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TherInal conductivity of porous ice in hailstone shells 
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ABSTRACT. The therm a l conducti vity a nd diffu sivity of p o ro us ice accre ted on 
spheri ca l a nd spheroidal hailston e mod els were m eas ured over a d ensi ty range of 620-
9 15 kg m- 3 B y scanning th e evo lv ing surface tempera ture distributions during coo ling 
in a cold a irflow the therma l conduc ti vity was va ri ed in iter a ti ve fas hi on until the 
intern a l hea t flu x produced th e co rrec t surface tempera ture di s tribution. The res ults 
indicate a linea r depend ence of th e therm al co nducti\'ity, k;, a nd diffu sivity, a;, o n 
d ensity. Fo r example, lowerin g the d ensity by 10% lowers k; b y 15% . Within the 
ra nge of clo ud conditions, th e d ensity \'aria tions a ffec t the therm a l parameters more 
tha n tempera ture does . Th e res ul ts a lso indica te a continuous d ec rease of the therm a l 
conducti vity fro m bulk ice via consolida ted porous ice to loose ly packed snow . 

INTRODUCTION 

Large so lid p recipitat ion p a rticl es, such as gra upel and 
ha ilstones , g ro w by acc retio n of supercooled cloud 
drople ts o n ice c rys ta ls or frozen droplets . If the dro ple ts 
freeze imm edi ately on contac t th ey form a coa tin g o f rim e 
in th e form o f a n aggrega te of more-or-l ess d eform ed 
frozen dro ple ts, with th e inte rstices fIlled with a ir . This 
leads to low-d ensity rim ed crys ta ls or gra upel. H owever , if 
th e freez in g is slow, d enser ice st ru ctures such as 
tra nspa rent h a il stone she ll s a re crea ted , leav in g th e 
acc re ted d rop lets indistin g ui shab le from each other. 
Thus, it is no surprise th a t a wid e \'aria tion o f d ensiti es 
of ice pa rti c les has been repo rted . l\a tu ra l graupel were 
found to ra nge from 250 to 800 kg m 3 (List , 1958; 
Z ikmund a a nd Vali , 1972; H eymsfi eld , 1978 ) . Th e 
d ensities of n a tura l ha il sto nes collec ted a t th e ground 
a nd stored in fi-eeze rs we re m easured a t 820- 920 kg m 3 

(Li st, 1958; 1\lac klin a nd o the rs, 1960; List a nd o th ers. 
1970; Prodi , 1970; fl.l a tson a nd Huggins, 1980) . The 
aC lU a l d ensi ty o f hailstones in clo uds can be lower th a n 
th a t at th e g ro und since m elting oft en leads to th e intake 
of meltwa te r by low-d ensit y iee regions (Li st, 1960; 
M acklin , 1963; Kidder a nd Carte, 1964; Prodi , 1970). 
The density can a lso be hig her when spongy ice, a mixture 
of ice a nd wa ter, is grown with th e density a pproaching 
th a t of wa ter. For a rtifi cia l ha il stones produced und er dry 
gro\\th cond i ti ons, Kni gh t a nd Hcymsfi eld ( 1983 ) mea­
surcd densiti es of 3 1 0 600 kg m ~\ \"a lu cs Illuch lower th an 
fo r bulk ice (p; = 9 15 kg 111 3) . By not considerin g these 
va ri a ti ons, a ll prev ious cloud a nd prec ipita ti o n studi es 
have implicitl y ass umed th a t th e th erm al pro perti es of 
porous (acc reted ) ice a rc eq ua l to th ose of bulk ice . 

