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‘ T mBSTRACT . L LT

€al ’model‘ incqrporating"heat : transfer theory with

. o S
cylindriga geometry has been developed to investigate the Sublimation

rat of dry ice pellets in clear air and simulated cloud ’A.vserrés of
' L ' R
;//thnrty two experiments were conducted In the UnlverSity of Alberta FROST

icing—wind tunnel, and nine aircraft drop experlments were performed toi_'

verlfy model predictions of the sublimation rate.

Ed R . -

The principal conclusuons drawn from thls study are: (a)’The—“hDST

'icing wind tunnel is an. appropriate faclllty for conductlng subtimat ion
rate. experiments. and may also be useful 'for,-investigations into Ice

crystal production' rates. (b) In spite of the usf of several

. \

'simplifying assunptlons. the cylindracal model predlcts the subllmatlon

: rates of dry ice pellets to wlthin 10%. when compared with wind tunnel_
. )
. observations. (c) The model predicts the fall times of cylindrical

pellets to within 102—15%, when compared with the free—fall experiments.
(d) Cloudy and saturated conditions. with high temperatures. enhance the
sublimation rate of dry ice but,. cloudy and saturated conditions, with
cold temperatures do not make an appreciable effect on the sublimation.
rate of dry lce. (e) Numerical simulations of freely—falling,pellets
suggest pellets with diameters of between 0.5 and 0.6 cm for efficient

use of dry ice when dropped from the —10 °C level.,
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CHAPTER 17> - y
INTRODUCT 10N ' -l

The manipulation of weather ta-his advantag:/has been a dream of
man for .many centuries. In its infancy, this ambition was limited ‘to
local need (raf; for a patch of corn), and the methods were primitive
(raip | dances  and .lighting fires, ;Heéé;f97h). As knowledge‘ of
atmospheric processés inCreaged, mén's: abpréach to this dream was

directed toward scientific consideration of the possibilities of
Al . .

altering these processes.

The modern era of weafhér modific;tion was ihitiatéd by Schae%gr :
(1946), when dry ice (solid carbon d{;xide,, was serendjpitously:used in
his gffort# to discover a material to nucleate frédezing in supercooled
clouds, This event led to his discovery that dry ice can produce a host
of ice embryos when inserted iato a cloud. He observed that the
concentratloﬁs produced by a tiny bit of dry ice were high and the ice
crystale were very small. The mechanism by which dry ice produces large

amounts nf ice crystals in its wake while falling through a supercooled

< . o _ Co
cloud was fanund to be hoamngeneous nucleation from,the vapor phase.
. . i E
i
The recent revival of the use of dry ige as an alternative cloud

| »
seeding agent, (Schaefer,1976; Holroyd et al,,1978; Silverman,1979:
English and Marwitz,1981), has renewed in:&rest in the sublimation rate

of dry Iice pellets. Know! e of the sublimation rate, to aCcurétély



a

‘predit':t the distance that dry ice pellets will fall, is e-ssential if the
dry ice 1Is to ‘be used ef‘f.lciently in cloud seeding operations. With
suwch information, an optimum peliet size may be selected for a given
mission,( provided that the pellets can be ‘produced to whatever
specified size ). The‘_stbl_ima‘t on .'rat.'.e-Is also an important parameter
for numerical modellers to. use in .thelr‘ studies simulating the effects

of dry ice seeding oh cumul us clogﬁs (Kopp et al.,1979).

Some previous studies have been conducted to determlne the
swlimation i'_ati: of dry ic\e pellets. An investlgation, (Mee and Eadie,
M”. was undertaken to find a means of increasing the efficiency of
the dry ice cloud seeding} process, and to develop field techniques and
equipment for U.S - Army persopnel to dissipate whiteouts. ‘Several‘
exper iments weré éonducted in a vertical wind—tunnel, to establish‘the
tim& requiredl for the complete sublimation of dry ice pellets of a gi‘ven
initial 'mass falling at their terminal velocities. From these

measurements an empirical expression for the total sublimation of dry

ice as a3 fun,é.ti’on of Initial mass has been proposed.

Another study, ( Fukuta, et al., 1971) was conducted to Iinvestigate
the effectl"\:/eness (the number of ice crystals generated per gram of dry
ice stblimed) of dry ice, FEmpirical equations for the suwlimation rate
of dry lice, terminal velocity ahd pellet surface temperature were
obtained. Both of these studies have assuned the pellet gednetry to be
spherical, and they »yeeres limited to sd:llm_atlo'n lr'i'cT"e.gr.air. L

Summer cumulus cloud seed ing exper iments (English and Marwitz,
o ) =3 R S
1981) have been conducted as part of the Mberta Hail Pro_]ect sTnce

1978. Three seeding treatments: . dry ice pel.lats. silver lodide fl ar-e_s.*-
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and placebos are appljed to these clouds. The dry ice pellets used in **

these experiments have Been obtained cammercially in cylindrical form.

A few quest[ons that needed to be resolved wereg a) .Hbuldn't a
‘SLbllma{lon rate expression based on .cyllndrical geometry be more
" appropriate to u for; these'exper iments? b) Does a cloudy enviromment
.affect the -smaimatlon rate of the dry Ice? A study attempting to
Jén%werlthese questions was initiated, and the_resuifs are presentee in

this thesis.

The approagh taken in this thesis Is one which incorporates both
theory and experiment in an attempt to examine the sublimation“rate of
cylindrical dry ice pellets hoth in clear air and simulated cloud. A

descrlption of the theory and the model wnll be presented in Chapter 2.

Laboratory experiments carried out in the University of Alberta's
FROST iéing—wind tmnel are discussed in Chapter 3. Their pm}rpoée wa:s;‘i .
rto test the the theoretloal model . Descriptions of the FROST tunnel

capabilities, the exper imental procedures: followed, and the data

'

analysis techniques used are presented. The experimental results and
ccmparrsons with the theoretical model predictione of changas in

d iameter are 31g0 presented afid discussed.

Several fieald experiments were conducted in which eylindrical dry

fce pelliets were dropped from an aircraft flying at a known altitude.
R e ;
" These" experlments aﬁe discussed in Chapter 4, The numerical model

o

fﬂ«developed in Chapte;r 2 wé;"' modified slightly ‘to investlgate the

-

B v swlimation&of cylmdrical dry \‘ce pellets falling at termmal velocnty'

el

-vthr«ough the atmospher®, The purpose of these experlments was to provide

., a chetk on the free-fall model predictions of the time taken to reach

-
—



the surface, and theé final diameters the pellets achieve. A description
of the free-fall model, and discussion of the results from these

experiments are presented’-
. . . . :v ¢

&y,

Cdncluslons and rechmendatlons.for-future work are presented in

Chapter 5, Lot



CHAPTER 2

THE - THEORET ICAL MODEL

2.1 Theoretical Model Description )

A theory is presénted for the sublimation o% fi;ed, cylindrical dry
ice pellets in a moving, saturated (with respect to water ) ?{oudy
airstream. A heat flux balance (Lozowski et al. | (1979)),  at .the
éurface " of the cylindrical dry ice pellet is assumed, The heat balance

2

equation can be expressed as:
. :

' Qc * Qes * Qs * Qr M Qd =0 ¢ (1)

wherg' QC is the total rate of sensible heat transfer from the airstream
to the pellet by conduction and convection (considered negative), Q. is

the total rate of heét transfer to the pellet due to the-sﬁblimation of
water  vapor onfo the dry ice (consiﬁered negat}ve). Qs is the heat
;bsorbed by the pellet due t~» the sublimation of the dry ice it;elf
(considered posigive). Qr is the net heat transfe; due to radiation
(considered negative), and Qd-is the sensibla and latent heat released

due to the cnoling and freezing of impacring warer dinplaets (rongidaer ed

negative).

End effects are igrored in the current version of the model. That
is to say, sublimation Is assumed to occur from the cylindrical surface
on]y éﬁd not frqm the ends of the pellet. Furthermore, It is assumed
that the sublimation takeg.place uniformly both.around the circunference

o .
and along the length of the cylinder. Thus the pellet, in the model,



retains its cylindrical shape and a constant length as it sublimates.
‘In order to stfictly satisfy the cylindrical shape preservation

assumption, the pellet would have to rotate about itsAongitudinal axis.

The individual terms of equation 1 are described as follows:
| . ‘ '
The total sensible heat 'ﬁfansfer from the airstream to the

cylindrical surface by conduction and convection is given by:

Q= nDLh(tS-ta) - | (2)
_ . N
where D is the cylinder diameter, | its length, h is the heat
transfer coefficient, and ts and ta are, respectively, the pellet
surface temperature and the afrstream temperature. In the present wor k|

. the pellet surface temperature is taken to be ~100 C (Fukuts, et al.

1971),

The heat transfer coefficient h ig related to the Nusselt numher

N via the Aef inition:

' kaNu (1)
) "'ﬁ -

where & is the thermal conductivity of air at the ambient ramperatiy e,
4 a .

N 1s the cylinder diameter and Ny is the Nussalt number .

The Nusselt number was calculated using' an expression given hy

Zvkauskas (1972) for smonth circul ar é}llnders in a cross flow of air:
w  Nu ~ 0.26 ReDS (4)

This expression is valid over the range 10?§Re_§105- which includes the

Re ranée of practical interest. An alternate method, using the results

. 4]
from the wind tunnel exper iments to determine a relation petween fhe

-l



Nusselt and' Reynolds numbers was also explored. These results are

Abresented in Appendix A.

The total latent heat transfer due to sublimation of the water
. f
vapor onto the dry.ice ig given by (Lozowski et al.: 1979):

.63 EI
Pr .
%, = ~moLa(£E) re (e, (e (e (s)
where Pr is the Prandt] number of air, Sc jg the Schmidt numher f%l
water vapor in Bir , - is the ratio of the molecular weights of wat#r

vapor and'dry 2ir, 1_ is the specifi~ latent heat of sublimation of
' s

*

water at the syrfaceae temperature, P ig the staric pressure in the free
stream, - is the <pecific heat capanlity of dry air at constant
P
pressure, o (t ) i the satur at ion Vapor preassure nf watey vapor in the
As

air, at the amh ient temperature, and e (t } is the ssturation vapor
S
‘ -
pressure of water vapoar at the gur face temgerature of the pellat

The saturation vVapor pressure of water vapor at the surface
temperature is so much less than the saturat ion vépor pressure at the
amb ient temperature, that It can he neglected and is assumd to Ko r..

