along their
lgngth. A total of six major growths are visibhle in this

photograph. The apparent bending of the substrate in this

photograph is due to perspective distortion: one of the

corners of the plate is positiened nearly midway between the
left and right edges of the substrate.

on the basis of these and other runs made at
various combinations of total accretion time and air
temperature, Plates 19 thréugh. 22 have been Chosen for
comparison with Piates 15 and " 16 as an example of the

effects of the air temperature on the nature of riming. 1In

-

-
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Plates 17 and 18. s in Plates 11 and 12 except with a
mean temperature of -7°C, and over a period of 4 min.

all six of these photographs, the growth time was 60 s, byt
for Plates 19 and 20, and Plates 21 and 22, the temperatures
averaged -9.5°C and —-21.5°C respectively. This comparison
leads to two apparent differences. First, the riming
.appears ‘to become progréssively less dense and more
dendritic in nature as the alr temperature is lowered.
Seconh, the rate of growth (in length) of the deposit
‘

appears to inérease as the temperature decreases, even
?hough the cloud droplet water concentration in the chamber
remains virtually constant. ;

{
An important feature of all of the above sequences
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Plates 19 and 20. A< in Plates 15 and 16 except with a
mean temperature of —-9.5°C.

Plates 21 and 22. As in Plates 15 and 16 except with a
mean temperature of —-21,59C.



xr
is the tendency toward very little ‘'fanning .ut' of the

growths. The angle at which they do fan out i ¢ortainly
smaller than the 70 to 90° that is usually assc.iated with

conical graupel.
-2 The Qualitative Apalysis of Accretion for Prolonged

To gtudy thg accr-tion upon the suhstrate over
longer periods of time, the Canon camera and G.R.
Strobolume were used to photograph the riming process while
it was taking place. Sequential pictures were thereby
obtained which allowed the determination of the rate and
nature of growth. The elapsed time for each frame is listed
in the tables of RAppendix D. 1t ‘

The first of the sequential series of photographs
is shown in Plate 23. The randomly distributed, dendritic,
wvhite marks prevalent on this sequence of photographs should
be 1ignored. They have been caused by electrostatic
discharges within the camera during rewinding of the filna.
In this sequence, the substrate was not moving, and the
experiment was performed in order to determine the nature of
riming when the only motion was the free-fall of the cloud
droplets in combination with the slow downward motion of the

air in the chamber. The mean air temperature was -=5.4°C.

! Individual frames from such sequences will be referred to
as Frame 23(1,3), for example, signifying the frame in the
first row, and third column of Plate 23.



The photographs show that vhile . the largqﬁjiqhanfity of
riming occurs on the upper portion of th? sgbgi;§§éand the
needle, as would be expecteﬁ gf’the §S§ﬂ§\a53umption was
correct, a significant amount of nfiing alxclﬁccurg on tne
lower portions of the substrate and needle. fhe‘existence
of this riming indicates that éome small-scalé turbulent
mog}on Va5 present in the air within the cloud\chamhgr. It
is believed that a greater amount of riming has occurred on
the substrate than on the needle because of the higher
collection efficiency at the edge of the plate.
Frame 23(3,5) was taken at the same time as the one
preceding it (which is displayed in an enlarged form in
Plaﬁe 24y, However in Prame 23(3,5), the needle has been

retated by about 99° to provide a Jdifferent view of the

\
growth.

Plates 25 and 26 show the accretion of cloud
droplets upon the substrate at a mean tenperature*of -14.6°C
and at a velocity of SO cm s—1. As shown in Chapter 2, this
velocity is representative of the terminal velocity of a
hexagonal plate ice crystal of comparable size. 1t
Frame 25(2,2) taken 5.6 min after the beginning of riming,

shows that there are several distinct growths on the

substrate. By Prame 26 (1,1) (taken at 15 min) , this feature

! Because the substrate moves between 5 and 25 unm (depending
upon its velocity) during the 10 s period "of the strobe
flash, some blurring may be evidént in some of these
photographs.

a8
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has been obhscured by further growth. However, when the
-l
needle is rotated through about 90° to reveal another view

of the growth as in Prame 26(2,2) (wvhich is shown in

Plate 24. An enlarged form of Prame 23(3,4).

enlarged forama 1in Plate 27), the existence of separate
growths‘is anin evident. The sudden increase in width of
the rime between Frames 26(1,2) and 26(1,3) is thouéht td be
due to a sudden weakening of one of the growths near its
point of attachment, and a resulting pivoting downwvard of
this growth about its attachment point. The potentiai
\
causes of this event are discussed near the end of this
section. Growth in this case is predominantly in the

direction of motion ({into the wind), in contrast to the

growvth in the sequence of Plate 23. It also appears to be
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more compact and hence possibly of greater density than that

of the previous sequence.

Plate 27. An enlarged version of Frame 26(2,2);

The next sequence, taken at a mean air temperature
of —15.4°C and at a sqbsfrate velocity of 2.5 m s—1, is
displayed® in Plate 28, with Frame 28(3,5) enlargéd as
Plate 29. This speed was chosen because it is typical of
“the terminal velocity of a conical graupel of about 5 mm
base diameter. The most obvious departure of this sequence
from previous ones is the much greater rate of growth in
this case. Another important feature is the more conmpact
nature of the growth. .In fact, tﬂis growth is nade up of a

continuous curtain of rime wvhich has formed around the
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perimeter of the hexagonal plate. Although it is not
evident in these photographs, visual inspection showed that
the érowth is in the form of a hollow cone with virtually no
riming at the center of the hexagonal plate, or along the
axis of the growth. A further notable feature most clearly
visible in Plate 29, is the hexagonal syrmetry of the
deposit characterized by quasi-independent growths
originating at the corners of the substrate. " Although they
are joined together to‘form a solid curtain, in contrast to
previous sequences, these growths nevertheless can be
distinguished from each other. Growths of considerable size

can also be seen along the sides of the needle. The shape

of the one nearest the substrate appears to have been

influenced by the airflow around the growth on the
substrate. ‘

One feature of the deposits that may be noted by
studying these sets of photographs is that the angle at
which the growths fan out from the directioh of motion
decreases as the velocity qf the substrate incrgases. This
effect is likely due to a change in the flow field about the
deposit as the velocity increases, resultiné in a different

angle of droplet approach and collision.

7

Plate 30 depicts a growth sequence where the

hexagonal plate has been removed and the subsfrate is the

end of the support needle. The mean temperature is —18.20°c
and the velocity is 50 cm s—1. This sequence of photographé

illustrates that .:riming on the end of a needle does not

95



Plate 29. An enlarged fora of Frame 28(3,5).

proceed very répidly under ;hese conditions. The growth
"that does occur does not appear toAbe strongly influenced by
the direction of air motion. This is demonstrated by the
two growths in Frame 30 (3,2) which are orienéed
approximately perpendicular to the direction pf motion.
Using éhe same needle substrate aé in the preyious
sequence, but a mean temperature of —17.7°C and a substrate
veloqity of 2.5 m s—t, the growth develops as shown in
Plate 31 (with Prame 31(3,1) eniarged into Plate 32). The
growth in this case appears tq bé,more den§e_ than in the
last sequence, and it has a rou&hly conical shape, best seen

in Plate 32. It is Significant that in contrast to the

Previous sequence, the growth at the end of the needle is

much 1larger than any of the growths along the sides of the
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needle. While the velocity in this case is a totally
unrealistic  simulation of the ‘terminal velocity of a
hexagonal plate of the same diameter as the end of the
needle, this velocity is only about 25% greater than the
termihal velocity of a conical graupel with the same base
diameter as the wmaximunm diameter of the deposit in this
seq;ence. Interestingly, the resulting arowth approximates
the external features of a conical graupel more closely than
those of earlier sequences.