M a ny studi es of th e th erm a l conduc ti vity, k;, o f bulk 
ice have been rc \·iewed by P owcll (1958 ). H e shows th a t 
k; va ri es wi th tempera ture a nd press ure, with a typ ica l 
value of k; = 2.18 W m I K I a t O°C. Thereby, k; ofi cc is 
mos tl y d epende n t on temperature; it is littl e a ffec ted by 

a m bient press ure. M easuremen ts o f the therm a l co ndu c­
tivity of na tu ral snow a nd low-den sity fros t have a lso been 
re po n ed in the lite ra ture (K ondrat'eva, 1954; Yen , 1962; 
Pitm a n and Zucke rman, 1967; \Velle r a nd Schwerdtfeger , 
197 1; Dietcnberger , 1983; O s tin a nd And erssoll, 199 1) . It 
is sig ni fIcan tl y lowe r th an th a t o f bulk ice, and m os tl v 
d epends on de nsit y, not on tempera ture (consid ering a 
ran ge of - 40 to 0° C ) . AI th ough th eore tica l mod eling o f 
th e therm a l co nduc ti \' ity of porous ice applica ble to 
com et n uc lei has been repo rted (Esp inasse and o thers, 
199 1; Seife rlin a nd K o mic, 199 1) , little is kno\vn a bo ut 
th e meas ured k; va lues of poro us ice with d ensities 

1 . .. 
>600 kg m ' (H obbs, 1974; Die te nberger, 1983; O s tin 
a nd A ndersson, 199 1) . 

Porous ice cons ists of fros t th a t is grown either over 
ve ry long tim es b y d e position of wa ter va por or O\'c r sho rt 
ti m es (> I h) by acc re ti on and freez ing of su percooled 
wa ter d roplets. Th e th eore ti ca l m od eling has d em o n­
stra ted th a t the th erm al condu c ti vity of porous ice is 
heavil y depend ent o n th e ice tex ture (i.e. th e degree of 
si n te ri ng a mong th e single grains) (E spinasse a nd oth ers, 
199 1; Se iferlin a nd K o mle, 199 1) . Th erefore. th e prese nt 
in vest iga ti on will b e res tri cted to th e d e termina tion of th e 
k; va lues of acc re ted po rous ice ajJjJ/icable to hailstone shells 
over the densi ty ra nge of 600- 9 10 kg m 3 

HEAT CONDUCTION 

In the ana lys is o r h ea t transfe r of a so lid by condu c tio n , 
bo th the therma l co nducti vity a nd diffu si\'ity Il eed to be 
kn own. T he pro portio nality facto r , k;, links th e tempe ra ­
ture gradi ent (aT /an) to th e condu c ti ve hea t Ou x (£leon) . 
H e nce, 

(1 ) 
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ki is a ma te ri a l property \\'hi ch norma ll y va ri es with 
tempera ture. \\' ithin the range of at mosph e ri c tempera­
tures for ice g rO\dh , the yaria ti on of ki fo r bulk ice is 
within ± 10% (PO\\ell , 1958 ) . 

The th erm a l diffusi\'ity, ai is d efin ed as th e r a tio of the 
therm al condu c ti vity to the hea t capacity per unit volume 

(PiCp): 

k i 
Ctj= -­

Piep 
(2) 

where Pi a nd cp are the d ensity and the sp ecific hea t 
ca pac ity of th e solid, res pec ti ve ly . Tt represents th e a bility 
of the solid to conduct th erm a l energy rela tive to th e 
ability to store it. 

At th e surface of an a tmos ph eri c ice p a rticle, not 
ex posed to acc reti on and freez ing of co llected cloud 
droplets, th e heat transfer by conduction and convec ti on 
in to th e surro undings (rio.rc), th e hea t r e leased by 
e\'a pora tion , sublimation o r d epos ition (ris,esd) and by 
therm al radi a tio n (ri",) must ba la nce with the hea t flu x 
from th e interior by conduc ti o n (ris.con): 

ri,. con = ri,. cc + Qs. 0sd + rib.]' . (3) 

H ere it is ass umed th at th e a ir fl ows around th e test 
pa rticl es and th a t the il1leri o r hea t transfer takes place 
onl y via hea t conduction. Th e terms on th e ri ghth and 
sid e of Equa tion (3) are gi\'en b y 

k Nu -
ris.cc = "n (T, - n) 

D, L ,Sh _ 
rio. escl = D (Pvs - Pva) 