The derivation of rthig expression is. presented in Appendiv R,

The rate of consumptinn of latent heat required to give 1ire ..,
Sibh1imation rate Am Ay { acciimed negar i un) e gl en Byt
dm
Q L, Aar (6)
where m is the mass of the dry ice pellet, and !/ is the specific

S

latent heab of subllmatlon of dry ice at the surface temperature.



. Thé heat transfer due to radiafion is given by:

4

Q. = -o(T} €y = Toe) oL (7)

)

wherg O is the ‘Stefan-Boltzmann constant, and ean' and 'ss are the

emissivities of the surrounding air and the pellet surface.

The heat transfer by the water droplets can be conkidered as a
thrée stage processt the heat needed to cool water drOplets.to d’C;
the heat needed to freeze,thé droplets at 0°C énd the hear needed to
cool the frozen droplets to the pellet surface temperature. Thic can be

evpressed asg

b

Od =~ -(c R (t - 0%y « R Le + c RW(OOE - fs)) l (8)

w W -} w

where ¢, is the average'speciffc He?ﬁ‘caPQthY'O' water befwgnq}’}é and

"

nc, Rw is the mass flux of droplef q;&ilectéd per unit time, L. is the

f'
specific latent heat of freeiing_at TC. ard ¢, is the :veraQE'zSpecifiﬂ

heat capacity of ice betwean 0"C and L - ‘

The contr ibut inne tc the heat balance due tg the water droplets and
radiation bhave been neqg'~ted in thm model . Th; ingf?f‘cat78n fe fanapA

e Appendiv C.

Sub st v g eviM Amecinng (2). (5)' ahd (A inte equat ion (1)

vielde,

X
dm _ WDLhPt ¢ )- Pr Fls o () (9)
dt I:' s s Sc Pc a '2] : '

o



Substltutlng equatlon (3) into (9). expressing the mass as

D2 Lp /b4, 'where ‘pc ‘is 'the. dry ice pellet density (experumentaiiy

determlned to be 1.4 gcm ) ‘and taklng " to be constant we obtain ‘the
foilowing relationship: - )
‘ 155 L . A
dp _ ,ZkaNu[(t it )- (Pr ‘ i_e (t Z| , (10)
‘.chéD s "a Sc Pcp :

An analytic soiutlon to this reiationshlp exists when the amblent
cond:tlons (temperature ane wand =peed) can be held constant ilke in a
wlnd.tuﬁnei.‘ The solution ig rresented in Appendix 0. However, a
nunericai techeiqée wée’ used to. =olve this relationship sinte the
numer ical modeivwas aise going to be used in simulating the free-fall
exper iments where eoqditions are not constant. Cemparisons were made

- between the numerical solutinns and tha an~lytic solutions. The results

were within 5§%-10% of each ~ther,

The effect of reiatiye humidity en the sﬁbiimatibn*Arate can be
inve§tigated by suﬁstitutinénthe aetﬁai vapor pressure (the saturation
_vapor pressure muitnpiied by the 'eiative humidity) for the satur at ion
vapor rressure ., in equation 10. Measurements of the reiative hUMIdity
within fhe test Jsection ,Seth‘ wirh the sprays off and on were
unfortunateiy never"made; ~ Consevwontiy, the actual vapor, pressurn in
the test §eeti0n was not knoyn.b Howe ver , when the Sprays‘ wera on the
relative "humidity was aésdmee to be 100%. Thus tﬁe Qec term was

. - : <
retained in ciodzy conditions, but it was ignored in clear air.
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El

2.2 SensitiVlty Tests °

The most common way of nunerlcally so]vlng a differential equation
niS to find an approxlmate expression for the derlvative apbearlng in the
equatlon.n These approx!mate expresslons are formed usIng dlfferences of
the dependent variables over finite space and time intervals. This

. A
approach is called the finlte dffference me;hod “and the 'resulting

algebraic gquatlon is called’ a finite dlfference scheme to thatfw

dffferentfal edqatlon;.

A forwdard dlffeféncfng finite dlffafence(sahema was uaed to ‘so]ve E
equation 10. The model was run varylng the time interval to check the
numerical accuracy of the solution. The .experimental conditlons ‘used
ware T- -lo0°c, v-1hms'1. and time intervals of 10, 5 2, 1, 0.5, and

O 25 sec. The results of these experiments are tabulated and appear ih

:"'Tabla 1.

P 5",,»'
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At=0. 25sec

Atm2sec

At=10sec

marginally.

difference scheme would be adequate, and all smsequeﬁt models werm

Sensitivity test rq@sul ts

< time step- increasesfrom.o_. 25 sec to. 10 sec

the error

with this scheme, using a time step of 1 second.

- ‘predlcted dlameter after 7 mmutes are w1thin uz of each other, -

At=0.5sec At=1sec At=5sec
Time ..  DIAMETER |
(sec). . % (cm)
0 1.5 1.5 1.5 1.5 1.5 1.5
60 .1.3"6“.51.« 1.361514 1.361562  1.361621. 1.361766. 1.361994
" 120 12217016 1.217147  1.217250 \1.217377'1.‘2‘_._17700 1.218212
180 1.065357°  -1.065560: "1.065732 1.065948 1.066501 1.067381
240 0.904547. 0.904809  0.905050 -0.905377 0.906239 0.907621
300 0.731349  0,731670 0.731997 0.732L81 0.733798 0.735919
360 0.539680 0.540097  0.540572 0.541323 0.543413 0.546778
420 . 0.314613  0.315248 . 0.316063 0.317439 0.321308 0.327456
Table 1 - )

~ The results of these tests*indlcate that» t«he dlﬁferences, Im khe -~

_increases only

These tests indicated that the forward differencing finite

As the

run

=



CHAPTER 3

o THE WIND TUNNEL EXPERIMENTS

3.1 FROST Tunnel Capabilities

The icing wind tunnel is situated in the Department of Mechahical
Engineering and was designed by M. Sroka (1972) and Prof. G. ILdck.

FROST is an acronym for Fundamental Research on Solidification and

" -Thawing.

A pl"én view of the icing wind tmr;el is shown in Figure 1, The

tunnel has an octagonal cross—sectional shape with a diameter of 0.46 m

across the flat plates in the working section. The alr is impeliled

¢

through the tunﬁel by a 22 kW constant speed élactric motnr direct
coupled to a fanA. Vekocity control is achieved hy adjusting a set of
vanes immediately downstream of the fan. The air is cooled by a 30 kW
refrigerator sysiem. The spray system consists of rour. pneumatfc
atomizilg nozzleﬁ; capable of préducing water dinplets with d}am;gers

typically ranging between 10 Um to 100 um.

Theé icing wind tunnel is capable of producing alr speeds up to §0

" ms~! in dry. air and 35 ms~'with the spfays onh ', 1iquid water contents up

to-3 gm~3, and témper at v og den to -18 °C. The rapid accumulation of
ice especi?lly on the turnirg vanes (Gates, 19R1) accaunte frr the

difference in maximim a1/ wrefd with rhe <praye ~p

- 12

v
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3.2 Exper imental Proc;:dure
In the exper iments we measured the rate of dry ice sublimation in
an airstreanf A cylindricai dry ice pellet with a measured diameter and
Jength was suspended by means of an insulated clamp In the center of the
hé om diameter test section of the tunnel. The cylinder projected at:
least § cm beyond the clamp and was oriented so that, Its longitudinal
axis was perpendAlcular to the airstream, The airflow was then started
and photographs were taken every 10 or 15 seconds looking along the
ceylinder axis, to dotument the gsize and shape change of the
cross-section, An ASAH! Pentax camera ~quipped with a supe:
mt;ltl~coated HAC#O Takumar Ttk 50rm lens wa< us~d to photogr aph all the
evper imantsg, The suhlim:oglon w3s followed to the point vher e the
cylinder haeacame en small that it brokm 1 er of the clamp gnd woe Svept,
down  the tinmpel . Because the oylinder was clamped in \;\ fixed
orientation, its cvo<s~-sect~inn did not r~main pet fectly citrnular ag it
stubljmed, In fart, It e.ve.nt"uaily achieved » vedge s'ham.-., 3s ~an be caen
by the aﬁalyzed craoss-sactions depicted in Figure 2. Thece ret'vl';s are
from axpa: jment F. confwmted 3¢ an initial temper "tuwr e of 18 ©  -pq g

2it cpemd ! v we Y Th - YotoTrarhg  wwr e  faben ~¢ 10 et
n

‘_‘-7«19.

Taove o WY v [ ' . L T 1’ 1 W ' e ”'lqv. R I [
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Figure 2 ‘ >
The anal yzéd cross—sections of a dry ice pellet;

)
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-In order to make- av‘compafrl;on with the theory |, _therefore, the
cross-sectiqpal area vyas measur ed and van :equi\.ralent' e‘i‘rc'ul ar-'diameter -
was}.ca]cufated. 'Fhotog‘r‘aphs were taken every ._ m,i"nute'_ in‘ sd«ne" o:f" the
earlijer exper iments. . to check for changes ‘in length S‘ub:s.equent;
analysis revealed that the lengths did not change by more than 102. f»'rbnx'
the original measurement of the length. during the entire duratjon of
the experiment. (As an exanpl‘e'; during uperiment 10 the dlameter""
cnanged from 1.140; cm to 0. 80 cm : after k- minutes of elapsed tlme.;(

while the length changed from 7.80 om  to 7-15 cm after L minutes)

In order to simulate the suwlimation rate of dry ice pellets
.
falling through a cloud, some experiments were conducted in the FROST
tunnel with the sprays on. Figure 3 shows the pellet ipn the working
N

section of the tunpel with the sprays on, The wake of the pellet can be

clearly seen,

The measur ament of the liquid water content wae accompl fshed by
measur ing the mass of ice acoretsd an 3 rotating cylinder (Del.n"enzi';,

1780,

The wind spemd In the working sectinn was determined hy taking
ohservations of the water fillad U-tube manometer . which measur eg the

pPressure drop across the contraction, and using s

AP =120 ' S(11)

- - - - “ .
"

where Ap s the 'd'ynanle _Vpreé'sur'e‘p."“V is the alrspeed. and VD 'is the

a

) density of air evaluated at the temperature and the pressure (930 mb) of

’ t"_h“e worklng sectlon. oo Tht’s~ formul»a «-.aSS.Llr_!S,S . that t-he aflir; s

R

R T

R
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_invc.qnpr"es.sible which’ may Iintroduce errors that are in_os_t likely small

since themaximuh wind speed was 31 ms~!,

The temper.ature in the working section was measured before and:
after every exper!mentv using a thermometer. Difficulties In malntaining
oo e L . , ‘

a constant temperature for the duration of some exper iments were due to

the heat energy caused by t‘he friction of the airstream on the tunnel

PR S S - I

: waHs. . ~temper«atune ba}anceu Js achlgved when the, fl:' ictibhal: ?he‘at ‘

energy production rate ls In equi]lbriun with the heat transfer through

the tunnel walls.' This balance at times took longer than, the time

0 required to comp1ete a ser ies of exper lments.