An important event in this sequence occurs between
Frames 31(3,2) and 31(3,3) ¢when the growth breaks off the
end of the needle and riming begins anew. This event is not
unique. A growth along the length of the needle also broke
off at a time subsequent to that of the last frame shown in
Plate 31. The significance of both this event and the
pivoting of deposits mentioned earlier, with regard to
Knight and Knight's graupel formation theory, is difficult
to ascer*ain. This is so because the forces acting upon the
deposit are not identical to those that would act upon an
ice crystal-graupel configuration.similar to that in Pig. 2.
In the latter case, the drag force and gravitational force
are equal and act in opposite directions. Other forces
potentially capable of breaking the deposits off the plate
would occur if the pléte wobbled during its fall. 1In the
present simulation, however, while the drag force is acting
in the normal fashion, the gravitational force is acting

downward, ie. perpendiculaF to the direction of motion.

99



Thelr respective values 1in the case are about 0.8 and
0.6 dynes. In addition, a centripétal force is also acting
perpendicular to the direction of motion with a magnitude of
about 2 dynes. Thus the breaking off of the deposit from
the substrate could be due more to the gravitational or

centripetal forces rather than the aerodynamic drag force.

Plate 32. An enlarged form of Frame 31(3,1).

5.3 The Cloud Droplet Hater Copntent and Size Distribution

During the Prolonged Accretion Experiments.

In total 12 prolonged accretion experiments
(referred to as SEQ. I to SEQ. XII) were performed. In
order to make a gquantitatiye analysis of the accretion

process, it was necessary to determine the properties of the
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atmosphere in the cloud chamber.

The cloud droplet size distribution was determined
by the gelatin-coated slide technique described in
Chapter 4. Because analysis of the slides to obtain the
size distributions was time-consuming, samples were taken
only during the experiments SEQ. II, SEQ. IT’, SEQ. VI,
SEQ. XI, and SEQ. XII. It was hoped that the sprayer output
was sufficiently stable that the cloud parameters for the
othrv experiments could be interpolated from these.

In order to test the effects of a variation of
thickness of the gelatin slide <coating upon the analyzed
cléud droplet distribution and water content, two slides
were used in the second sequence. These have been labelled
as SEQ. II and SEQ. II’. While Slide 21 used in SEQ. IT was
made in the manner described in Chapter 3, Slide 19 of
SEQ. II” was coated with a 5% solution of gelatin in water.
The parameters obtained from these slides are tabulated in
Tables 17 and 18 of Appendix C, and the droplet nmass
distributions are plotted in PFig. 14. The difference in
mass m@median’ diamet of g:G/Am " between these two
distributions points out thé; need for rigidly controlled
conditions while coafing these slides.

The analyses of the remaining sampling slides are
outlined in Tables 19 through 21 of Appendix C, and the size
distributions are also plotted in Pig. 14. The mass median

diameters for these last three slides are 8.2, 7.6 and

7.9/41.
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Figure 14. The percentage of mass contained in droplets
smaller than or equal to a given diamete: as a function of
the diameter. The mass median diamegers 11.4, 8.8, 8.2,
7.6, and 7.9 um for sequences IX, II1I°, V: I, and XI
respectively.
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Both of the wmethods described in Chapter 4 were
employed for the determination of the cloud droplet water
content of the atmosphere in the cloud chamber. The second
technique, which was based upon measurements of the mass of
accretion wupon the slide during its exposure within the
cloud chamber, was used for the same experiments as those
méntioned above for the first technique (SFEQ. II, SEQ. IT/,
SEQ. VI, SEQ. XI, and SEQ. XII). The results of these
measurements are summarized in Tables 1 and 2. The second
column of Table 1 gives the total period of operation of the
spraying system during a particular run. The +third colunmn
is the cumulative operating time of the sprayers to the end
of the experiment, a parameter on which a linear
interpolation (or extrapolation) was performed in order to
obtain the cloud droplet wvater contents for experiments
other than those during vhich measurements vere taken. The
actual times (in terms of the cunmulative operating time of
the sprayers) at which sl les were remgved following
exposure in the cloud chamber, are given in columns 4 and 2
of Tables 1 and 2 respectively. Column 5 of Table 1 gives
the exposure time of the gelatin-coated slides within the
clogﬁ chamber; The mass of material which accreted (during
the collectipn period given jn column 4 of Table 2) upon the
uncoated slides is in column 3 of Table 2. The interpolated
(or extrapolated) values of the cloud droplet water content
for the two methods are gdiven in column 6 of Tabl% 1 and

column 5 of Table 2, respectively. The interpolatiou/éxtra—
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Table 1. The sprayer operating characteristics, and the
parameters derived from the gelatin coated slides.
SEQ. SPRAYER CUMULATTVE |GELATIN COLL. DIST*N.
NUMBER | OPERATING |[OPERATI SLIDE PERIOD | DETERMINED
TIME TIME SAMPLING (s) WATER
(min.) (min.) TINME CONTENT
“ (min.) (9 kq™
I 17.0 17.0 0.55
IT 27.5 4y.5 24,0 90. 0.57
II 27.5 4y.5 24.0 90. 0.51
I11 16.5 61.0 0.049
v 15.0 76.0 0.47
v 16.5 92.5 0.45
vVl 32.5 125. 118.5 120. 0.41
VIiT 18.5 43,5 0.39
VIIT 23.0 165.5 0.36
IX 19.0 185.5 0.34
X 21.0 206.5 0.31
XI 15.5 222.0 219, 120. 0.30
XIT 18.5 240.5 240.5 90. 0.59
Table 2. The parameters derived from the uncoated slides.
SEQ. ACCRETED ACCRETED |COLLECTION [ACCRETED MASS
NUMBER |[MASS SLIDE {MASS PERIOD DERIVED
SAMPLING (ng) (s) WATER
TIME CONTENT
(min) (g kg™)
I 1.05
II 44.5 13.0 600. 1.1
IIT . 1.1
IV 1.15
v 1. 15
VI 125.0 12.1 720. 1.2
Vi - 1.1
VIIY 0.95 “
IX 0.8
X 0.7
XI 216.5 3.2 460. 0.6
XI1r 228.0 12.0 360. 2.95
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polation proceéure vas adopted hecause it was believed that
the sprayer-produced cloud dropint characteristics should
vary approximately linearly with the total operating time of
the spraying units. Variations in the sprayar output were
due primarily to .the following factors, listed in increasing
order of probable sidnificance:

(1) The pressure head of the water input to th- sprayers
decreased slowly during each run, but this variation was
"ever more than 15% of the original value.

(1i) The slot in the sprayer tall did partially clog up
with impurities in tﬁe air supply on one occasion hefore
these experiments were begun, so that although the slots
were checked after each run, some decrease of Sprayef output
could have resulted if a partial clogging went undetected.

(iii) The sprayer hoses had a tendency to fill with ice
as a result of large droplets being trapped by the
corfugated wvalls, of the hoses during sprayer operation.
This resulted in reduced spray output in the cloud chamber,
but the hoses were defrosted after - st experimental runs,
so this should not have led to a grads-. reduction 1in the
spray output over the period of a number of runs.