. (- .j 4) qs. r = EO' T s - n 

(4) 

(5) 

(6) 

where ka is the therm a l co ndu ctivity of air (ka = 

0.0224 \V m 1 K 1 a t - 20°C), D is the pa rticle di a meter, 
T is th e temperature, Dv is th e difTusivity of wa ter \'apor, 
Ls is th e la tent heat of sublim atio n, Pv is th e w ater-\'a por 
d ensity, E is th e emissi\'itv of th e surface, 0' is th e Stefan­
Boltzmann consta nt (0'=5 .669 7 x 10 8\Vm- 2 K --4), and 
Nu and Sh a re the i\usselt a nd Sherwood numbers, 
respec ti\'ely; th e subscripts "s" a nd "a" represent surface 
and a ir, respec tively; th e ove rba r refers to the a \'e rage 
ove r the entire particle surface . ' I\Iithin th e tempera ture 
range and conditions of th e present ex perim ents, ris,esd 

a nd ris. r a r e sma ll ( ~5% a nd <3%, resp ec ti ve ly) 
compared to ris.cc, and ca n be neglected in Equa ti on 
(3). Thus, using Equation ( I ) fo r the surface, th e hea t­
balance Equa tion (3) reduces to 

(7) 

wh ere (oT / on)s is the aver age tempera ture g r adient at 
the surface within the pa rticl e. The average Nussclt 
number, Nu, represents th e non-dimensional , overall 
tempera ture g radient a t th e surface. and it prov ides a 
measure of the convective hea t transfer occ urring a t the 
surface. For a gi\'en particl e in a known fluid , D , ka and 
T" a re knO\\"Il. Since Nu \'ari es onl y \\'ith the physica l 
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p ro perti es of th e fl uid a nd the surface charac teristi cs (i .e . 
ro ughness, size a nd geometry) and no t \\' ith th e inte rn a l 
pro perti es (InCl'oper a a nd De\\'i It , 1990), the o\'era ll N u 
\'a l ue of bulk-ice p a nicl es can a lso be used for th e low­
d ensity pa rticl es with a ny ki • Nu h as been determin ed by 
Zheng and List (1996 ): 

Nu = (0.236 + 0.094a) R e(0 658-0088a ) (8) 

w here Rc is th e R eynolds number a nd a is the aspec t ra ti o 
of th e particle. Th e average surface tempera ture, 'Is, in 
Equa tion (7) is continu ously and rem otely measured a nd 
a \ 'e raged \\'ith a n AGEr-.JA infra red surface-tempera ture 
scanning sys tem , w hile (oT /on)s can be determined by 
integra ting ove r th e a rea-weigh ted surface temper a tu re 
g ra di ents which a re ca lculated b y soh·ing th e hea t­
conduction equati o n 

(9) 

The calcula tion is p erformed \\'ith a give n initia l inte rna l 
tempera ture field a nd the meas ured surface tempera ture 
field , and stepped fo rward in time to obtain th e tim e 
\ 'aria tion of the in tern a l tempera lLLre distribution (Zheng 
a nd List, 1996) . Sin ce the hea t-cond union Eq ua tion (9) 
a lso requires knovvledge of the th erm al diffusivity ai, 
which is rela ted to ki according to Equ a tion (2), this 
qu a ntity can be calcul a ted with Equation (7) through 
ite ra ti ons that conve rge towards the exac t so lution fo r ki . 

The main error so urces in d e te rmining ki a re th e 
uncertainties in N u a nd (aT / on)s' The magnitude of 
th e net uncertainty o f (!:::..kJ ki ) is <7% . 