A total of 32 experiments were conducted in the FROST tunnel

varving the temperature and airspeed, and with the sprays on and off.
¢ >

The evper imantal conditions are summarized In Table 2.,
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b4 ' Figure 3
A dry ice pellet suspended In cloudy air;,in the FROST tunigel.. The wake.. .-

is clearly visible o )
e . : 5 : : C
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] Temperature Velocity LWC  Time To Initial
Run No. (°cy (in #20) (ms™') (gm®) Breakoff Diameter Comments

b .- . .- Before After Ap .- (sec) (em)
1 26.5 26.5 0.10 7 0 ho- . - v.27
2 26.5 26.5 0.40 14 0 70 1,27 photos-every 10 s
3 26.5 '26.5 1.70 28 0 100 1.27
'""_"""'—f - R ———
. 4 18.0 18.0, 0.43 14 0. . 228 1.48
5. 8.0 19.5 .0.45 14 .o .3Q0 1.54  photos every 1n ¢
. 6 19.5 19.5 0.43 14§ — 290 1.53
7 19.5 19.5 0.43 14 — 170 1.52
8 ~10.0, -10.0 0.40 13 0 362 1.54 .
9 -10.0%~10.0 0.40 13 o - 396 1.59  ,phvtne mvary 1€ g
10 -10.0 -10.0 0.40 13 0.45 391 1.63
11 -10.0 ~10.0 0.40 13 0.38 300 1.61
12 -10.0 ~10.0 0.40 13 1.40 342 1.54
13 -10.0 ~10.0 0.40 13 1.7? 363 .64
14 -10.0 ~10.0 0.40 13 0 308 1.43
15 -12.0 -12.0 0.45 13 0 330 1.40
16 -12.0 ~12.0 0.45 13 0 390 1.41  phatnc every 15 ¢
17 -11.0 =11.0 0.40 13 0.42 420 1.36
18 -11.0 ~11.0 0.40 13 0.65 Lo2 1.35
19 . 2b.0 24.0 O -1k - - Q- 343 . . 1.52
20 32.5 32.5 0.42 14° 0 238 1.40  photas rvery 16 %
21 - 32,5 32.5 0.%k2 14 0 295~ 144 ,
22 32.5 -32.5- 0342 V¥4 - - 3,08 20k 1.62
23 ©32.5 32.5 0.42 14 3.08 154 1,61
24 34.0 34,0 0.43 14 0.46 223 1.60
2551_. 34.0 34,0 0.43 14 0.46 159 1.65
26 27.0 30.0 0.43 14 0 243 C1.32
27 30.0 32.0 .52 16 0 247 1.39
28 320 34.1 0.52 16 0 182 1.24  photos every 1¢ «
29 “3k.1 35,5 0.52 1g 0 112 1.62  for exp 76-30_
30 35.5 35.5 0.52 16 0 240 1.54 :
3 37.0 37.5 2.00 3N 0 80 1.45  photos every 7.Gs
2 37.5 37.5 2.00 3 0 165 1-52  for exp 31-32
. X : . . - S ey e el
v : Table 2

Summary of Experimental Conditions
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‘3;3 Exper imental Observations at High Temperatures

e

A Fpta]}of twen;y-qne“bXpérimenis?;éré—cérf?é&'putla;‘.témpef;tures
’ ;bove d °C. Six of these éxperiments were cohéucted with the sbrayé'on.
in order to fnvestigate the effect of cloud on the sublimation rate of
dry ice. Refrig;fation‘ prbbfbms experienced after cohducting
exper iments.6 and 7 ﬁré&énted the m§a$Qr;ment of liquid water contents.

A rotating clamp was designed for exper iments 26 through 27 to =liminate

the wedge shapes of the earlier expériments.
& . :
The results of the exper iments carried out in high temperatures

with the sprays off are presented in Figures & through 12. The smonth
c«nr\;eg represent the model predictions of the change in  equivalent
circular diameter with tima., The jaqged linms join the experimental
observations obtained from the analysis of the photagraphs recorded
eQery 7-5, 10 or 1§ seconds. T™e spacific tfme intervals are.indicated
iﬁ Table 2. The temperatyras in £he rwérkingi section of the tunne)
var‘féd. from 18,0 °C to ‘47.5 °(‘. Velocities in the twne] were
maintainad close to 14 me"' with some running at téms~ ! Exr*ei‘irﬁents 31

. <
and 37 were conducted at a much higher velocity of 21 me™' in arder te

4
test the 1ecpance nf the model to such extreme conditions.

The differences in the injtial rellet diameter, hetween exper iments
condicted upder the same conditions, sometf;es varied by as much as 0.11
cm, Herce, after the photographs were analyzed, the -exper imental curves
were shifte; to a comman !nifial diameter, for compar ison with the model
predictions. This technique also provided additional information on the

measurement variability encountered anong these exper iments.

*
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1

fhew.ﬁéde} ’bﬁedictfoné géner;l]y were ;wfthin 10%-15% of the
exper imental observations . ‘y&)od aglreemen}:: was shown for the first 90
to 120 seconds; however, there was‘ 8 tendency for the model ¢o
overpredict .ihe snt;jin;étjonv rate . especially * st long . times.
D,isci'e;::anc'i;';s mfa“y ‘be.'due to erroneous estimation of dlamefer due to rime
observed forming on the pel]u.e‘t. which was subsequently blown of'f. Al so
the pellets after some time Wwould sometimes slip In the clamp and not
be perperdicular to the airstream. again giving an over -estimate of fl{e
diameter ., The shape char\ce‘from circular to wedge also contributed to
the discrepancies. Annther possible sout:ce of arror may be due tn the
nlamp's effect on the’ a_i(. flow L pAttern  around “he mllet: - The
variability f,. %tuai neller densi*v  could also be a corce of
ﬂVvafmantn; error. Some pellets could be mpre denge *han 1.h gom~3,
and would not sublime as - quickly as pre(dmt-d A msstblllty aiso
‘A existe rhlat the model assumption of a d"y .ice surface té?npéraf:ure of
‘100 °C (Fukuta."et a].'.1971) may be an overestimate. A colder surface

wauld Imply » higger h&at flax and hence a faster sub)imatinn | atm.

The pwr pace in using a3 rotating ~lamp in the last ser jes gf

.
experiments, was to try to aliminate the shape change problem identifiad
In the e.,a'r],.ier exper,lménts. th;t; modif’icationA did ludeéd mgke the
analysis aof the photographs masjer. The Variabhility between expariments
is'not as great, as seen in Fiqure 12, In fact the observatians were 317
within 10% of each other. This agreement between exper iments could also

be attributable to a more uniform sample of dry l‘ce obtained from the

-manufactur ing campany.
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The results of the experiments carried out in warm temperatw »¢
with the sprays on aré presented in Figures 13 throug‘h 15. Coinpa(isons
with the brbnodel predictions for the first 2 mlnuté;‘ show rea§onébly goo;i
agreement. .. The pneumatic atomizing nozzles were not functioning
properly ‘du.réng exper iment 6, result'ing in a poor distribution of the
spray in the working section. This may ac‘;:omt for the poor agreement
with the model predictinns, Again 3 laymr of fr;-osr w;-;s observed forming
on the swurfaca of the pellet, possihly accounting for discrepancies in
diameters. Jhe results in Figures 14 and 15 suggést .t.hat the Jiquid

vater content has Jittle effect on the cthange in diameter .
@ . -

- N P

3. [3 ‘

A direct comparison between the model predictions and exper imental

obsarvAtiong when the sprays are on and when they are-off Is difficult

to make hecause the experiments did not begin at the same diameter

>

However , by -:hiffh?g the crves to a common diameter a camparisan can (’e
made. A de~rease of 38%,in dian:eter Is predicted after' 90 seconds,
(Figure 6), by the model‘ when the sprays are off. A decreMe'. nf RI% in
di'aﬂ\wtev‘ Is predicte” after 90 gaconds, (Finure 1%}, by the modal i!"""

the SPUAys ars on, Th e the affe~t o' the alnud is tn enhan~a *he haat

Yooy lmy Al by pd EOEEE Y A B R N o e Ve Yy,

\
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Same as Figure A,

Same as Figure 4,
32.5 °C. ’
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TME (SECONDS)

Figure 5

Conditions for expe' iment 19 were; 1h ms ', 24 °r.
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Same as Figure 4. Conditions for experiment 26 were; 14 ms~! . 28.5 °ocC.
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Same as Figure 4. Conditions for exper iment

JIAMETER (CM.)
5
/
AL

R vwer e, 14 m~ R 4 B

4

29 were; 16 ms'? , 34.6 °C.



i 0 . - < : 1: “or .- - -
N
| A Y T
: ~
Exp 30

>4 AN
oo} ) <
B

0.8 4 ——y
z \\\ '~
< AN
2 0.7 F ‘\\ ~

0.6 AN

Q.5 |-

Y N t

0.3

0.2

v A :

[e] ke T4l <0 w 70 =0 "y L3I

TWAR (SECr Y Ing)

Flgwe 11

Same as Figure 4. Conditions for expar iment 30 weraea; 16 me! 35.5 °C.
¥ . %



29

=
Y
¢lean [ o - - - [- -4 > - o -
- m o g ra 1] .~"E_, % .
z
X
[a]
- TIME (SECONDS)
; Figure 12
Swe as ridllle h. COl\di",nns for e’(r\ﬂ.l ‘mmft 31 and 39 ar my .2‘ e -1
LY o ’ '

JAMETER (CM.)

L(WWES _,_,.....,.‘._‘__._ IR | I
0 80 - 80

TIME (SECONDS)

Figure 13
A"‘cauparlson of theory and experiment at . warm temperatures with the
sprays on., The heavy lines are the theoretical prediction, and the
jagged lines are the experimental results. The conditions for
experiments 6 and 7 were: . 14 ms™!, 19.5 °C, LWC was not available. -
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DIAMETER (CM.)

Same as Figure 13.
32.5 °C, 3,08 gm=3,

Figure 14

Conditions for experiments 22 and 23 were;

LY

30

14 ms'1 .



MAMETER (CM.)

TIME (SECONINS)

Figure 15

Same as Figure 13, COnditlbné for exper iments _Zkanq;,zs weres 14 m;“ .

31'-0 OC.