(iv) The air pressure input tpo the'éprayers slovwly
decreased from SEQ. I until SEQ. XI, vhen the reduced
pressure was discovered. The cause was a sublimation of
water vapor w@thin the air «chilling coil, produéing an
increasing congtriction to airflow through the tube. The

problem vent undetected for a substantial period because the

105



air pfessure gauge was . located wupstream of the chilling
" coil. The problem was solved before SEQ. XII, and resulted
inAthe‘much higher water contents measured for that run.
Since the last factor likely produced the greatest
portion of variation from run’ toe run, and since it was
dependent upon the total sprayer operating time, this latter
parameter has been used for the interpolation/extrapolation

procedure. »

5.4 The Quantitative Analysis of Prolonged Accretion.

Tables 22 through 33 of Appendix D give the
maximum length of the substrate growths as a function of the
growth time for each of -the 12 prolonged accretion
sequences. These %qta are piotteq in Figs. 15 through 18,
from which the Jean rate of agcretion for each of the 12
sequences has been deterﬁined. The mean rates have been

-ained by hand-fitting curves to the plotted points. This
procedure vas adopted because it enables fhe mean rate of

-

linear growth to be de¢termined for situations like those in

il

Fig. 18 where  the growth~. length is not increasing
monotonically. | |
The rate of growth in eachv 6f the sequences 1in
Pigs. 15, 16, and 17 is neariy constaht. While the rates of
growth vary considerably with the velocity of the substrate,
there is less variation with changes in air temperature.
Fig. 18 displays the growth chara-teristics for a

needle substrate at velocities-of 5 and 250 cm s—1, The
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breakageb of the growth near its point of attachment to the
substrate is also evident in fhis figure. The . growth rate
of the material accreting on the needle appears to be nearly
constant following each Qrouth detachment for both df the
sequences of Fig. 18.  When the needle velocity is
2.5 m s—t, as in SEQ. XI, the growth begins almost
immediately,. and the rate of growth remains approximately
constant thereafter. However, at a needle velocity of
50 cm s—1 (SEQ. X), -virtually no accretion‘ takes place
during the first- 6’minutes. Carefui scrutiny of the
negatives of this sequence confirms the very slow rate of
growth 1in the direction.of wmotion until sufficient riming
occurs to indrease the'width of the material at the end ok
the needle“to about 100 or 200/;n. Thg'subsequent breakage
of the growth leaves behind a sectibﬁ of . accreted wmaterial
of at least QOO/Lm diameter, so that groutﬁ upon this
matefial can hegih once again at approximately the same rate
‘as that before the breakage.

In Tables'3, 4, and 5, the sequence order has been
rearranged from that of t§q> previous £ablq§ so that it
corresponds to the ofder,in Pigs. 15 through 18 1th5t ié the
ordering ‘is first. wi?h increasing subsffate\vgloéity, and
- second with decreasing aift témpétature). The fgo sequences
ipvolving riming upon the needls substrate have begﬁ‘placed
at the ends of thé tables.

In Table 3, cdluun . gives the mass of the

material wvhich accreted upon the substrate; column 5°
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Table 3. Properties of the substrate accreted deposit. .
SUBSTRATE | MEAN | SEQ. SUBSTRATE [GROWTH LGROHTH GROWTH
VELOCITY | AIR NUMBER | ACCRETED |VOLUME AMEAN TIME .
(cm sy TENP. MASS (1072 | bENSITY (rm: ss)

(°c) (mg) cm®) (g cn?)

0. -5.4 |II 0755 25:25
50. -5.4 |1V 0.35 0.75 0.05 13:05
50. -10.2 |v 0.69 13:20
50. -14.6 |VIII 1.0 1.6 0.06 19.01
50. -18.2 |1X 1.6 16:52
250. -5.2 |1 6.1 3.0 0.20 14:15 y
250. -5.4 |ITT 6.0 4.0 0.15 13:40
250. -10.2 | VI 3.6 3.3 0.11 11:50
250. -15.4 |VII 5.2 5.2 0.10 15:15
250. -17.4 |XxII 3.8 4.4 0.09 9:10
50. -18.2 |x 0.3 0.18 0.17 12:42
250. -17.7 |xI 0.16 4:12 ‘

Table 4. The mean 1

rates for the deposits.

inear growth rates and mass growth

)

SEQ. MEAN TYPE 1 [TYPE 2 |MEAW TYPE 1 [TYPE 2
NUMBER |LINEAR |[NORM. [NORM. |HASS NORM. | NORN.
: GROWTH |LINEAR |LINEAR |GROWTH |MASS MASS
RATE GROWTH |GROPTH |RATE GROWTH | GROWTH
(10°¥ RATE RATE (1077 _|RaTE RATE
cm s) [(107¢ (107°* g s (10”7 (1077
cm s”) |cm s™) . lg s g s \
v\
II 0.98 1.7 0.9
Iv 3.3 7.0 2.9 4.5 9.6 3.9
v 3.3 7.3 2.8
viiz 2.4 6.7 2.6 8.8 24.4 9.4
IX 3.3 9.7 4.0 !
I 7.8 13.5 7.0 71. 129. 67.
III 8.8 18.0 7.9 73. 149. 65.
VI 9.1 22,2 7.6 51. 124. 53,
VIT 9.1 23.3 8.4 57. 146. 53.
XII 13.0 22.0 4.4 69. 117. 24,
X 3.7 11.9 5.4 3.9 12.6 5.7
XI 8.5 |28.3 13.7 ~ '




summarizes the values of growth volume‘ given in Tables 34
thifgqh 45 of Appendix D; and column 6 presents the
resulting mean density of the accreted material as a whole.
Some values of the accreted mass are missing because either
the mass was too small to be measured accurately using the
Mettler balance, or in "the case of SEQ. II, because the
growth was accidentally destroyed before its mass could be
determined. Since the calculated volume, in many cases,
includes a hollow region near the éenter of the growth, the
gross density as given should not be interpreted as the
density of the rimed material itself. This is substantiated
by experiments SEQ. I and SEQ. III which were run under
almost idehtical conditions in order to check upon the
reptoducibility of the results. The difference in mean
density Between them is likely due primarily to a variation
in configuration of the individual growths making up the
deposit leading to a considerably different enclosed volunme.
The period over vwhich the growth occurred is given in

column 7.

The mean rate of increase in the maximum length of

the accreted material is given in column 2 of Table 4. .

Columns 3 4and 8 contain the ‘values of column 2 to be
expected for a unit cloud droplet water conteﬁt: The water
contents used for the normalizafion were those heasured by
the tvo techniques described in Chapter 4, and are referred
to here as Typés'1 and 2 respectively. Affer normalization,

the Type 2 1inear’ growth rates vary from 9X10~5 to
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Table 5. The mean frontal area of the growth along with
Type 1 and 2 collection efficiencies.

SEQ. GROWTH TYPE 1 TYPE 1 TYPE 2 TYPE 2

NUMBER MEAN POTENTIAL | COLLECTION POTENTIAL|COLLECTION
FRONTAL | MASS _ EFFICIENCY MASS ' EFFICIENCY
AREA ACCRETED ACCRETED
(1072 | (ay) (mg)
cm”)

11

IV 1.8 0.41 0.85 1.0 0.

v

VIII 3.3 0.83 1.20 2.1 0.8

IX -

I 3.0 4.4 1.39 8.3 0.73

IIT 3.9 4.8 1.25 10.7 0.56

VI- 3.4 3.1 1.16 8.8 0.41

viI 4.3 4.8 1.08 13.2 0.39

XII 4.0 4.0 ' 0.95 19.9 0.19

X 1.1 0.16 1.88 0.35 0.86

X1 v .

1.37X10—3 cm s—1t. The Jlowest value occurs wvhen the

substrate is not moving, as would be expecfed. The values
corresponding to the substrate moving at 50 cm s—1! have a
mean of 3.1X10-¢ ca s—1, about 3.4 times greater than the
previous case. There does not appear to be any systematic
variatiog, of these rates with temperature however. At the
higher speed of 2.5 m s—!, the average linear growth rate is
7.1X10—4 cn-s-l, again with no apparent variation with
temperature. Interestingly, the groﬁth rates with the
needle substrate are much higher than with the hexagonal
plate, for the same velocities. This is particularly
puzzling since the growth rates of the deposits on the

needles are constant with time (at least during the length

of these experiments). and the rate of growth does not
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8
correspond to that for the hexagonal plate cases éven when
the diameter of the deposit is the same. This effect merits
further study.