EXPERIMENT 

The wind tunnel s y s tem 

Th e experiments were ca rri ed out 111 the U ni ve rsity of 
T o ron to Cloud Phys ics Wind Tunnel. It has a verti ca l 
cl osed circuit , a nd its tempera ture, velocity, pressure, 
I iq uid- wa ter co n te n t a nd pa nicle motion s ca n be 
co ntrolled (List a nd oth ers, 198 7) . The measurin g 
sec tion of the tunnel is 70 cm hig h and has a n inn er 
cross-sec ti on of 17 .8 cm x 17.8 cm (Fig . I ). A double wa ll 
insul a tes the experimental region fro m the tempera ture 
gr adient within th e enclosing sq ua re " ring" . Th e o u ter 
wa lls consist of four a luminum plates which are used to 
m o unt th e particle-suspension sys tem, th e infra red 
AGEMA scann e r a nd a door a llowing access to th e 
inner duct. Th e ve loci ty in th e measuring sec tion can be 
va ried bet\\'een 0. 5 a nd 30.0 m s- I, th e air tempera ture 
be tween 20° and - 35°C. 

The tes t particles 

Th e spherica l and spheroid al tes t m od els we re crea ted III 

a first set of experim ents by acc re ti on of supercooled 
liquid-water dropl e ts on spherical ice embryos with initi a l 
dia me ters of 0 .5 cm. The embryos were prepa red b y 
freezing distilled wa ter in rubber mo lds. A PVC stem with 
a di a meter of 0.3 cm was then inse rted and used to m o unt 
th e pa rti cle on th e suspension sys tem. Such a gyra tor was 
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Fig . 1. W ind-tunnel measuring section, with AGEJ / , j inJi'Gl'ed thermal illlagillg S)'.; tem (!) and SCalllll'!" (2); jJarlide­
slIs/JellSioll s),stelll (3) . stroboscojJes (4) , water-injectioll colltrolunit (5) alld tem/Jerature alld air-l,e/ocit), cO ll trol/J(fncl (6) . 

d es igned to simula te th e rumb li ng free-fall m o ti o n (Kr)' 
a nd List, 1974a, b ) . l ee pa rticl es \\'ith diOere nt d ensities 
\\'eIT produced b y cha nging th e liquid-water co ntent a nd 
th e air tempera ture of' th e ex pe riments. Th en th e p a rti cle 
su rfaces \\'e re sm oo th ed w i th fi ne sa nd pa p e r. Th is 
elimina tes th c e ITee t of surface roughn ess on cO Il\'ecti\'e 
hea t tra nsfe r a nd pre\'e llts th e cold air fro m pa rti a ll y 
penetra ting th e po rous ice pa rti c les when th ey a rc coo ling 
in the a irO ow. Th e I'o lum e o f eac h pa rti c le was 
d etermin ed using A rchimed es' principle. I\·ith m ercury 
as a fluid (Kni g ht a nd Hey msfi e ld , 1983 ). The n th e 
d ensity was ca lcula ted from its mass and I·o lum e . The 
res ulting pa rti c les were smoo th spheres a nd sph eroids 
with maj or- ax is di a meters of ~2 .1 cm, aspec t ra ti os (a) of 
0.7- 1.0 a nd d e nsiti es (Pi) of620 9 15 kg m 3 A sc hema ti c 
test pa rticl e is shown in Fig ure 2. Th e 5 mm ice core 
represents <2% o f th e to ta l I'o lume, and thus has o nl y a 
minima l eITec t o n th e conduc ti v it y. 

pure ice embryo 

- 2,1 cm O,5cm 

~ 
support stem 

porous ice 

Fig . 2. Schematic diagram oJ the jJorolls -ice accretion upon 
an ice ell1b l)'o /Jarticle. 

Surface tetnperature tneasurexnents 

Th e second se t o f ex penmem s inl'o ll'ed an " AGE l\ IA 
Infra red Sys tem Therm OI' ision 800 " th erm al ill1 aging 
sys tem for remo tel y scannin g th e surface tempera ture o f 
th e porous tes t pa rticl es . The il11 aging detecto r has a 
spec tra l respo nse OI 'e r a n 8- 12 J.1111 ,\'a ITlength \\'ind o w 
w ith a se nsitil'it y o f ±0.1 3 C a t 15 °C . The spo t size a t 
th e pa rti cle surfacC' w as 2.0 ± 0.5 I11m ; th e sca nnin g sp eed 
was 25 frames a seco nd. About 400 points per (' 111