0.46 gm—3,



3.4 Experimental Observations at low Temperatufes

A total of eleven exper iments were capried out at temperatures
below 0 °C. Six of these exb’erimé&ts were c%nducted with the sprays on,
in order to investigate the eff?ct of cold clouds on the swblimation
réte of dry“lce., In all caseas photographs »;erg-taken every 15 seconds.

The results of experiments conducted at ~old temperaturms with the

srw'a\'/s of{ are presented in Figires 16 and 17. All these axper Imentc

-

v

wer e gare ied o;lt at'a.n :;irspeﬁd nf 13 v;vs-“1 . and temperaturas of 10 °C
or 212 7"C. The sublimation of the pellets s expactad ta take langer .
since the temper ature gradient bhetwran the enviromment and ‘the prllet
swfaca ig not 3« cteep ag when the anvirarmmental temperature is ahcve 0
oc. The madeal predictinne  shov  very nood ° agreement wirh t he
exper imenta) ohservaticong, The tendency far the m'»dpl' to nverpredict
the cuhlimatiop rate is mﬁ e ohyvicge ne Ty the hig'- Yraper atin m cagee |

Far Tt 1e etiid ovidenr

The effect af ambient temper atr e on the «blimation rate can  bhegt
be geen by compar ing Ffigues § and 14, Using thea ehifting ~urve
rpchnlqun' t he mordal prod'c"t a 0% change in diameter (”gu" 16).
afrnf A0 secandg nf ~lapsed time. when the temper 3t g 10 a'\;f the
alrepemd Is 13 ms ', Whean the temperatiy e ic 37,6 °C gnd  rhe aircrand
Is slmilar, the made!l predicnts a 21% rhanga In dlameter . (Tiquge )

afrer £Q ceconds Af run time,

¢ v :
The results of experiments carr led out at cold temper atures with
.the sprays on are presented in Figures 18 and 19. Exper iment®

10,11,12,and 13 were conducted at an airspeed of 13 ms™! + @ temperature

of —10 °C, and liquid water contents of 0. 4% gm'a. 0.38 gn=3, 1.40 gm=3,
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and i.729m”3 respectively. The results of the model are in good
agreement ywith the observations. As the lTiquid water content increase¢.
the observatfans show a decrease in the d‘iameter. but they are al!
within 10% of the model.prediction, suggesting that the !'lquid water h:-;s
little effect on the sub)imation rat?. A decrease of 14,2% in the
dhameter af'ter 90 seconds, (Figure 16) is predicted ty *he model when
tf"n.-‘spr'éys arevn‘ﬂ, A decrease of 15.7%, (Figure 18) i¢ nredicted by
the/ Mel when the SPY ays are on. The inclusian in the moderl of the
deposition of water. V§por and ite 1arant haen', wher the epr ays are -on,
:ppear; ro ha;/v- ;1.7”!'- effmct o thae e Vet 1oae, voate  ay LI
temper atures.,

The hehaicw of the pumer ical madel inder varying ecanditiong je
summar lzad in Figure 70.’ The ambient temper ature has ' he largest rifert
on the sublimation rate. The warmar the ehvironmental co'\dlriovm ares |
the more 1apid the sublimatioh rate The effect of a cloudy envirdrment
tends to -nh‘am*-: the vvbl.l‘.matimv rate r;f diy icae, ecpeacially in
conditions akove 0 "I, The condi t fon ron\’/ncrion term js the dominant
hagt trongfaer Procese in al)l rcagec. The latent heat dre to stblimative

’
heating Af water vspor te 3 supporting tern which e mire Ivpor~ant tn
take inte arcaount In arm enviromeent - L T R A TR

0 Ve ey s almoer ""O”O““"-

While writing thie thesic, 1t ~ame to my atventinn thet a paper ~n
exper imantal  ctudies af dry Jlee noucleation (Horn et 31 .. 10R2) wae
forthcaming. A subsequent telephone conversation revealed that they had
qucstaoned the Fukuta surface temperature and used 3 surface temperature
of =78 °C. This assumption was noted earlier in my report as a posslble

source of error. | therefore, decided to rerun some of the nunérical



14 w

exper iments with a surface temperature of -78 °C.

) ]

Results from the 4 different conditions (warm ang*___dry: warm and
saturatﬂed; cold and dry; coald and saturated) are pre,s)_ntedv in Figires
21 to 24, The model predicts a slower sublimation rate far al)
conditions considered. These predictions show better agreement wit" the
exper imental observar"'."-vv":, confireing *“;‘ e Vior  gnnmer e gheat e

ey = trnper atur -
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JIAMETER (CM.)

N 60 90 thalsl
TIMF (SECOY INR)

Figure 22

Same as Figure 15. TheoretV¥cal prediction determinead using a dry ice
surface temperature of -78°C,.
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CHAPTER 4

THE FREE-F ALl EXPERIMENTS

L1 Free-Fall Model De.scripti(or\

The theory developed in Chapter 2, was Incorporated into a
free—fall model. In comparing the predictions of equation 10 with the.
wind tunnel exper iments, the wind speed which enters Re and Nu is taken
to be a constant, However , for calculating sublimation during

free-f31], the wind speed must be the pellet!s terminal velocity,

An object ~r hody in free fall attains Tts terminal velocity when
the drag and buoyancy forces are halanced by the gravitational forere,
The development of the expression for the terminal vélncity of a

cylindrical object falling freely in air, in a horizontal orientation,

is glo=n In Appendivx F.  The terminal velocity ls given hy:
i/v
™ D 4
v = Pl ) N (12)
T ZCDO , :
a )

where g is the acceleration due to gravity. n 1s the air density and

Cpn 1s the drag coafficlient of the cylinder.

Drag coefficients for objects of given shapes depend primarily on
the Reynolds number. The drag coefficlents for circular cylinders of
several different aspect ratios are pres;:nted in the following Gable.
A1l  the values of C, are valld In the Reynolds range of 107 <Re <107,
(Hoerner, 1965). . ’

Ly



hg

Aspect Ratio v ag coefficlient Reynolds No. range

L/d

1 0.63 10° < Ra < 10"
5 0.80
10 0.83
20 0.93
30 . 1.0
- 1.2

Table 3

The Nrag Coafficiant ~f( Truncated Clreplar Cylipdar «

A drag coefficlient value of 0.8, cnrresponding to an aspect ratio

of § was used In the free—fall model. Ay atmospher lc lapse rate.of 6.6
' )

[y

Ckm™' was used in order to specify the Vvariation of th~ amphient ai

temper ature with height durlng the fall of the pellay The "'\nqge Tn

the acpect ratin due to s )imation was Tgnored.

4.2 The Frema Fatll Exper imente

A series of free-fall experiments _was conducted, in which

cylindrical dry ice pellets were dropped from an alrcraft flying at 305

m, 460 m, and 610 m above an unused runway (915 m MSL). The intention

was to measure the time takeg for the cylindrical pellets to reach the



hé

PN

g

_ . . | ) & - ‘
ground, and the final djameters they acﬁoved, and &’rzdﬂpavze these with

*he free-fall model predictions,

Prior to the~drops plast‘ir‘tbaqc with about 12"“% .pellets

,..-4 7

(cylinders with average diameters of 1.27 om, var ying bvtwen 1. % <5
ag

. ™
Y

em, and average !engths of 5.0 cm, varving hetween 1.3-6.8 cm), were

pY epared ., As the aircraft approached the rimway, the contents of 3 bag

were dropped through an opening in the bottom ~f the plane. An bbsevver

nn the ground followed the alrcraft }f\"otrq'\ a peple of Sinncydare  and
o

timed *he f3ll of the pallerg with a step wateh

The modal predictione of the time talan %v the prllets to resch
the _Qround . and the fipal «4‘31;,0?._1( they wouyld achieve 2re pr pgpv\f.;i n
Figure 75, The ¢olid Jinee shaow the pellTet diameter as a fin-tian of
height . for the thien diffarent + eleace he ightc Super imprsed on ''ece
Tinec araw ?enﬂhr:’noc, in seconds, represented by the rdaghe ljines, Fese
pelle's of inftial diameter 1.50 ¢, t'» pradicted fall times for the
"hren releaca heigh = are 15.7. 23.h, and 310.1 sanonic. tespretively,
with carresponding  fir 3 diametere of 1,47, 1.50, and 1. e~m . Thw
obhe tved a1l timeg -+ the 1y st el ler . '-"~"~’ng, the e (A e

76 "nd 1A gmroande |

"he ";”wrﬁ"ce brtwean the predicted and ohearved fall tl-ee rayld
a1 i se T vhe pellets ancdumtar the'male ac they fall  therah vafﬂ'd?ng
their fall, An~ther 1 macon for the diffearan-e could be thar the drag
coafficliant on  the prellets is <comewhat ‘N'ger than the valioe 0.8
considered in the mode! prediction. If a higher value of the drag

coefficient was used, the model would then predict fall times closer to

g »

‘

the observed fall times. lThere appears to be a larger discrepancy



hy

between the predicted and observed fall times as the ralease height ig
inCreased. Scintillations observed t"’rouqmibinnmllars as the pellats
fell suggest that tunbling of some sort was mast probatly aceurine. The
pellets in this case would achieve a higher  calacie,  shan  shey el

Wit rhe longltdinal avis horizantal .