The mean mass growth rates Qf column 5, Table 4,
have been determined by dividing the accreted'mass by.the
period of accretion. The Typ; 1 and Type 2 normalized mass
grovth rates are in columns 6 and 7. These érowth rates
display a much greater variation among experiments with the
same velocity than do the normalized linear growth values,
although the SEQ. I and SEQ. III values are almost
identical, as would be expected. It is believed that this
;variation is not real, .but that it ’results fronm an
iﬂaccuracy in the measurement of the masses of the growths.
This error could be partiaily due to the operation of the
v

balance under difficult operating conditio Low

temperatures and vibration produced by the compressors

associated with the first cold-room may have affected the
accuracy of these measurements. However, a more 1likely
cause was the inability to ensure that the correct amount of
rime was scraped off the substrate and onto thé balance pan.
The mass of material was very sméll, and even the slightest
error in determining the extent of rime to remove could have
led to a comsiderable error in the mass measurement.

Column 2 of Table 5 gives the. time mean frontal
area of the accreted e®ass which was calculated using the

-

formula
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EF-% (D;lfD;Dr*Dfl) (5-1)

wvhere [; is the diameter of the substrate, and Df is the
average diameter of the growth at its widest point (near the
end) . This relation is based upon the assumpticn -that the
diameter of the end of the growth increases linearly with
time. Using these values, tﬁe total mass of the <cloud
droplets in the volume swvept out by the substrate and

accreted material vas determined by

(5-2)

M- vp. Ar tL
~where VU is the velocity of the substrate, 28 is the air
density, ;ﬂ- is the time mean frontal area of the substrate,
t is the growth period, and L refers to the «cloud
droplet water content of the air in the cloud chamber. Thé
collection efficiencies of the growths were obtained by
using the Type 1 and 2 cloud‘droplet vater contents. These
efficiencies are presented in columns 4 and 6 of Table 5.
The Type 1 -efficiencies vary from 0.85 to 1.88, a result
that is not particularly surprising because of the
significant underestimate of the cloud droplet water content
by this technigue as mentioned earlier. The Type 2
efficiencies lie between;0.19 and 0.86. There does not

appear to be a strong dependence upon either the air

temperature or the substrate velbcity, although by excluding

SBQ. XII, the higher velocity experiments have a slightly
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higher mean efficiency associated with them. The lack of a
significant difference between these groups may again have

been due to an inaccuracy in the determination of the mass

of the deposits.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

: i
6.1 A Summary of the Results,

Py

During the very earliest sta&es~(first 15 s) of
accretion - upon a hexagonal plate, the most rapid riming
occurs along the perimeter of .the plate. This effect has
been previously noted to occur on natural hexagonal plate
ice crystals (Knight and Knight, 1973). As the accretion
period 1lengthens to 1 or 2 minutes, the riming beconmes ndst
pronounced neér the corners of the plate. - Even after as
long as 4 min, the deposits which have formed near the
corners may continue to grow with few, if any, common points
of attachment.

The depoéit formed on the hexagonal plate
Substrate ‘fans out! into the uihd at an angle which is
smaller than that commonly associated with conic§1 graupel.

+ The angle appears to increase as the velocity of the

substrate decreases, however at the same time, the deposit’

takes on a more depdritic ~appearance, making the .

determination of a fgrowth angle awmore difficult. This
dendritic structure leads to a decrease in the gross density

of the deposit as the temperatutre of formation is lovered

118



and/or the velocity is decreased.

The growths formed on the hexagonal plates at
temperatures below -10°C are very fraqgile and appear to be
susceptible to breakage, especially near their point of
attachment tovaEg‘plate. This is also true of the growths
formed upon the needle substrates, where almost all of the
deposit may break off. The rate of qgrowth of the maximunm
length of the deposit following each 1loss of nmaterial is
approximately the same, and is much greater than that during
the initial stages of accretion upon the needle.

The rates of increase of the maximum length of the
growths are approximately constant (for given temperature
and velocity) throughout the first 15 min of formation.
When these rates are normalized to a unit cloud droplet
wvater content, they provide a means of comparing the rate of
growth for varying temperatures and substrate velocities.
If the Type 2 normalized linear growth rates are set into
groups according to the velocity of the substrate, then the
betweeﬁigroup variation for the 50 ¢cm s-!' and 2.5 m s—t
groups is numerically over 3 times as +arge as the‘ within-
group variation ” (excepting the SEQ. ¥II value) associated
vith temperature chanQes in eithér group. s

When the droplet depositionalymass (Typé'2) method
of detérmining the water _content of the cloud chamber
atmosphe:r« is employed, the colleftion efficiencies of the
prolonged growths vary befween abodt 0.19 and 0.86. The

mean gross density of the deposits has a range of 0.05 to



0.20 g cm—3. The average density for the growths at
50 cm 51 is  less than half the averéqe for the growths at
2.5 m s—1, hovwever, a large variation exists in the latter

group. There 1s no consistent dependence of the collection

éfficiency ~upon the air temperature or the substrate

velocity; however this effect may be due to the fact that a
relatively large inaccu.acy in the measurement of the mass
of the deposits on the substrate has obscured anv small

consistent variation that mey be occurring.

6.2 ConclU§ions.

This study has demonstrated that during the early
stages of riming wupon a héxagoual plate, ﬁhe most rapid
accretion occurs first along the periméter of the plate,
followed slightly later by preferential - riming at the
corner%. In manj céses the growths at “*e corners ‘had few
poinﬁs of attachment: between them and were joined to the
substrate over an agea that wvas small compared to the total
area of the plate. As a result, the growths displayed a
potentiél for breaking near theif point of attachment, and
then either pivo‘ing outward about this point, or breaking
completely away from the substrate. Since this is
ecsentially the method of graupel formation postulated by
Knight and Knlght (1973), this stud"lends support to that
theory as a mechanism for the generation of conical graupel.

The rate of growth (in terms of both the mass and

the length) of the deposit was found to be dlrectly related
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to the Vvelocity 0; the substrate, but showed little
correlation with the temperature of formation. The type of
substraie (hexagonal plate or needle) also affected the rate
of growth. The 1length of the deposit at the end of the
needle inCreased very slowly until an apparent ‘'threshold
diameter' was reached, at which time the rafé increased
substantiallx, surpassing the rate of length increase
observed for accretion on a hexagonal plate-initiated
deposit of the same diameter. The reason for this. behavior
is not understood and merits further study.

The use of estimates of the gross volume and gross
frontal aTea of the deposits as a basis for the calculation
of the density and collection efficiency of the gtovths is
thought to be the primary reason for the lack of an apparent
correlatjon between the substrate velgcity and growth
temperature on the one hanq, and the.density;and collection
efficiency on .the other. In addition, bécause of the
relatively Small mass median diameter and dispersion of ﬁhe
droplet distribytion in the cloud chamber, only the larger

Y/mafbp >ts paY have beenm involved in the riming process, thus
further lovering the Collection efficiency. This effect is
\\\ predicted by Fiq. 7.

6.3 Recommendations for Future Studies of Graupel Formation.

‘A Dumpber of recommendations may be made with

regard to the apparatus and technigques employed in this

study: £
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(1) Since nmany ©0f the gqualitative and quantitative
aspects of a study of this nature depend upon the cloud
droplet water content (or concentration), an effort should
be made to improve ‘the gualitj of these measuremenfs;
Specifically, if gelatinfcoated slides arevto be used, the
thicker gelatin coating (15% solution of gelatin in water)
used in conjunction with the Nomarski interference technique .
of illumination provides the mOS™ _onsistent results. It is
important that care be taken to maintain a constant
thickness of the gelatin coating. Also, an effort should. be
_made 'to determine, with greater accuracy, the callbratxon
factor between the crater dlameter and the diameter of the
droplet which generated it. An 1m3ﬁpvement in the accuracy
and partlcularly of the eff1c1ency of the analysis of these
slides could be achieved "through " the measnrement of the
diameter of the craters by employing either a calibrated
wedge overlay, or a‘digitizing table and computer. Along
ﬁith fhis increase in efficiency, an effort should' be made °
to sample the cloud ‘chamber atnosphere during each run in
order to minimize or remove interpolation errors.