2 o f 
m od el surface co uld be resoh-ed , i .e. enough to a na lyze 
th e loca l hea t tra nsfe r in de ta il. C a lcul a li on o f th e 
pe ne tra ti on d ep th o f infra red ra di a ti on in bulk ice 
indi ca ted th a t 98% o f th e incident ra di a tion is a bsorbed 
within th e first 40/1-m m-er th e spec tra l ra nge of inte res t 
(H o bbs, 1974 ) . Thi s means th a t th e temper a tures 
m easured by th e AC E\l A system re prese nt I'a lues ve r y 
close to th e model surface . Figure I g ives an idea o f'th e 
f aci I i ty i l1\·oil·ed . 

Experitnental set-up 

Th e ex perim ents we re sta rted by ex pos ing rela til'e ly warm 
pa rticl es (",- 6 C) to a eo lel airn olV a t 15.0 ± 0.2 C w i th 
a n a ir speed (\1;,) o f 9 2 1 m Si, co rres po nding to R eyno lds 
numbers 1.5 x 10':::; Re:::;4 x 10 1

• Th e initi a l pa rticl e 
tem pera ture was d e te rminecl by th e co ld room used fo r 
sto rin g th e pa rti cles prio r to til e ex pe rim ent. The pa rticl es 
we re fo rced to gy ra te w ilh a spin fi-eq uency of 9.5 Hz a nd a 
nuta ti on/precession frequency of - 14 Hz about a ho ri zo n­
ta l ax is, or lo ro ta te a t a rate of 10Hz a boul th e mll10 r 
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pa rticl e axis perpendicular to th e (\'ertical) airflow. The 
minus sign of the frequency indica tes tha t the sense of 
rota ti on is opposite to (hat of the spin (Kry a nd List. 
1974a, b). All experiments were performed a t la bora tory 
press ure (", 102 kPa). 

RESUL TS AND DISCUSSION 

Figure 3 gives the time va ri a ti on of the dimensionl ess 
a \'erage surface tempera ture, Cf \ - Ta)/(~ - Ta), of the 
porous ice-tes t p a rticl es, coolin g in an airfl ow, as 
es ta blished with the AGEr..1A sys tem. Th c lower the 
density of th e particle, th e fas ter the cooling, a nd the 
lower th e surface temperature becomes. In othe r words, 
th e density ch a nges the therma l properti es , affec ting the 
temperature field a t the surface and , therefore, within the 
particle. 

0.8 

;:?: 

pi 9 15 kgm·
3 

~.lU 

770 
700 
620 

, O.r. 

S 
~ 

, 0..1 

I~ 

0.2 

10 20 30 

Cooling time (') 

40 so 

Fig . 3. The time variation oJ the dimensionless surf ace 
temperatures oJ ice /Jarticles ( D = 2.1 1'111, 0' = 0.7. ~ = 
- 6"C) witli different densities, cooLing ill an ailjlow 
(Ta = - ISCC, Va = 15ms " R e = 2.6 x 101

) . 

60 

The tim e vari a ti on of the average surface tem pera ture 
was used to d e termine the th e rma l conducti v ity, k i of the 
porous ice by Equ ati on (7) . Figure 4 is a plot of ki of 
porous ice \ 's the particle d e nsity Pi at Ta = - 15°C. It is 
appa rcnL tb a t porous ice exhibits lower va lu es of ki than 
bulk ice. Poro us ice with Pi = 620 kg m - 3 has onl y 55% of 
k i for bulk ice. Dilla rd and Timmerha us (1966) showed 
tha t ki of bulk ice increased 5 % and 11 % as tempera ture 
decreased from 0° to - 20° a nd -40°C, res pec tively. Thus, 
und er a tm ospheric cloud conditions, the density o f porous 
ice influen ces th e tbermal pro pe rti es more th a n tempera­
ture does. Th e \'a ri a ti on of k i with tempera ture may be 
neg lec ted wh en the density varies . 