%

An attempt to campare fipal diameters betwaan madel and a-per imant

.
was not succegsfy) ., The pellets digspercsed considerably in  the
horizantal as they fell, (also possibly Indi~ative 3¢ tunhling' pnd many
were logt In  the tal) grass border ing the runway e nevt time sieh
-,xr‘.;, 'mepts are attempted ., it would b~ advontage e to find an srea with
ar2¢s that 'ac hran gt . Those that wer e fond Aan rhe Tunway w=' e vary

™ h emaller thao tt{e predi-ted sirzes. Iy 1¢ cuysracted that the imact

at abhout ‘7 me ! . on 3 har runvieyv gin fare Prohat Ty ehatter =’ 1 he

pe) i;rc, rerder ing inval id any final compar ison  of  diamer' ;e Py
exper iment wac conducted o defeimine |f G0rh wa  the coge Coame Ay
ié(" 1"""-"': -r "'”PF‘CQ ceff th 1anf rf a * T eTng (""'3oh of c ,
Ths fme - 0 EXEEN v " S S . Sy

e o~

oo Fre- =11 QImN' ‘V'Inn

/ A ¢mr "ae f nirper ' a2l ¢ rerimants ver s crndir tad by Getng the meded
dec 1 Thed tn en- t 1 hoov T™ic «imulzrlng e crpndirmte’ vm I S
Che ameyiyv+ o Ay Tewm thyne mih YV lmew T g bl * by~ LER ST Y ACRIRTN R Y ,,,,’1,... ot .
clowd .
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Dry ice pellats with initia) diameters varying from Qsh em to 1.0

. \ - - . -
cm were introduced a3t the -10°C level. The csimul »tinn a3lgo assumed an
atmospher e with no vertical motione. The results ~f these nyraerical
axper iments arm prese"h&ted in Figwae °f, The colid Vinec area the pellaet

diameter 25 a function of helgh' o tempar afure. The dashed lines

repr esent isnchrones in serondr. The jesults indicate that pellets with

i
diameterc between 0.5 em and 0 A o ars suggrsted for ~fficient 1=e of

Ary ice wh-n dropped from the 10 °C ° vé\. Tre “erm 'off' fent’ ang

the nptivum aize Y4 dry Tew et 'v./m o T V3 IR I [
e ranVted eqloan o f n Ve

The d[y ira pe’ ‘ot r w14 hay - o 'r\nq-y t ey e [ 20 S 1 ¥ he
cuyperrnnl md reyin. e 2 N | e wieh tete - e i fac toey “qhe
RO 'n'~'\ v ! 1. . Vo, T he O C VYoyel) ! 0 Ve o tlohy



ho

Ul S9uoJuydos: Iyl ade S9u|} | paysep Iy_

J4230uwe |r

33190 9yl 84e SAU|; P}10S Ayy

*SIYD |9y 3SeII3J

934y

40,

*Spuooar
IYD}I Jo uo|3IDUR; e SF

*sSJjuauw | 19axs [ 1€2=99d4,; 3Yi 40, SuUO}30ipaJc | 3po;

§7 |4n.

('WD: d313w~

.
.

- r—

R O




*SpUOD9S UI SJUOJIUDOS| dJe SBu|l paysep ay  *auniesddwa) 1o yb)I
40 UOJ3IDUN: B SE JIIBWE|P I3 130 Iy} dJe SAU|| P|IOS YL °bUIPIIS 3D} AJr Jo uojle|nuys -
. —~ -

g7 a4nb o

("WD} ¥313IWYX"
981 6°C 8¢ L g G A % [A(e e

(D) N IvYI4v
(W) 1oy




CHAP'FR &

SUMMARY COMCY S 1arie ng pFerFNDA'mH‘S

"The abiective of thig thegis was ‘o utilize both heat transfes
[ J
*heo'y and experimental obcervatinn in order to exaine the s'blimati

Cota af sy Vindrteal dry {om relle' s .,in ~lrat alr and gimylatad oland .
¥

A mimmer {nal mpde! agsminq A heat flux balance ?é the e farae of L]

rylindr i gt "y iee pallet was dnvn'ﬁpﬂd. Ne s'blimation wae agrimed

N

ta ercve froe the aylindrical =~yrface only and not fram *he endc ~f the

pel)-r. K wac algn assumad that the gubl'imatio' tonk p)are imifoagmly
LR "n';j\‘(v-i ' he clirgunfp'encf and stong 'hr tergth of the eylindar. en
Ae t ratzin ir viipnde teal ~hapm :n\- Plr et mam ya= agsirad eatr rbad
when sinclating 2 frla d, ad wes r=rf rtly dey at 21 a'her tige- "

[ IR LTI ' Ter st 8 Y g ke b= et "ansfe' vime Vv e

Ager ! @ ' Yhivty v Yahne bty evpe ;.‘;ﬂ”"’c war r condivted in rhe

"v-"/_orsity o mM “a'sg FROST feinn win' rimnael '5""er- e teg! rhe
theo' ~tlieca! nadml ' mge v per imete werr rar fed gt inb th ~nld and
Wt om "y lr e mente Same- ~f "\;- avne § et wWwere ravy lad Ut with rhe
apr o yw 0 i oo Ada A dersimine Wwhetha T s B R U U I

R L IR T T S B ROy S

The amb ieny t~mper atur e was faumd re hrv@ the )arqect affact nn the
sublimatrinn rate of" the dry ice pellets, The warmer the envirnimental
conditions, the more rapid was the suhlimation rate. The affeéit of 2
saturated environment also enh.anr:ed the suwbllimation rate. Thig effect
was more pronounced at warm temperatures, and almost negligible at cbidu

temper atures, In spite of the use of several simplifying assumptions,

the cylindrical model . (using a sur face temperature of ~78°C), predicted

‘)
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the seblimation rates of dry‘lce p'e'.l'lets to ::Tthlln 102. when éanpa_red
with wind tunnel obs.'érvations. The model did not perform as well using

Fukuta's estimate of th;_surface temperature of =100 °C.
/

/

The _fheoreti.c_:'al model was then modiflied to numer ically simulate the
: L . L3
suwlimation ‘Trate of cylindrical dry ice pellets in free-fall. A series
of nine field exper iments was carried out whereby dry ice ‘was released

-from an aircraft flying “at specified altitudes, to ver ify the model

pred‘lctlc'm:f. of fall times and final diameters at the ground . T

The mbde\l ..‘predictl,o'ns of the fall times were within 10-15% of‘ the
observed times. At;anpts to ‘compare final diameters with t:':he mode!
pr.edi'ctlons"were not su:c—essful. The Impact on the ruwa_yv surfacel,
shatf.ered' the pellets rendering Invalid any final canparlsnn§ of,‘

7

dlameter.
: iy ,

A"n',unerlcal simulation of a dry' lce seeding ~exper iment was
undertaken, tg determine the ;nom;-«of dry Ice that sulimes within the
superclooled reglon of e cioud. The results indicated that pellets with

dlameters between 0. S cn and 0.6 cm were suggested for efflclent use of

dry ice when dropped from the =10 °c level.

The FROST lclng wlnd tmne] was .an apgrdprlate facility for
conductlng the su:llmatlon rate exper lments. This facility may also be

useful _fo_r Investlgatlons into ice crystal production rates.

i -



BIBLIOGRAPHY

Achenbach, E., 1977'1 The effect of. surface roughness on the heat
’ ‘transfer from a circular cylinder to the cross-flow of air.
International Journal .of Heat and ‘Mass Transfer. W1 20. p359-369

Delorenzis, B., 1980: Time-Dependent Behaviour of ice Accretion on a
Non—-Rotating Cylinder. Unpublished MSc Thesis, University of
Alberta, Dep*artment of Geography. 92pp

| ' :
Dennis, A.S., 19801 wea;ther Modification by Cloud Seeding.

International Geophysics Seri,,'s. Vol 24. Academic Press. New
York. 267pp. L

s

- .

. ' ' .

English, M.3 and J.D. Marwitz, 1b81: A Comparison of Agl! and CO2
Seeding Effects Iirw Alberta Cumulus Clouds. Journal of Applied
Meteorology. Vol 20. pu483-495

Fukuta, N., W.A. Schmelling, and L.F. Evans, 1971: Experimental
determination of Ice nucleation by falling dry-ice pellets.
Journal of Applied Meteorology. Vol 10. pl174=1179 . :

Gates, E.M,, 1981: FROST Tunnel. Department of Mechanical Engineering,
University of Alberta., Departmenta] Report No.26 1lpp '

w

Hess, W.N., 1974: Weather and Climate Modification, John Wiley and
Sons Inc. New York. 842 pp. .

Holroyd, E.W.1l1l, A.B. Super, and B.H. . Silverman, 1978: The
practicability of dry ice for an-top seeding of convective clouds.’
Journral of Applied Meteorology. - Vol 17. phko-63

, . . s :
Hoerner, S.F., 1965: Fluid Dynamic Drag. Published by the author, 148
Busteed Orive, Midland Park, N.J.,07432, 259pp.

Horn, R.D., W.G. Finnegan, and P.J. DeMott, 1982: Exper imental
Studies of Nucleation by Dry Ice. Journal of Applied Meteorology.

Vol 21. p1567-1570
. 53 N\ )



5b4

Huschke, R.E. (ed) 1959; ~ Glossary of Meteorology. . knericgn
Meteorological Society. Boston, Massachusetts. 638pp

»

Kopp, F.J., E. Hsie, R.D. Farley, J.H. Hirsch,”-and H.D. Orville,

> 71979+ Cloud “Seeding  Simulations. _Seventh  Conference on '
Inadvertent and Planned Weather Modification.  Banff,Canada. -
p140=1 41 s

List, R., 1963: General heat and mass exchange of spherical hailstones.
Journal of the Atmospheric Sciences. Wl 20. p189-197

1
-

L4

List, R., P.H. Schuepp, and R.G.J. Methot, 1965: Heat exchange ratios
of hallstones in a model cloud and their simulation in 'a
laboratory. ‘Journal* of the Atmospheric Sclences. Vol  22.°
p710-718

N\

- Lozowski, E.P,, J.R. Stallabrass, and P.F. Hearty, 1919/) The icing of
' an unheated non-rotating cylinder in liquid water droplet-ice
crystal clouds. National Research Council of Canada, Division of
He{hanlcal EngineFing. Laboratory Technical Report LTR-LT-96.

\

lozowski, E.P., and B, Kochtubajda, 19801 Theor) and measurements of
dry ice suwlimation in clear air and simulated cloud.s TRird
Internatiqnal WMO Conference on Meather Modification,
Clermont—Ferrand, France. p L09-L16 ‘

S .
Y a

Lowe, P.R., 1977: An approximating polynomial for the camputation of
saturation vapor pressure. Journal ef Applied Meteorology., Vol?™,

16. p100-103 . %

Macklin, W.C., 1963: Heat transfer from hai}stones. Quarterly Journal
of the Royal Meteorological Soclety. Vol 89, p319-336

Makkonen, L., 1981; Estimating Intensity of Atmospheric Ice -Agcretion
on Stationary Structures. Journal of Applied Meteorology. Wl 20.
p595~600. .

LS ' . / v . .