(i) As discovered following the completion of these
experiments, the 'oil—coated slides prov;de a much better ‘ iy
estimatevof the cloud droplet size distribution and wvater
content than do fhe gelatin-coated slides at rheqimpact
velocities encountered in this study. TIf the 0il. is pre-

exposed to water droplefs, and then ’aliowed to stand

sufficiently long for the ~droplets to disappear ~ (about ¢




10 min), the rate of evaporation of the droplets within the
01l on subsequent exposures will be minimized. The above
comments on improving the an;lysis of the gelatin-coated
slides apply equally wvell fof the oil-coated ones.

~(iii) If possible, two c&metas positioned at 90° to each
othef should be used_simultaneously to obtain photographs of
the accretion of material upon the substrate. In this way
the volumetric rate of growth can be'detérmined.

(iv) In order to increase the efficiency of the data
collection process, the maintenance of a constant bdom
rotation rate should be carried out automatically, using an
electronic motor speed controller. | This ¢+ will free the
.observer from prolonged exposure within the cold-roos.

(v) The length of the boom should be maximi;ed so as to

minimize the centripetal forces acting upon the deposit,

thys  producing a more realistic simulation of the accretion .

process.

(vi) The sprayers should be better insulated to maintain
an operating temperature closer to that ‘within ‘the 'cold—
robm, and to reduce theqtéuperature variation both in Space
and time within the cloud chambef. .\\

(vii) Great care should be taken in determining fhe mass
of the accreted material since the gquantity of material is
very small, and‘variationsrof subétan£1a1 fractipns of the
iass can occuf becauéefof thé difficult conditions under

- which this ‘neasurenent must be made. Should the technique

employed in this study prove to be insufficiently accurate
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(as appears to be the ¢ase from these results), then another

method should be attempted. One possibility would be to

measure the dimensions of the 'hemisphere' of - water formed
by a melting of thevdepoéit.

(viii) Better means should be found for determining the
volume of the accreted material itself, as opposed to the
gross volume which was meaéured in this study. This might

be accomplished by immersing the deposit in a liquid such as

hexane (after filling the pores with  phthalic acid), and-

determining the resulting displacenent.' The change in
technique sﬁould provide for better estimates of the deposit
volume and collection efficiency.

(ix) The droplet size distribution should be variéd to

permit a study of the variation of the accretion

characteristics with a change in the mass median diameter of,

the droplet distribution.
(x) A further study should be made of the variations in
the rate of growth of deposits with changes in the diameter

and shape of the substrate.
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APPENDIX A

DROPLET HEAT AND MASS TRANSFER CALCULATIONS

o

'Ranz and Marshall (1952) developed a set of
equations (later/ outlined by Macklin and Payne (1969)) which
predict the rate of chénée of the temperature, the radius,
and th;a velocity of a water droplet which is exposed to air

with a given relative velocity, humidity, and temperature.

The rate of coolin% of éhe droplets is given- by
A& - 4ma (1+03 &*Rei)@(“ﬁ)
+ 4ra (1+035. FRY) LD (ps-pe) (A1)

vhere d?‘is the heat t_ransférred iil time dT, A is the
radius of the ‘droplet, P , S., and Re are the Prandti,
Schmidt and Reynold.s numbers appropriate to the _given
conditions, A is the thermal conducti'vityv of the air, T is
the drbplet's surface’tenperatnre (assumed to bé the sanme as
the i.ntei:nal temperature), Ta is the air tenperature,‘ L
is the latent heat of vaporization, [ is the diffusivity of
vater vapor in air, e, is 'ihe saturation wvater vapor
' density of fhe environlént for a given tenpergture, and ()Q,

is the actual water vépor density of the environment. The

rate of change of the tenperature of the droplet can be
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obtained frona

4
= - & 3 dT (A2)
R

where P” is the vater density, and c¢o is the specific heat

of water. The rate of change of the droplet radius due to

evaporation from, or condensation onto the surface of the

droplet is given by

itz A_D (PS (’C)(I+O3545&t) (A3)

The rate of change of the relative velocity between the

droplet and the air with time is given by

i\//l. - 3 V/L CD (AU) |

EA 8/Lp

where eg is the air density, and the drag coefficient used

is that given by Abraham (1970)

Co (904.) [l+?ou€¢, J (A5)

vhich is valid for 0 < R < 5000. The rate of change of

the position of the droplet is

—Z—- Vaf—VA, (AG)

where bL is the air veloc;ty, and the sign depends upon the
initial values of the two velocities.

After substituting appropriate values for the
various constants, a  Runge-Kutta Uth order numerical
integration technique was applied to the above equations to

-

abtain the variation of a droplet's radius, temperature, and

-

==
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velocity as functions of: time and thus of a droplet's
position following its injection into the sprayer hose by
the «cloud droplet sprayer. A limitation upon the accurécy
of this technique was imposed by its inability to account
for the sprayer's expulsion of a quantity of air along with
the droplets, and thus of "its underestimation of the
distance reduired for the droplets to reach the temperature
of the air within the sprayer hose.

In order to determine whether or not the droplets
entering the <cloud chawmber teéched the air temperature by
the time they had fallen to the 1level of the wmoving
substrate, the above technique vés employed, but with Eq. Ad

replaced by Eq. A7: R

h CI—V/L_ 3 a. 2 -
e A

The air temperature within:the cloud chamber was postulated
to decrease 1linearly with distance froa >the tép of the
chamber.

A portion of the problem of determining the
droplet temperature change between the sprayer ball and the
substrate involved caiculating the change in temperature .of
the air as it passed through the sprayer hose. For this
pufpose, the equations of ¥Wigley and Brown (i971) were used.
They state that for fully developed turbulent flow through a
_pipe with constant wal temperature, the relaxation distan§§
{(defined as. the distance at which the:air temperature fallé

by 1/c ~f the difference between its initial value, and the

134



¥all temperature) for the air is given as

2
Xo = 36.44a*V’ ~ (8)

vhere a is the Pipe radius, and V is the velocity of the
airflowv. The actual Ccross-sectional average temperature at

a distancs T from the start of the tube is thus given by

T T+ (Te-T,) e =/ (A9)

where 1. is the wall temperature, and [; the initial air

temperature.

The resalts of these calculations are given in

Chapter 3.
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APPENDIX B

THE PHOTOGRAPHIC SYNCHRONIZER

The photographic synchronizer employed in this

study was designed ﬁo pecform two funétions:
(i) It provided a constant time delay between the
reception of a signal from the trigger source, and the

output of a signal to the stroboscopic flash. This was

necessary to allow for the camera's built-in delay between"

the shutter release signal, and the actual film exposure.
The net result was a properly synchronized caméra and flash
sfstem; |

(11) In conjunction with the first functioh, the
synchronizer controlled the firing of the flash at the same

location for every revolution of the boom. Purther, it

~ allowed a camera firing only atfter ‘a given time interval

(determined by the Canon Timer L) had elapsed, and-then only
in synchrony with the flash. In this way the substrate
could be seen through the camera's viewfinder ‘at the saame
location during every rotation of the boql, vhile the camera
took pictures of the substrate at regular intervals of time
‘as the substrate passed the camera lens.

A circuit diagram of the synchronizer is’given in
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Fig. 19. The first function is accomplished by IC3, with
the delay time variable from about 5 to 170 ms. It wvas
normally set‘ at 100 ns,“and the camera shutter was set at
0.125 s so as to ensure an ample opportunity for proper
synchronization. The second functior is performed by IC1
which, using digital logic, "decides' whether or not to fire
the camera for a giyen trigger-signal depending upon whether
or not the time interval set on the timer has expifed or
not. IC2 provides a signal of sﬁfficient'length to the
camera to ensure consistent camera firiﬁg.