Witbin th e experimenta l r a nge of this im'e tiga tion 
(i. e., 620 ::::; Pi ::::; 9 15 kg m 3), a linea r leas t-squa r e fit gi\'Cs 

-3 ki = 3.176 x 10 Pi - 0.726 (10) 

with a correla tion coe ffi cient of 0.996, [kd = W m 1 K 1 

a nd [pd = kg m- 3 

The dep end ence of ki on d ensity is ca used b y the ice 
structure with its va rious a ir inclusions. Th e presence of 
a ir bubbles enhances the coo ling (Fig. 3) because there is 
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Fig. 4. The thermaL conductivity, ki ' oJ porolls ice as a 
J unetioll oJ density, Pi , at Ta = - /S'G. The correlation 
coifficiellt oJ the linear relationshijJ between ki and Pi is 
0.996. The value of k i Jor buLk ice is also pLotted (open 
circLe) Jar comparison. 

less ice to cool. However, the values of ki are lower (Fig . 
4 ) because hea t is not condueted well through th e air 
enclosures . Ph ys icall y speaking, k j of porous ice is a n 
effective th ermal conducti vity whi ch is determin ed b y the 
condu cti viti es, \ 'o lume fra ctions and sha pes of the a ir 
sp aces and th e ice, a nd the d egree of sintering . As 
expec ted by th e th eoreti ca l mod e li ng (Espinasse a nd 
oth ers, 199 1; Seiferlin a nd K omle, 1991 ), th e th erma l 
eonducti vity of po rous ice depends heavil y on th e ice 
tex ture. Th erefore, th e ki \'a lues o f the present inves tiga­
ti o n a re \'alid fo r acc reted porous ice applicable to 

ha i lstone shells. 
Th e thermal diffusivity, O'i , of porous ice can be 

d e te rmined from the indirectl y m easured themal con­
du c tiyit y, ki' a nd the measured density, Pi, of th e tes t 
pa nicle by Equa tio n (2), and expressed as a fun ction o f Pi 
(see Fig. 5). O'i becom es smaller as Pi d ec reases . However, 
th e relati\'e \'ari a ti o n of O'j w'ith Pi is sm a ll compared to ki' 
sin ce O'i is reduced by onl y 18% as Pi decreases from 9 15 
to 620 kg III 3. This compares with 55% for kj • The a bility 
of the porous ice to store hea t is reduced \\'ith decreasing 

'" N 

E 
'" = 
)( 

8' 

I.S ,--__________________ --, 

1.2 

0.9 

700 800 

Pi (kg m -.3) 

900 

Fig. 5. The thermal diffusivity, ai, oJ jJorous ice as a 
J unetioll oJ density, Pi, at Ta = - J5°C. The correla tion 
eoifficient oJ the linear reLationship between O'i and Pi is 
0.960. 
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Pi. Thus, 10\\'-d ensity ice with sm a ll ai res ponds fas te r to 

c ha nge in its ell\' iro nm e nt th a n bulk ice. Th e \'alue of ai 
ca n a lso be ex pressed by a linea r re la ti o nship 

(}:i = 5.81 X lO- J
Op i + 6.1 X 10- 7 (11) 

O\ 'e r th e ra nge o f d e n sity 620 s; Pi s; 9 15 kg m 3, wi th a 

co rre la ti o n coe ffi c ie nt of 0.960, a nd [ail = n/ s I . 