Mason, B.J., 1956: On the Melting of Hallstones. Quarterly Journal of
the Royal Meteorological Society. Vol 82. p209-216

[ 4

Mee,T.R.Jr., and W.J. Eadie, 1963: An~investigation of special i zed
whiteout seeding procedures. Research Report 124, U.S.Army CRREL,
Hanover, N.H. (NTIS AD414-539/L L)



& 55

Mesinger, , F., and A. Ar akawa, 1;111376: Numer ical Methods Used in
Atmospher ic Mode‘li. Volume 1. GARP Publications Series No. 17
64pp . “

Morgan, v.T,, 1975: The overall convective he-at transfer from “smooth
clircular cylinders. Advances in Heat Transfer. Vol 11. p199-264

’

Pruppacher, H.R., and J.D. Klett, 1978, Microphysics of Cl()uds' and
Precipitatiion. D.Reidel Publishing Co. Boston. 71bpp‘{

Rggers. R.R., 1976: A Short Course in Cloud Physics. Pergamon Press.
Oxford. 227pp

R /

Schaefer, V.J., 1946: The production of ice crystals in a ¢loud of
supercooled water droplets. Science. Vol 10L. ph57-459

Schaefer, V.J., 1949; The ﬁo‘rmétion of lce crystals in the laboratory
and the atmosphere. Chemical Reviews. Vol L4, p291-320

2

Schaefer, V.J., 1968: The early history of weather modification.
Bullatin af the Anerican Meteorological Society., Vol 49, p337-342

_ §chaefer. V.ode, 19761 After Twenty—Nine Years -\A ‘Proposal. Y Jour nal of
Weather Modification. Vol 8. p190-196 \

Silverman, B.A., 1979: The Design Of HIPLEX-1. A randomized rain
augmentation experiment on sunmer cunulus congestus clouds on the ,
Montana high plains. Bureau of Reclamation, Department of the
Inter ior. Tech. Report, 271pp.

Sroka, M., 1972: Design of an Atmospheric lcing Tunnel.’ Unpublished
MSc. Thesis., University of Alherta, Depar tment of Mechanical
Engineer ing. 7hpp '

£

Weast, P.C., ed., 1964; CRC Handbook of Chemistry and Physiecs, A45th
edition. Chemical Rubber Company Press, Cleveland, Ohlo.

lukauskas, A,, 1972: Heat Transfer from Tubes In Q\e";zcvss"h:)w.. Advances
in Heat transfer, vol §, P93-160



APPEND&X A .

Determination of the Nusselt Numbers from

&‘ Exper imental Observations

A method of obtaining a relatlonéhlp between the Nusselt and
Reynolds numbers directly from experimental observations was
explored. Equation 10 applied to the - dry conditions was

re-arranged as: .

Ny = 22‘£C 4 ~!D \ (1)

A series of four experiments conducted In dry air (8, 9, 14,
and 19) was used to calculate the Nusselt number. A three point

averaging filter was applied to the observations of dD/dt . to

1

smooth out the 1large variations. The resultant smoothed values .

were then inserted in the above expression and a Nusselt number”

calculated. Corresponding Reynolds numbers computed from the - =

experlménial data, were substituted into the Zukauskas expressioni .

\

Nu = 0.26 Re®* (2)

The results of the calculations are shown In Figure 27 in the
form of a scatter diagram. The Nusselt number determined using the

Zukauskas expression Is blotted on the abscissa, while the MNusselt

number obtained from-ixperlmeﬂts ls’plotted on the ordinate.

56
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The 1:1 llf\e Is superimposed on the data. A linear regressfon
anélysis was performed on the data using the method of least
squafes. A correlation coe;‘flvéient o}f" 0.7 Qaé caléul‘ated.

The 'Nusselt calculated from the exper iments seems smaller than
the Nusselt from the Zukauskas. JThls Is consistént with the
observation that the sublimation rate experimentally s generally

X .
lower than that predicted by the model. Errors in; estimating the
cﬁange in diameters .éxplain why‘the scatter seems largest at the
]afgest Nu. These resu’1t; suggest that the o‘!‘;‘sgrvatioﬁal' data are

R
Nt
v

not good enough to derive Nu.
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APPENDIX B

Derivation of the Q Term
“es

)
The total latent heat transfer due to sublimation of water.

v3por onto the dry ice can he expressed as:
Ueg = hmlsvDL(pams) (1)

where hm is the mass transfer coefficient, and P, and N, are the

water . vapor densities (abso]ufé humidity) in the ambient

environment and at the surface of the pellet .,

Yhé'equafion of state for dry air can he axpressed a«;

-

- ' 2)
Py = OR T (
where R’ is the specific gas constant for dry afr .

Water vapor in the atmosphere behaves as an ideal gas to a

good approximation and its equation of state can be written as:

e~ p R T (3) T

where e is the partial pressure of the water vapor, 0 is the vapor

-~/

density and Rvis the specific gas constant for water vapor.

The total air pressufe P, according to Dalton's Law is equal
to the sum of the partial pressures of the dry alr and the water

vapor,

+ e (&)

59



60

Then the equation of state for dry air can be re-written as:

~ (5)

P
A (6)
o) e
R
where £ v o
R
Y
" »
nr
P, v 0 es (7)
P
The macs *r angfar coefficient h’" in equatic;n 1 can b~ g""”'
hwvy
hy D
m
oo~ (8)
UWB

%
where Sh g the Sherwnpd nimber | and pwa is the Aiffyecivity ~f water

vapor in air.

. ] ¥
Using the result that the vapor density can be related to

I
vapor , pressure according to aquation 7, equatinn 1 can  he
l

Ye—written ae

Ve ™ ko 1. nDL(ea-eq) (o)

where k = h €p
m -
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Substituting for hm according to equation B, the mase trangfer

»

coefficient km car be expressed as:

I - 13 y ) g_p
m Sh Dw:_: [ S 10)
t
or '
le - 1 h ' !
m pwa n heR T (11)
Rl
cingce e
R

I

"heo rhe miss trarcfer coefficlant may he poprogead -

I B n ' . n_‘ _ { v~
- . y
Mo eonpre Tty N
\
km s D71 ShoRZT T
= - T e 13)
v . N
a D 0"
k n R T
N owa v oo Sh) (1)
h I Nvt
a .
since Sh - cRe™ Sc" 4 and Nu = cRe™ P Uhare Sc is  she

Sehmidt nimber defined as /D ' and ™ is the Prandt) ngmr: -

wa
defined ac /¢ . hences
k o _ RM T n
mo_wa v (59) (i)
b k - Pr
a
hbwever k, mve e - Wheré v ig the thermal diffueiviry,

P ,



Then equation

'S5 can he re-writtan ags

D\ R T "
. (.r:a_) —_ §_s> (16)
h c Pr

P

>i<

k n
m ( wa)(g_C\ _E_ (17
" U ro-
r .
or
k h(?..f\‘ ‘_E ‘(‘8‘
m in ry
™
v
Hence, usi-g a value of 0.37 fer the
J
YIT7EY, mqenr b0

can fieal'y he wr 10 an g

(P

M

~—

m

Y —
o (7}

(e_(r )
a a



APPENDLIX C

Ry M Ao of Hagritude Analysir ~f

Heat Ra'ance Fauat imsn

A numer 103l

evample is presented and the

of the Q. Q , 0

- as '

conditions haye been 1sed in the caleulari s

D. - 1.5)(‘(‘”? m | - 5_0)(‘0“7 m
t = 20°C t = -100°C
A s
T om BLAT0 "W T KT w3 14150
b= N vy KD
E]
R Y S TR S
A
Ny - 0_26/-
Ren - UND '
-1 - v
N L3 1'3{‘2 L AT
N, T V7R T an e T
My = 7,73Qxlﬁrl'qm"
Vo 2.147x10 T s
Re - 9 7720107
Mo = 644
P‘v‘wwg97"”‘\«lm""
h : vAT |”‘ \ fvy [ !
i
The heagt rranefer Aue to evin o v g

evaluated se.

QC - 'nOII\(vq [

Q.= -47.2 Watts

63 .

and Qd terms sre eval atel,

* by e

relat've

——

convact ion

The fAallmy?

magritudes

n
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The hent transfer due to cuhlimat fon ~f water vapor onta  tha

dry ice. is mvalyated as:

P"s’ €1
b - umh(_i B
es S(‘_ \ F("\ ( Bl k] r<rg )
Srere e = 0.622
Pr - 0.711 -
Sk - 0.695
a B | B
p = 1.005x10° Jieg ¥
1. = 2.823x10" 1!
) - 930 m
. - b Bl
alty) T3 mb
L]
O.r 17 2 Ueryps
The bear vsisfer due be radiation Ta aintear ol oas
N gy . f“ c
! A A g
vt ot “MISSiIVitimeg M maroind tey e 0

1o~ 293.15 K

' 173.16 K

Q ~ - 0 AT uUgerg

~ heat transfer due tn *he “top'me 'a avaluat ~d z¢-

S ey L ;
01 o Rw(ra 0" ) noov, .M onte ,;)\

AR

e s 19w 10? Jkg'

W

K ]
C; - ].710)(‘0' Jkg Yy
L= 3.36x10° Jug-'

R, is the mass flux of droplets collected per unit time, and s
~ g

defined as: EVvwDL CL .

v K
s
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Where E is the collection efficiéncy.'=ssumed to be 1 (this is
an  over-estimata, A precice valuye cannot be qbta%ned 6ecause'the
droplet size spertrum was not mea§ured.). V is the velocity, and w

.
is the liquld watér éonre"t. A value tyrical for a small cumulus

cloud is of the order '.0xi0"? kgm".

v .

Therefore P, = 1, 0Rv1(° kgs™! . 1

v

"ha rterm each comre o ig syalyarted ne

s~ 0 88 Wat's
b = 3.51 Watts

] 0oy ua" .

‘= ~6.22 Watts

~ (/

N
't can I~ seen that radiation only contributes at the mogst a
small perc=rtage tn the t'ntal heat exchange and may be ignored.
The haat due to the Aroplets is not a emall amount as can be seen
hy the calcul a* fong, The e ntrihinticn ta rhe heat ba]'ance' vthough'
s unknown since we do "'+ know at what stage in the cooling
process the drorlets '-~ave the surface. |In addition, during the

[N

experimerts {ce accretior was not observed on the surface of the

pellet. It is for thes~ reasnng *hat tha heat aontribution due to

*ha drapt~t= js '"anore~
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APPENDIX D
Analytig'SoTutIon to

Sublimation Rate Expression
NE:

The subjlmagion rate expression (equation 10), is written as:

: . 683 ' :
_d_D_ZkaNu[(t ¢ )_(_P_I’_) " ’EIS e.(t ﬂ ‘ 3 (1)

< T dt QCIAD s "a’ \Sc Fcp a'"a .

‘. ’ ) . v

‘fhe terms within the squaré_bracketsware a constant with time, say

" =C. Then: ' o L 7.
. 1
ap 2N (2),
dt chAD,
Substituting far the Reynolds and Nusselt numbers,
VD L ) . . : -
T~ "Re v ' “Nu = 0.26 Re’® (3)
Then 4
2k _v"® 0°°f 0.26
dD .
ae " T T e -
% A . €4 . . . (‘.) . <« .
dD -0 ]
dt, KD
whe}e; )
« 2k~§#"-‘ 0.26 (s
K= — (of ’ )
" chév ]

" 66



P,

which Is also a constant in the wind tunnel, but not in the.

free fall experiments.