While standard grade electronic components were
used 1in constructing this sYnéhroﬁizer, it is recommended
thatQmilitary grade components be used in the future to
ensure eveh more. reliable operation under the eitreme
temperature conditiohsvthe synchronizer is exposed to within

the cold-roonm.
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APPENDIX C ' \

DATA OBTAINED FRONM

THE CLOUD DROPLET DISTRIBUTION SLIDES
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Tables 6 and 7. The data of calibration slides Ccal. TaA
and IB respectively.

PRINT MAGNIFICATION DROPLET PERCENTAGE CUMULATIVE
" MEASURED CORRECTED NUMBER OF TOTAL PERCENTAGE
DROPLET" DROPLET ‘ NUMBER
DIANETER* DIAMETER
(MH) (pt)
0.75 1.7 6 1.4 1.4
J.25 2.8 24 5.8 7.2
1.75 3.9 25 6.0 13.2
2.25 5.0 57 13.7 26.9
2.75 6.1 60 14,4 41.3
3.25 7.2 58 13.9 55.3
3.75 8.3 2¢ 4,8 60C.1
4,25 9.4 4y 10.6 ©70.7
4.75 1C.6 38 9.1 79.8
5.25 1.7 28 6.7 86.5
5.75 12.8 12 2.9 89.4
6.25 13.9 18 4.3 93.7
6.75 15.0 10 2.4 96.2
7.25 16.1 8 1.9 98.1
7.75 17.2 1 0.2 98.3
8.25 18.3 3 0.7 99,0
8.75 19.4 2 0.5 99.5
10.25 22.8 1 0.2 © 99.8
11.25 25.0 1 C.2 100.0
PRINT MAGNIFICATION DROPLET PERCENTAGE CUMULATIVE
"MEASURED CORRECTED NUMBER OF TOT AL PERCENTAGE
DROPLET DROPLET NUMBER -
DIAMETER DIAMETER
(44) ) "
1.75 95?6 11 3.8 3.8
2.25 8.5 16 5.5 9.2
2.75 10.4 . 26 8.9 18.1
3.25 - 12.3 41 14,0 32.1
3.75 14,2 47 16.0 48.1
- 4,25 16.0 55 18.8 66.9
4,75 17.9 25 8.5. 75.4
5.25 19.8 29 9.9 85.3
5.75 . 21.7 11 3.8 89.1
6.25 23.6 14 4.8 93.9
6.75 25.5 : 3 - 1.0 9“.9
7.25 27.4 3 1.0 95.9
7.175 29.2 4 1.4 97.3
8.25 31.1 6 2.0 99,3
9,25 34.9 . 1 0.3 99.7
12.25 ' 46.2 1 0.3 100.0

&
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Tables 8 and 9. The data of calibration slides cal. IC
and IIA’ respectively.

p—

PRINT MAGNIFICATION DKOPLET PERCENTAGE CUMULATIVE

MEASURED CORRECTED NUMBER OF TOTAL PERCENTAGE
DKOPLET : DROPLET ) NUMBER
DIAMETER . DIAMETER
(M) )
2.50 _ nga 34 12.0 12.0
3.50 7.8 42 14.8 26.8
4.50 10.0 - 47 16.5 43.3
5.50 12.2 46 16.2 59.5
6.50 14.4 41 14.4 73.9 .
7.50 16.7 27 9.5 83.5
8.50 18.9 21 7.4 90,8
9.50 21.1 1C 3.5 94 .4
10.50 23.3 4 1.4 95.8
11.50 25.6 8 2.8 98.6
12.50 27.8 1 0.4 98.9
13.50 30.0 1 0.4 99,3
15.50 34.4 2 0.7 100.0
PRINT MAGNIFICATION DROPLET PERCENTAGE CUMOULATIVE
MEASURED CORRECTED NUMEER OF TOTAL PERCENTAGE
DROPLET DROPLET i NUMBER
DIAMETER DIAMETER
(M4) \ )
1.25 2.8 &0 14,2 14.2
1.75 3.9 10.6 o 2u.8 L
2.25 5.0 31 7.3 32.1
2.75 6.1 44 10.4 42.5
3.25 7.2 72 '17.0 59.4
3,75 6.3 41 9,7 69.1
4.25 9.4 37 8.7 77.8
4,75 10.6 25 5.9 . 83.7
5.25 11.7 28 6.6 30.3 v
5.75 12,8 11 2.6 92.9
6.25 12.9 9 2.1 95,0
6.75 15.0 6 1.4 96 .5
7.25 16.1 5 1.2 97.6
7.75 17.2 4 .9 98 .6
8.25 18.3 1 0.2 98.8
8.75 19.4 1 0.2 99,1
9.25 20.6 1 0.2 99.3
9,75 * 21.7 . 2 0.5 99.8
12.25 27.2 1 0.2 160.0
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Tables 10 and 11. The data of calibration slides
Cal. IIA and IIB respectively.

PRINT MAGNIFICATION DROPLET PERCENT AGE CUMULATIVE

MEASURED CORRECTED NUMBER OF TOTAL PERCENTAGE

DROPLET DROPLET NUMBER

DIAMETER DIAMETER
(Hn) () '
1.25 4.7 94 14,4 14 .4
1.75 6.6 120 18.4 32.8
2.25 8.5 131 - 20.1 52.9
2.175 10.4 72 A 11.0 64.0
3.25 12.3 95 14,6 78.5
2.75 14.2 67 10.3 88.8
4.25 16.0 31 4.8 93.6
4,75 17.9 6 0.9 94.5
5.25 ' 19.8 12 1.8 96.3
5.75 21.7 11 1.7 98.0
6.25 23.6 9 1.4 99.4
7.25 27.4 Z 0.3 99.7
7.75 29.2 1 . 0.2 99.8

1 0.2 100.0

8.25 31.1

PRINT MAGNIFICATION DROPLET PERCENTAGE CUMULATIVE

MEASURED CORRECTED NUMBER CF TOTAL PERCENTAGE
" DROPLET "DROPLET : NUMBER

DIAMETER " DILMETER '
(48) ()
2.25 5%?5 60 14,9 14,9
2.75 10.4 25 6.2 21.0
3.25 12.3 44 10.9 31.9
3.7 4.2 51 12.6 44,6
4,25 16.0 79 19.6 64,1
4,75 17.9 47 11.6 75.7
5.25 19.8 39 9.7 85.4
5.75 21,7 17 4.2 89.6
6.25 23.6 18 4.5 94,1 «
6.75 25.5 7 1.7 -95.8
7.25 27.4 8 2.0 37.8
7.75 29.2 5 1.2 99,0
8275 33.0 1 0.2 99,3

© 9,25 34,9 1 C.2 99,5
10.25 - 38.7 1 0.2 99.8

1 .2 100.0

11.25 42.5



Tables 12 and 13.
Cal. IIC and IIIA respectively.

PRINT
MEASURED
DROPLET
DIAMETER

(114)
2.50
3.56C
4.50
5.50
6.50
7.50
8.50
9.50

10.50 -

11.5¢C

12.50

13.50

14.50

18.50

PRINT
MEASURED
DROPLET

DIAMETER

(MH)
1.25
1.75
2.25
2,75
3.25
3.75
4.25
4.75
5.25
5.75
6.25
6‘75
7.25
7.75
8.25
8.75
9.25
9.75
16.25
10.75
11.25
11.75
12.75
14.25

MAGNIFICATION
CORRECTED
DROPLET

DIAMETER
g
5.6
7.8
10.0
12.2
14.4
16.7
18.9
21 L 1
23.3
25.6
27.8
3C.0

32.2
41.1

MAGNIFICATION
CORRECTED
"DROPLET

DIAMETER

)
e

w

S - TR W )
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17.2
18.3
19.4
20.6
21.7
22.8
23.9
25.0
26.1
28,3
31.7

o117

The data of calibration slides

DROPLET
NUMBER

DROPLET
NUMBER

57
53
75
80

66
106

-t - = NN &
WWO 2 20 W

= aswheaenvnnnm

PERCENTAGE CUMULATIVE

OF TOTAL
NUMBER

4.7
13.1
20.5
19.2
14.8
1.1

QOO a2pNNO
o o . e o o .
WwwNusese

PERCENTAGE
OF TOTAL
NUMBER

PERCENTAGE

“._7
17.8
38.4
57.6
12.4
83.5
89.9
92.3
94,6
97.3
99.0
99.3
99.7

10¢.0

CUMULATI VE
PERCENT AGE

7.7
4.8
25,0
35.8
51.6
60.5
74.8
81.4
85.3
88.1
90.8
92.7
94.2-
95.4
97.2
97.8
98.1
98. 4
98.9
99.2
99.6
99.7
99.9
190.9
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Table 14. The data of calibration slide Cal. IXIB.