Fig ure 6 summ a rizes th e m easure m e nts of th e th e rmal 

condu c ti vity ki of ice and snow as a fun c ti o n o f"d ensity Pi. 
K o ndra t'e \ 'a ( 1954) d e termined ki o f sn o w (\\'ith stagn a nt 

air ) fo r Pi < 350 kg m - 3
, a nd correla ted it to th e square o f 

th e d e nsit \' (Pi2 ) . Y e n ( 1965 ) m easured the effec ti w 

th e rm a l co nd UCli\'i t v o f unco nsolid a ted a nd \'e nri la tecl 

sno w with a d ensity' o f 376--472 kg m :l. He a lso fo und a 

d e pe nd e nce of ki o n Pi2 Pitma n a nd Zuc kerm a n ( 19 6 7 ) 

a nd "'e ller ( 19 71 ) d e te rmin ed th e th e rm a l condu c ti\ ·it y 

of sno w w ith d ensities of 100- 620 a nd 420 5 70 kg m 3, 

res pec ti vely , a t te mperatures va rying fro m - 5 to - 88°C 

a nd - 17 to - 60 °C. Th ese a uth o rs fo und th a t th e 

d e p e nd ence of k i o n te mpera ture beca m e sm a ll er as th e 

te mpe ra ture ill c reased. Agaill , ki o f sno\\' \n lS more 

se nsiti\ 'e to cha nges o f d ensity th a n to tempera rure (as 

fo und fo r po ro us ice ) . Pitm a n es ta bli shed th a t th e 

efTec ti\"( th erm a l co nduc ti\'ity of sno w is pro porti on a l to 
3') 3 

Pi (o r 400 < Pi < 620 kg m a nd to Pi- fo r Pi < 400 kg m . 
O stin a nd And ersson ( 199 1) d e te rm ined th e effecti\'e 

th e rm a l co ndu cti vi ty of fros t grown in a fo rced air stream 

ove r a d e nsit y ra n ge of" 80 < Pi < 680 kg m 3 The ir 

ex pe riment a l d a ta w e re d escribed b y th e polynomial 

ki = (-8. 71 x 10- :3) + (4.39 x 10- I )Pi + (1.05x 10- G)Pi2 . 

(12) 
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Fig . 6. The Ihermal coll dIlClil'i ~ ) ' , ki' 0/ bulk ire, SII01L'. 

.Fosl alld IJorouj ice as jllnction of demiO' . Pi. All 
l7Iert.l'llrelllellls lcere made al 'Tt = 0 10 17 c:. The dash 
line relm,let//j Ihe besl linear}il oj lite dala zcitliill Ihe 
rallge of -lOOS; Pi s;9J5kgm .'l , wilh a correlatio/l 
(oefficielll of 0.992. T his iil doej 1101 illd/ldl' Ihe ./rost 
mf({,l/lrelllfllls of Oslill alld AllderjJolI , 

Th e ir k i \'a lues \\"( re within a f~ l c t o r o f 1, 3 1 10\\"C r th a n 

th ose o f o th er il1\'es tiga tio ns in th e d e nsi t y ra nge 100 < Pi 
< 550 kg m :1 (Fig , 6 ) , Thi s is not su rpri s i ng, beca use fros t 

is g ro wn by depos iti o n o f wa ter \'a po r , \\'h ereas sno \\' is 

pro d uced b \' th e com bi ned processes of' \\'a te r-\'a p o r 

:(heng and List : Thermal (onducl il'i ~ J I oj po rOlls ice 

d epos iti o n , agg rega ti o n o r ice a nd /o r o th er sno \\' crys ta ls 

a nd acc re ti o n o f supercoo led water d ro ple ts , Thus, fros t 

a nd sno w h a \ 'e different ice s truc tures ( tex lUre ) whi ch , a t 

th e sa m e d e nsity, ha \ 'e diffe rent th erm a l conducti\·it ies. 

As shown in Figure 6, th e k i va lues o f po ro us ice a re 

betwee n th ose of bulk ice a nd snO\\' o r fros t. Th e linear 

rela ti o nship betwee n ki a nd Pi fo r po ro us ice blends 

smoo th ly with tha t of sn o w with Pi > 'WOkg m 3 Th e 

lin ea r fit to th e [k j , p;] cun'es fo r400 s; Pi :::;9 15 kg m 3 is 

- :3 ki = 3.356 x 10 Pi - 0.891 (13) 