This expression may be inteérated to give:
D= (D% - 1.4ke)l/ 1w | (6)

where D, is the nitial diameter.
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APPENDOIX E
Deri\{ation of the Terminal Velocity

for a Cyllnc'!;lcal b ject

The forces actirng on a cylindrical object fall.lng freély in

air are depicted in the following schematic.

zZ v | . .

(+ve)
O m

y ™

’

The equation of motion for this cylindrléal object, neglecting
buoyancy which is expected to be small for dry ice pellets, can be

written as:
dV v F o (1 )_

where m is the mass of the cy]lndér. g is the acceleration of

gravity, and. FD ‘is the dragffocce.. The negative sign appear's on

the left hand side of this expression because V Is considered (to be

negative when directed downwards.



v

. The drag force (Huschke,1959) can be written as:

= 1/ 2 (2)
Fo= 1/2 A CooV

D

- where Ax is the cross-sectional area of the body normal to the

airstream. For a cylinder this iss \\

Y . A =D L. (3)

where D is the diametér of the cylinder, and L is the length.

Hence,the drag force acting on a freely falling cylinder,
oriented with its axis horizontal, can be written as:

B

Fpo= 172 0LCe Ve ()

The mass of the cyl inder lé:

. (5)

o

Substituting the expressions for the drag force and the mass

-of -the cylinder, into the equétion of motion, we obtain:

; LA ‘dV (6) .
! ’ gfkvz-"ci_t' ‘. |



where

chpa

T DpC

70

(7)

‘The terminal veloclty Vav, octurs when the net force acting. on
1

the cylinder is zero.

hence

ﬁherefore be expressed as:

Vr

dv
-a--_dTT\O =.g —‘kv

V.

T

(

’

or

2 a4
K

ﬂpng
chpa

)

/2

2

N

The terminal velocity for a freely falling

(8)

(9)

cylinder can

(10)



APPENDIX F- .

Computer Program Listings t

¢

6

This appendix contains the FORTRAN listings for the computer routines

used in and developed for this the€is.

"
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SUBLIME .FOR »

‘t.“"."“““.".“.l“‘.'.““.“"ﬁ".“".“.‘."l‘t.".‘.‘..0“."0

THE NUMERICAL SIMULATION OF DRY ICE SUBLIMATION USING
HEAT TRANSFER RELATIONSHIPS.

DONOAUHEWN -

THIS MODEL IS VALID FOR CYLINDRICAL PARTICLES.
\

e s NeNs NeNoNoNe NeNosReNe NeNe o Ne)
. 5

13 .“"“'.tbt‘tt‘.“.t“‘-t.‘i‘.‘lt.-t-‘t‘lt.-‘.“lt.t‘.“‘-..‘.t‘t‘-.t‘.“
S ’ Pl
14
13 J 3
16 ' .
17 «REAL NMASS NRAD,NUSELT,MBCON, INCON,My.NU,MASS
18 REAL NDIAM,LHS.KA,NUMR, KAPPA ,LHW
19 CC n
20 o DEFINE SOME CONSTANTS i
21 c :
22 | RHOCO2=1.40 ,
23 CM=2 .54 , . L
24 - MBCON=1000. . L
25 : INCON=2.49082E03 :
26 LHS=S87E0Q7
o 27 ’
28
29
30
3 ¥ c 14 « .
32 c — ’ .
33 C gy .
34 \c-‘..t‘l-“tt-i“.-.‘.““"‘"‘C‘tt‘tl.-‘.It.".tﬁt.t‘tt..‘.l-.l.‘-.t’t
3% c . >
“3 c FORMAT\STATEMENTS . -
3
38 g‘t‘i‘.‘th.“‘tt.-.tl..t&“..““‘.“t--..nqttttittt!“.‘t...f.tt“‘t‘t
39 c '
40 c - .
41 C
42 1 FORMAT( 1X, ‘INPUT---TIME INT.,CYL.DIA,CYL.LEN.')
43 2 FORMAT( X, INTRODUCE INITIAL CONDITIONS---TA PA.DELP, TS,VEL.WET')
44 12 FURMAT('1’ 42X, 'THE NUMERICAL SIMULATION OF ORY ICE SUBLIMATION’./
45 *4} ’ .
ry s 16 ORMAT(‘ ,33X, “DRY CASE---SPRAYS OFF‘,//)
47 17, FORMAT(‘ ', 33X, 'WET CASE---SPRAYS ON', 77)
48 18 FORMAT(’ .33x,'TiHE INTERVAL (D!LT)-' F4.2,' SECONDS',//)
49 13 EORMAT(’ ', 9X, ’IN}TIAL*/ﬂND!TIQNS , .’PELLET TEMPERATURE : / , 9X,
so. 8 +F6. 1, 1X, 'chsxus/ /.33%7'DRY ICE pENSITY 14x -
51 +F5.2,1X, ‘GM/CM**3" /, 33x 'CYLINDRICAL RADIUS : LJIIX FS.2,1X,'CM’, /,
52 +33X, 'CYLINDRICAL LENGTH: JA1X,FS . 2, "CM’,/.33X, 'CYLINDRICAL DIAM
53 +ETER:’,9X,F5.2,1X, 'CM"’ / 33x 'AMBIENT)TEMPERATURE * ,90X,F6.
54 +2,1X, ‘CELSIUS 7 33XY’AMBIENT PRESSURE: ', 13X,F5.1,1X,‘MB’,/, 33X,
55 . +/WIND TUNNEL VELOCITY:‘ 9X,F5.2,1X,'M/SEC’) .-

. 56 15 FORMAT (- 47, 15Xy ‘TIME 15x . )
57 t "+ 'DIAMETER 15X, 'MASS’,15X ‘REYNOLDS’ , 15X, 'NUSSELT’ . /', : -
58 . 14X, (SEC) ', ATX,  (CM) " 17X, *(GM) ", /)

59 14 FORMAT(13X,F7.2, 15X ,FB.6, 14X, F6.2, 14X ,FB8.2, 14x F8.2) 5 ’
60 - . 666 FonMA;(zrfo 4)
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888 FORMAT(1X,4F20.6)

C

c

c .

C INPUT €YLINDRICAL LENGTH AND RADIUS (CM) AND TIME INTERVAL (SEC). .
o]

C

1

(o} WRITE(6,1)
CALL FREAD(5,’3R:‘,.DELT,CYLD.CYLL)-
IF (DELT.EQ.0.) GO TO 90
TIME=0.0
J=0 ¢
LINE=O

c
c . , -

C----~- CALCURATE CYLINDRICAL MASS .(CMAS.)
C

C ?

CRM=CYLD/2.

NDIAM=CYLD

CMAS=PI*( (NDIAM*NDIAM)/4)*CYLL*RHOCO2

'

INTRODUCE INITIAL CONDITIONS: TA- AMBIENT TEMP. IN CELSIUS.
PA- AMBIENT PRESSURE IN MB.
DELP- DYNAMIC PRESSURE INCHES
TS~ PELLET TEMPERATURE IN CELSIUS '
VEL- VELOCITY IN M/S DETERMINED
WET- WET/DRY CASE? co

[eNeNoNeNs NoNoNes Ko Ke)

WRITE(6,2)
CALL FREAD(S.’6R: ' ,TA,PA.DELP.TS VEL,WET)

TBAR=(TA+TS)/2.
TBK=TBAR+273. 16
TAK=TA+273. 16
TSK=TS+273. 16
PAT=PA*(0.9862E-03)

RD=0.287E0Q7
P=PA*MBCON
RHOA=P/(RD*TAK)

IF(DELP EQ.0.) GO TO 100
V= (2*DELP* (INCON/RHOA))}**(1./2 )
VM=V, 100 . '
GQ TO 11 . . "
100 . V=VEL*10Q.
VMsVEL
o
11 WRITE(7,12) ,
IF(WET.EQ.0.) WRITE(7, 16) o,
IF(WET . EQ.1.) WRITE(7.17)
WRITE(7.18) DELT S

WRITE(7,13) TS,RHOC02.CRM.CYLL.NbIAM.TA,PA.VM -
WRITE(7, 15) ' .
LINE=LINE+3



121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148 .
149
150

152
153
184
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172°
173
174
175
176
177
178
179
180

0000 00060 oo o000 coooo I

NDOOOO

N

-~

v
WRITE(7,14) TIME .NDIAM, CMAS RE NUSELT
LINE=LINE+1

TIME=TIME+DELT
J=TIME

?
COMPUTE THE THERMAL CONDUCTIVITY OF AIR.

KA=2 43E-02+(7.3E-04*TA)
KA=KA*1_ OEQS

CP=1.005E07
CALCULATE KINEMATIC VISCOSITY.

MU'£7185'05‘('§ 1E-0T7778)
MU=MU* 10

NU =M/ RHOA

PR=0.711
SC=.595

SEPARATE HEAT TRANSFFR TERMS CALCULATED

QC=(TS-TA)/LHS . x q;

IF(WET.EQ.0.) 60 0 50

A POLYNOMIAL EXPRESSION (LOWE.1976) USED
TO COMPUTE SAT VAP. PRESS.

AQ=6. 10779996 1

At1=4 436518521E-01 \
A2=1,428945805E-02
A3=2.65064B471E-04

A4=3 .031240396E-06

T=TA . ' _
EATASAO+T*(A1+T*(A2+Y*(A3+A4*T)))

S0=836.967 ‘
S1=-0.0680427 s
$2=-0. 1208556-02
$3=-0.518213E-05
S4=-0.249304E-07

- 2
TM=TS
LHW=SO+TM* (S 1+TM* (S2+TM* (S3+S4*TM)))
WRITE(6,666) EATA,LHW

A



181
182
183
184
185
186
187
188
189
180
191
192
193
194
195
196
197
198
199

201
202
203
204
205
206
207

.208
209

2
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
L 231

232

23
23
238
236
237
238

239°

24Q

OO0 0OOOONOOOO

(9]

21

31

_IF(NDIAM.LE.O.) GO TQ 2§

LHW=(LHW/0.2389)*1.0E07
EPS=0.622"
QE1=(PR/SC)**(0.63)
QE2=-(EPS)/(PA*CP) * (LHW/LHS)
QE3=EATA

QE=QE 1*QE2*QE3J

GO TO 20

QE=0.0

CALCULATE REYNOLDS NUMBER FOR NEW IDIAMETER.

RE=V*NDIAM/NU !