PRINT MAGNIFICATION DROPLET PERCENTAGE CUMULATIVE

MEASURFD CORRECTED NUMBER OF TOTAL PERCENTAGE
DROPLET = . _ iSlee. | NUMBER - |
DIAMETER '~
(MM) . ’ -
2.50 2 0.6 C.6
3.50 13 3.7 4.3
4,50 " ~ 38 10,8 15,1
5.50. ¥ 59 16.8 . 31.9
6.50 70 19.9 51.9
7.50 62 17.7 69.5
8.50 18.9 34 9.7 79.2
9.50 21.1 25 7.1 86. 3
10.50 23.3 16 4.6 90.9
11.50 25.6 16 4.6 95.4
12. 56 27.8 8 2.3 97.7
13.50 30.0 3 0.9 98.6
14, 59 32.2 | 2 0.6 99.1
15.50 34,4 2 0.6 99,7
1 0.3 100.9

16.50 36.7

R
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BACERANE Lt G BRI s

Tables 22 and

length of the deposi

SEQUENCE NUMBER I

FRAME
NUMBER

FILM 10
FILMSTRIP
NUMBER

0A

1A

24

3A

4a

en

77 K
- 8A

SA

10A

11A

127

132

142A

151

SEQUENCE NUMBER 1II

 FRANE

FILM 10
FILMSTRIP NUMBER
NUMBER :
171
182
19A
201 23(1,1)
212 23(1,2)
222 ©123(1,3)
z§$ '23(1,4)
242 23(1,5)
25A 23(2,1)
26A 23(2,2)
27a 23(2,3)
282 - 23(2,4)
" 29A - 23(2,5)
302 1 23(3,1)
312 1 23(3,2)
321 1 23(3,3)
332 - 23(3,4)
34a 23(3,5)

ko
‘
b

- rate of growth of the naxiﬁuiﬁ-
-ing prolonged growth periq@ﬁ&wk

3

MAXIMUM

WIDTH

(M)
1.4

MAXIMUM

LENGTH

(4n)
0.5

TIME
(MN:SS)

i:00
2:01
3:02
4:02
£:03
6:05
7:05
8:06
9:06
10:06
11:07
12:07
13:09
14:10
14:14
14:14

1
9
1

N a2 O
¢ o o o
OO a0

NEswwwiN

® o s o o
8 8 e 6 6 o 6 e
WU"U"J:W—‘-IOO\OQ)G)\J\JO\

g

*
O\O\CCDLU@J‘:MDU‘OUI
NNONNAN VNN - o

%.

MAXIMUM

LENGTH

(nn)
0.0

MAXINUM

WIDTH

(nH)
0.0

TIME
(MM:SS)

2: 11
3:10 -
4:10
- 5:10
6:09
7:07
8:07
9:06
10:06
11:06
13:05
15:07
17:11
19:14
21:17
23:21
25:25
25825

o
.

FLwWWNwLuoO
::c.aua~L=nJo-qoxmruh)oc>c>o

JJAJOOOOOOOOOOOO
] * [ ] “® ] L ] - [ ] [} [ ] . [ ] [ ] L ] *
L SN NI NV NV R
o o
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151

Tables 24 and 25. As in Tables 22 and 23.

ot

SEQUENCE NUMBER III

FILM 11 FRAME TIME MAXIMUM MAXIMUM
FILMSTRIP NUMBER (MM:SS)» LENGTH WIDTH
NUMBER (MM) (Mn) "

1A 0:19 0.1 1.2

27 1:19 0.6 0.9

32 ' 2:19 0.9 1.5

ua 3:19 1.4 1.7

5A 4:19 1.9 1.9

6A 5:19 2.4 1.9

7A 6:19 2.9 1.9

8A 7:19 3.5 "2.1

9A 7:u8 3.6 2.1 »

104 8:19 3.9 2.2

112 9:21 4.5 2.4

122 10:22 5.1 2.6

13A 11:22 5.6 2.7

wa 12223 6.3 L 2.9

152 13:25 6.9 7. 3.0

16A ©13:39 7.0 3.0

183 13:39 7.1 &

SEQUENCE NUMBER IV

FILM 119 FRAME TIME MAXIMUNM MAXIMUM

FILMSTRIP NUMBER (HH:SS) LENGTH WIDTH %
NUMBER (Kn) (M M) '
192 0:05 0.0 0.0 -
202 1:02 9.1 0.1 qg
21A .2:03 0.3 . 0.1 .

221 . 3:05 0.4 . 0.0

23a 3:39 0.5 0.0

262 . 4:05 0.6 0.0 _

252 48U, 0.6 0.0

26A 5:05 0.8 1.4

274 6:G5 1.1 1¢l

28A . 7:05 1.3 1.4

29a . 8:05 T4 1.5

30a 9:05° 1.6 1.6 ’

31a : 10:05 1.9 1.7 : -
32a "11:05 2.1 1.9 ‘ g
332 12:05 2.2 2.0 ‘ -
35 13:05 2.4 2.1

2.8 . 2.8 d

36r ! 13:05
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Tables 26 and 27.

SEQUENCE NUMBER

PILM 12

FILMSTRIP-

NUMBER
oA
12
2
3A
4np
5A
6A
7A
8A
100
111
121
132
14
152
161
172
182
132
201

FRAME
NUMBER

v

SEQUENCE NUMBER VI

FILN 12

FILMSTRIP

NUMBER'
228,

rL

25A
26 A
272
281
29
30A
31
321
33
34
351

FRAME
NUMBER .

AS in Tables 22 and 23.

TIME.
(MN:SS)
“9:19

1:19
2:19
3:19
4:19
5:19
6:19
6:30
6:55
7:47
8:19
9:19
9:44

10:19

10:35

11:19

11:25

- 12:19

12:30
13:19

TIME
(MN:SS)

0:35
1:35
2:39
3:39
4:39
5:39
S: 4y
6:42
7:43
8:46
9:47
10:48
11:50

-

MAXINUM
LENGTH
(1H)
0.0

e & 6 © & o o & 6 o o & s o o

EWN@Dad DOV ODONEFEWAaaONUW-

NN = e cdcd ad cd oD ad ad OO OO O

HAXIMUM

LENGTH

(um)
0.1

VN ELEWWNNN D20
®
VWSO a2 UNEOVELO

NN NONNN D O b Do D 200

MAXIMOM

WIDTH

(ny)
0.0

e 8 & & & o o & 0 e e o &6 8 o & o &
NWWNNOWVWOYONNONUBTE WM =

MAXINUM

WIDTH
(MH)
1.3

WIONNDPNDDODNNDNNND O
. [ ] s e . [ * o L] L ] . .
CwWwoooo~NhnesLswWw-s0oW0

152



Tables 28 and 29.