with a co rrel a ti on coeffi cicnt o f 0 ,992 , This cxpression IS 

close to th a t g i\'e n b y Equ a ti o n ( 10) , 

SUMMARY AND CONCLUSIONS 

'['\\' 0 se ts o f ex perim ents w e re ca rr ied o ut 111 a C lo ud 

PIl\'sics \\' i nd Tunnel. Fi rs t , porous ice p a rticl es wi th 

di ffe rent d e nsiti es were grown b y accre ti o n o f supercoo led 

wa te r dro pl e ts, Th en th e th e rm a l cond u c ti vi ty a nd 

dilTu si\' it y of th e acc re ted poro us ice we re m easured b y 

rem ote ly sca nning th e s urf~lce tempera ture or coolin g 

pa r tic les a nd mod eling th e intern a l hea t flu xes . Th e 

conclusio ns a re: 

( I) Und e r s imil a r ex te rnal coo ling cond iti o n s, the s urf~lce 

tem p e ra tu re coo ls fas te r fo r porous ice w i th a lo \\' 

d e nsit y th a n for bulk ice . Th e lower th e d e nsity is, th e 

fas te r th e porous ice res po nds to th e te m pe ra ture o f 

th e e n\·iro nm ent beca use o rits redu ced h ea t ca pacit:·, 

(2 ) Bo th th e th erm al co nclu c ti \· it \·, ki , a nd diffusi\· it \·, ai, 

o r accre ted porous ice d e pe nd on d e nsit y, Pi, a nd can 

be d esc ribed I)\' lin ea r rel a ti o nships o \ 'C r th e d ensity 

ra nge 400 s; Pi s; 9 I 5 kg m :1. Lowe ri ng Pi by 10 'Yo 

lo we rs k i b y 15% alld cri b y 5°/r,. Thus, th e e ffec t o f P i 

on k i is m o re sign ifi ca nt th a n on Oi , 

(3) \\ 'ithin th e ra nge o f' c lo ud co nditi o ns, th e d ensity o f 

accrc tcd po rous ice influc nces th e th erm a l properti es 

m o re th a n tempe ra ture. Th e re fo re, th e d e nsit y 

\'a ri a ti o n needs to be consid ered . 

f I· The res ults bridge th c ga p o f'th e th erm a l p ro perti es of 

sno\\' o r low-densitv ice a nd bulk ice , 

Th ese res ults ca n be uscd to Ill od el th e g rO\nh a nd 

hea t tra nsfe r o f na tura l a nd a rtifi c ia l ha ils to nes a nd to 

und ers ta nd bc tt e r th eir g ro wth a nd m e lting , They can 

also help in th e interpre ta ti o n o r th e g ro \\·th stru cture of 

ha ilsto nes . The co nclusio ns a re res tri c ted to a rtifi cia ll y 

g row n, dry ha ilstone shells \\' ith air enc losures. Th e hea t 

co ndu c ti o n a t a g i\'en d en si ty \\ 'ill \'a r \, o nl y sli g hth' \\'ith 

the ice fi"a m e\\'o rk , \\'hi c h in turn is mos tl y a fTe Cled by th e 

size o f" th c accreted clo ud dro plets. Th e meas ure m ents a re 

not direc tl y a ppli ca ble to ice cl e nsiti es o f com e ta ry nu clei , 

w here ice-s tru c ture \'a ri a ti o n s m ay be mu c h la rger a nd , in 

additi o n to crys ta llin e ice, a mo rph o us ice may bc 

ell counte rcd, Further , th e m ass tra nsfe r thro ug h th e 

gaseo Ll s ph ase m ay pl ay a Illuc h la rger ro le in the eflce ti\ 'C 

therm a l co nduc ti\'it y beca use o f int ern a l cO Il\'ec ti on , th e 

long tim e -sca les a nd th e ex tre m ely sm a ll a ir press ures 

ill\'oh'ecl. furth er im'Cs tiga ti o ns m ay consid c r th e th erm a l 
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cond uctivity of porous ice in the form of compacted frost , 
and the dependence of the thermal cond uctivity on ice 
texture and air pressure. 
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