USING THE SUBLIMATION EXPRESSION DERIVED COMPUTE CHANGE
IN MASS HENCE CHANGE IN DIAMETER, AFTER TIME DELTA.

NUSSELT RELATION ACCORDING TO ZUKAUSKAS
APPROPRIATE FOR REYNOLDS RANGE 10**3-10+*5

NUSELT=0.23*(RE**0.6)

CONST=(2*KA*NUSELT)/RHOCO2

DELD=( (CONST/NDIAM)*(QC+QE))*DELT
NDIAM=NDIAM+DELD '
NMASS=PI*RHOCO2*CYLL*( (NDIAM*NOIAM)/4)

GO TO 30 i
NDIAM=0.0 - -
NMASS=0.0 ’

IF((TIME-J).EQ.0) GO TO 200
GO TO 21 v
WRITE(7,14) TIME,NDIAM,NMASS, RE,NUSELT

WRITE(8,888) TIME DELD,QC,QE

LINE=LINE+1
IF(LINE.EQ.56). GO TO 31 .
IF(NDIAM.EQ.0.) GO TO 10O
TIME=TIME+DELT

J=TIME

GO T0 20

LINE=O : ’
WRITE(7.15)

WRITE(7,14) TIME,NOIAM,NMASS, K RE NUSELT
LINE=LINE+4 :
TIME=TIME+DELT

"J=TPME -

90

GO TO 20

STOP -

" END
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LI A e,

DDA EWN -

c

C CYLDRP FQOR

C .

c“.."i.-“ltt““.‘.".‘-."’t‘t..t'-i.t...t".-..".‘t‘tiv‘."vt.i'“'"ﬂ"v

C

c THE NUMERICAL SIMULATION OF DRY ICF SUBLIMAYION USING

c HEAT TRANSFER RELATIONSHIPS.

c .

c THIS MODEL IS VALID FOR CYLINDRICAL PARTICLES. -

c FALLING THROUGH AN ATMOSPHERE '

C . :

c

c

co.q...w...og.a't‘.‘t».0-.-..“.a‘-a.ntttnt‘ot.‘.t..qo#.o.ow-tt.t.‘-Otﬂtoat

c

c

c .

REAL NMASS.NRAD,NUSELT.MBGON, INCON,MU,NU,KMASS
REAL NDIAM_ LHS KA NUMR KAPPA . H,LAPSE.KELVIN

c

c DEFINE SOME CONSTANTS

o

RHOCO2+1.4

CP=1.00SE0

TS=-78.0

CM=2 54

MBCON= 1000 .

Plx3.141%89

LAPSE=1./152. \ .
RD=0.278EQ7

GRAV=880.616
CLAPSE=LAPSE/100.
DENM=CLAPSE*RD
EXP=GRAV/DENM

LHS=587EQ7

WELVIN=273 16 \

c .

c .

c

c.‘.‘t#lV“-.tttt.g‘tl“.l-t.’“‘t"'.‘t-t““ll‘ti".t‘vﬁ*o"ﬁﬁt..'-.‘

o] ¥

c FORMAT STATiNENTs

c

c...t‘.tt*-.l‘t-‘“.“‘.‘.‘-‘it‘-.t‘t-'llt--lt.‘tl.-‘l“.‘-‘t‘ttt'--thl..

o

g L J X

c <" 2

1 FDRMAT(Q%?E%NPUT-# 'ME. INT. CYL.DIA,CYL.LEN.,DRAG’)

2 FORMAT(1X, ' INTROQWCE INITIAL CONDITIONS-~-TA,PA.H WET')

12 FORMAT ("1, 42x@,THE NUMERICAL SIMULATION GF DRY TCE SUBLIMATION’,/
+/) .

777 FORMAT (' ssx 'mm COEFFICIENT: 2,/)

13 FORMAT (- ,9Xx,'IN L couoxrlons ,33X, ‘DRY ICE DENSITY:’,’AX.
'+FS5.2,1X, 'Gu/. ! ’CYLINDRICAL Ronus:'.11x,F5 2,1X,°'CM’ ./,
*33X.’CYLINDR~ Ry L GTH ' 211X ,F5.2,1X,‘CM’ ./, 33X, CYLINDRICAL DIAM
+ETER: "’ ,9X,F5.2, 1) /. 33X, AMBIENT TEMPERATURE 1ox Fé.
+2,1X, ' CELSIUS - R aax 1ENT. Pnsssusg‘ L 13X ,F5. 1, ‘M8’ ,/,33X,
+ INITIAL unop HEIGHT: ' -4OX.FB.1, '(FT,MSL)’ ///.on.'rxne'.

+5X, 'TEMP’ 85X, ‘PRESSURE’ 5X .’\’HE‘IGHT ‘L8, ’bIAMETER" ./:40)( . ' (SEC) "’




TR e Eabe e v,

117
118
119

NOOOOON0O

9] - OO0 =

OO

doooooo

+,5X,(C) ., IX."(MB) " ,6X, ¢FT MSL)'.5X,’(CM)")

FOQMAT(QSX.F?.Q,dX.F511.QX,FS.1,5X_78 1.6X,.F8 6)
INPUT CYLTNDPRICAL LEMGTH AND RADIUS (€M) AND TIMF INTERVAL (S§F)

WRITE(6.1)
CALL FREAD(S. ‘4R:° DELT.CVID CYLL,NRAR)

IF (DELT €EQ.0¢ ) GO YO 90
TIME=O N

"CRM=CYLD/2.

NDIAM=CYL D
CLM=CYLL ' 7
CMASePT*((NDIAM*NDIAM) /4)*CYL L *RHOCEQ

INTPODURE INTTIAL CONDITIONS: TA- AMBIENT TEMP. IN CELSIUS
PA- AMBIENT PRESSURE IN MB.
H~ DROP HFTGHT (F '  MSL)

-

WRITF(6,2) -
CALL FREAD(S, 4R: TA PA KL WETY) ,

TAK=TA+KELVIN ' .
PAT=PA*(0.9862F -03)

P=PA*MBCON
RHOA=P/(RD*TAK)
WRITE(7.12) -
WRITE(7.777) DRAG

WRITE(7.13) RHOCO2,CRM CLM NDIAM TA PA H .
WRITE(7,14) TIME,TA.PA H NDIAM ’“

.
7

]
COMPUTATION OF TERMINAL VELOCITY , MEAN TEMP ., 'MEAN PRESSURE .’
AND DISTANCE FALLEN DURING THE TIME INTERPVAI SPECIFTIFD

X=PI*RHOCO2*GRAV*CRM

Y=DRAG*RHOA /

TV=SORT(X/Y)

DIST=TV*DELT :

H=H~(DIST*0.03281)

DISTM=DIST/100.

TNEW=TA+(LAPSE*DISTM).

TNAB=TNEW+KELVIN .
PNEW=PA*( (TNAB/TAK) ) **EXP

PMEAN=(PA+PNEW) /2.

TMEAN=(TA+TNEW) /2. L0
TAK=TNAB . -

TMK=TMEAN+KELVIN &

77
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MR AR v i s

120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
13%
136
137
138
139
140
141

tage

143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
178
176
177
178
179

00000

O0O00O0

MU=1 718 -0K' (8
MUrMy=~ 10

a0

oc0oo0onoTonooanao

A

aonoon

3T = TMEAN
EATA=AQ+T*(A1+T>

TA=TNEW
PA=PNEW

P=PA*MBCON
PAT=PA*(0.9862E-03)
TIME=TIME+DELT
RHOA=P/(RD*TAK)
PM=PMEAN*MBCON
RHOAM~CM/ (RD* TMK )

COMPUTE THE THERMAL CONDUCTIVITY QF ATR.
KA=2.43E-02+(7.3E~-04°*TMEAN)
KA=KA* ! OEOS

CALCULATE KTINEMATIC VISGNSITY

NU=MU/RHOAM

PR=0. 711
5C=0.595

SEPARATE HEAT TRANSFER TERMS C*' CULATED

Lo
QC-(TS-TMEAN) /1 S

TF(WET  EQ.0.) GO TO 50.

%

AO=6.%10779996 1

A1=4 .436518521E-01
A2=1 . 428945805E-02
A3=2.650648471E-04
A4=3 031240396E-06

SO=€76.967
S1=-0.0680427

S2=-0. 120855E-02 {
$3=-0.518213E-05
S4=-0.249304E-07

TM=TS’ ¢

_ﬁﬁw :

i

15 -OQT*TMEAN)

POLYMNOMIAL EXPRESSTON (LOWE.1976) USED
TO COMPUTE SAT VAF PRESS.

(A2*T‘(A3+A4'T)%)



A

180 LHW=SO+TM* (S1+TM* (S2+TM*($3+S4*TM)))
181 c
182 LHW=(LHW/0.2389) * 1. OEO7
183 : EPS=0.622 . .
184 QE1=(PR/SC)**(0.63)
185 QE2=-(EPS)/(PMEAN*CP)* (LHw/LHs) ,
-186 QE3I=EATA Ve
187 QE=QE1*#E2*0F . -
188 c . . T
189 GO TO 219 ) - '
190 50 QEr0.0 .
191 *c . .
192 C-==-=- CALCU' ATE REYNOLDS NUMBER FOR NEW DIAMETER.
"193 c -
‘194 c
.19s 21 RE=TV*ND]AM/NU )
196 C
197 c
198 c .
199 C-~--- USING THE SUBLIMATION EXPRESSION DERIVED COMPUTE CHANGE
200 c IN MASS HENCE CHANGE IN DIAMETER, AFTER TIME DELTA.
201 o : .
202 c
203 c
204 c .
208 c NUSSELT RELATION ACCORDING TO ZUKAUSKAS
206 c APPROPRIATE FOR REYNOLDS RANGE 10**3-10%*5
207 c : ' =

- 208 NUSELT=0.23*(RE**0.6) :
1209 C ' . . I PR
210 “CONST=(2*KA*NUSELT)/RHOCO2 o ’
211 ‘DELD=( (CONST/NDIAM) * (OC+QE))'DELT '
212 NDIAM=NDIAM+DELD E i )
213 .. NMASS = thnnocoz'CVLL-g ,
214 o 5
215 IF(NDIAM.LE.O.) GO 10O~
216 o GO TO 30 . )
217 25 ©  NDTAM=Q" -~
218 c
219 C i
220 3o wnxrs(7 14) TIME‘TA PA H NDIAM : L

3/ 221 IF(NDIAM.EQ.0.) GO TO 10 . ) .

222 IF(H.LE.3000.) GO TO 10 - o
223 &0 TO 20 .
224 [+
225 c
226 90 STOP

227 END ) - .