SEQUENCE NUMBER VII

FILM 13
FILMSTRIP
NUMBER

SEQUENCE NUMBERVIII

PILM 13
FILMSTRIP
NUMBER

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

10
11
12

13

14
15
16

36A

VONOIE WK

FRAME
NUMBER

201, 1)

28(1,2)
28 (1, 3)
28 (1, 4)
28 (1,5)
28(2,1)
28 (2,2)
28 (2, 3)

28(2,4)

28(2,5)
28(3,1)
28(3,2)

28(3,3)

28 (3, 4)
28(3,5)
28(4,5)

FRAME
NUMBER

25(1, 1

© 25(1,2)

25(1, 3)
25(1,4)
25(2, 1)
25 (2, 2)
25(2, 3)
25 (2,4)

25(2,5)
25(3,1)

25(3,2)

-25(3a3)

25(3,4)
25(3,5)

- 26(1,1)

26 (1,2)
26 (1,3)
26 (1,4)
261, 5)
26 (2,1)
26(2,2)

T e T o T 7wy

As in Tables 22 and 23.

TIME
(MM:SS)

1:05
2:06
3:06
4:06
5:C7
6:07
7:09
8:09
- 9:10
10:10
11:11
12:13
13:132\
14: 145

15:14 T

15:14 %

TIME
(MM:SS)

1:35
0:00
2:35
3:38
4:39
5:40
6:43
7:44
T:47
8:47
g:47
10:48
11:50
12:51
14:52
15:53
16:35
16:55
17:58
19:00
19:05

MAXIMUN

LENGTH

(MH)
0.4

EWWNONawaa0
..I. ® o ¢ & o o
o_acmwoxoasocm.a\)wm

SCwodaronuw,

* L[] [ ] L ] . s *
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Tables 30 and 31. As in Tables 22 and 23.

b
SEQUENCE NUMBER IX N
PILM 14 FRAME TIME MAXIMUM -MAXINUM
FILMSTRIP NUMBER (MM:SS) LENGTH  WIDTH
NUMBER (MM) (MM)
1A 0:35 0.2 0.3
2A 1:36 0.3 0.7
3A 2:39 0.4 1.2 .
4A 3:40 0.6 " 1.3
5A 4:43° 0.9 1.4
6A - 5:44 1.2 1.5
72 ' 6: 44 1.3 1.6
8A 7:46 1.5 1.8
9 S 847 1.8 1.9
10A S 9:47 2.1 1.9
122 11:47. 2.4 2.4
13A 12:48 2.5 3.0
142 13:50 2.6 3.3
154 14:50 2.6 3.8
16A ©15:51 2.8 4.3
17A 16:52 3.0 4.6
18A 17:00 3.2¢ 2.6
SEQUENCE NUMBER X
FILM 14 FRAME TIME MAXINMUM MAXIMUN
FILMSTRIP NUMBER (MM:SS) LENGTH WIDTH
NUMBER (MM) (MN)
190 1:14 0.0 "D 0
201 2:15 0.0 0.0
21A 3:17 0.0 0.0
22A u:18 ’ 0.0 0.0 (3 /
232 . 5:18 0.0 0.0
242 6:19 0.1 0.0
26R 29(1,1)° 8:22 0.3 0.0
27A 29 (1,2) 9:22 - 0.5 0.4
28a _ 10:23 0.8 0.5
291 29(1,3) 11:25 - 1.0 0.5
301 30(1,4) 12:26 1.3 0.7
31 30(1,5) 13:27 0.6 1.1
321 30(2,1)  14:27 0.9 - 1.3
332 . 30(2,2) 15:28 0.6 1.2
34 30(2,3) 16:30° 0.7 - 1.1
352 30 (2,4) 17:30 0.8 1.2
. 36A 30(3,1) 17:u44 0.8 1.4



Tables 32 and 33. As in Tables 22 and 23.

SEdﬁENCE NiIMBER., XI

FILM 15 FRAME TIME MAXIMUM MAXIMUM
FILMSTRIP NUMBER (MM:SS) LENGTH WIDTH
NUMBER (MH) (HH)
1 /g)(1,1f 0:37 0.4 0.5-
2 1(1,2) 1:10 0.6 0.6
3 31(1,3) 1:42 0.9 0.8
4 31(1,4) 2: 14 1.1 1.0
5 31(1,5) 2:47 0.4 0.8
6 31(2, 1) 3:19 0.6 0.9
7 31(2,2) 3:52 0.9 1.0
8 31(2,3) 4:25 1.1 ~ 1.1
9 31(2,4)  4:56 1.4 1.3
10 31(2,5) 5:30 1.7 1.4
IR 31(3,1) 6:02 1.9 1.6
12 31(3,2) 6:34 2.3 1.5
13 31(3,3)  7:05 0.1 0.2
14 31(3,4)  7:36 0.5 0.7
15 31(3,5). 8:10 0.8 1.0
16 8:42 1.1 1.3
17 ' 9: 14 1.4 1.3
18 9:30 1.6 1.4
SEQUENCE NUMBER XII
FILM 15 FRAME TINE  MAXIMUM MAXIMOM
FILMSTRIP NUMBER (MNM:SS) LENGTH WIDTH
'NUMBER (MM) 1 u)
19 0:33 0.4 1.3
20 . 1:06 0.7 1.5
21 1:38 1.0 1.7
22 2:10 1.4 1.9
23 A 2:42 1.7 2.0
24 ‘ : . 3:14 2.1 2.1
- 25 3:44 2.6 2.2
27 ' 4:47 3.4 2.4
28 5:18 3.6 2.5
29 ’ 5:48 4.1 2.5
30 ‘ 6:19 4.5 2.5
31 : 6:51 4,9 2.6
32 7:22 5.4 2.7
33 : 7:52 5.9 2.9
34 8:23 6.4 3.0
35 8:55° 6.9 3.0
36 9:10 7.2 ~3,7
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f the deposit as used
11

The dimensions o
for estimating its volunme.
SEQUENCE NUMBER

I

Tables 34 and 35.
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Tables 38 and 35.

in

As

Tables 36 and 37.

A
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VI
BEAN
TOP/
BOTTOA
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(88)
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SIDE
WIDTH
(48)°

STQUENCE NUMBER
(84)

DISTANCE
FROM
SUBSTRATE

As in Tables 38 and 35.
FILA 1Z

v
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" MEAN
TOP/
VIDTH

MEAN
SIDE
KIDTH

Tables 38 and 39.
(na)

SEQUENCE NUMBER
1n)
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Tables 34 and 35.
SEQUENCE NUMBER VIII
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Tables 40 and 41.
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35.
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As in Tables 3!
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Tables 42 and 43.
Ix

SEQUENCE MNUNMBER

"
x
o
™~
o
t
- 3
= ©
. Om -, -
I/TT)899677004“3IG531 .
‘PvTDa-ot-o.onntu.ntno
Enu07¢BnUT.l1-.01.11n11-14|0n00
THO =X~ n
n
=3
= -3
= . O
~<aarg 09u10000217’88u2 =
ey e -...-.....--o.-o
TR — OAU1|1.1.1.l1.1.lnvonunvonu x
=
=
=) Q
m & o
T Q - (4}
- = 24 .
P [ S . -
LT U)X Bafspauq324|3.l21auqu7 -
o ms .--..-n.-c-n-T
Mot D~ OAWO.UnvOnun.Onvonvonunvo o]
fa 0 L A [
-]
o:
ENHE LozOoONTMmg T o TOVON O ADONOCOO LM
APTD.&.-.-ooo..o-nclnn..o-..o-
BOOIﬂ22nl1111111’1111111127;21100
N0 R~
=
BB B
<oAax 0I006.°68667,0123“55521637820
ICRORTR noaocovun-uooo-nanitucchn
T~ NN M 2 e TTITITIMMe0CO
%]
[ ] ~
20 -
- [ 4
-
EfxL D 1;11.U:«6-ln09.di.2«3u.5,b1.8,9nu7.ﬂ OO N
-l O M -.-..nn.-onnn-‘-v,---no
lalal -2 0000000001’1111’1112222233
e Qa0 .

RN

all

TOTAL GROWTH VOLUSE 0.16E-01 cy 3



161

Tables 34 and 35.

in

As

Tables 44 and 45.
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