
Annals rif Glaciology 19 1994 
© International Glaciological Society 
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ABSTRACT. The metamorphism of snow in the a bsence of a signifi cant 
temperature gradient was investigated . The first par t of the study involved a na lytica l 
modeling of the exchange of mass between grains of differing surface curva ture and the 
process of intergranular sintering. Physical models were d eveloped to evalu a te these 
two processes. For the first process, it was ass umed that mass exchange took pl ace 
primarily by vapor tra nsport between neigh boring gra ins. The principles of mass 
balance, momentum balance and energy balance were utilized to evalua te time and 
spatial va ria tions in tempera ture, vapor velocity, vapor pressure and mass excha nge 
between the two grains. For the second process, mass exchange was a lso ass umed to be 
domina ted by vapor fl ow from the grain su rface to the neck surface . T he same 
variables were solved for in this second process. R esul ts obta ined show th at, as 
expec ted, the exchange ra tes between grains of different surface curva ture depend 
upon the radii of curvature, pore size and tempera ture. The ra te of sintering, as 
determined by the rate of vapor deposition on the neck is determined by tempera ture, 
grain curvature, and neck curvature. In addition to the physical mod eling, an 
experimental program was undertaken to measure ra tes of metamorphism in specia lly 
prepared snow consisting of fin e-grained spheri cal pa rticles. This snow was mad e using 
specialized instrumenta tion developed in J apan . The mean gra in size was 20 j1m , 
which , while very sma ll , allowed the observa tion of measura ble cha nges in snow 
microstructure over short time spans. T es t results showed tha t the g rain size increased 
markedly with time and tha t the small grains were sacrificed as the large grains 
acq uired mass from the smaller grains. 

INTRODUCTION 

The metamorphism of snow is a thermo-mechanical 
process which occurs continuously once snow has been 
deposited on the ground . A large number of studies have 
been done on the various forms of snow meta morphism, 
including the significant works of de Quervain (1945, 
1963), Giddings and LaChapelle (1962), Yosida (1963), 
H obbs and M ason (1964), H obbs and R adke (196 7) , 
W akahama (1968), Col beck (1973, 1979), Perla (1978), 
Adams a nd Brown (1983, 1989, 1990), and Ad ams and 
Sato ( 1993) . 

shapes and gra in-sizes as well as a potenti all y high degree 

of anisotropy. With the advent of image ana lysis systems 
a nd new techniques of qua ntita tive stereology (Brown 
and Edens, 199 1; Edens and Brown, 199 1, persona l 
communication), this problem has lO some ex tent been 
resolved . 

One of the remaining ques tions has to do with our 
ability to predict the ra tes of change of the snow 

micros tructure under any given se t of conditions. Some 
of the work by previous inves tiga tors has a ttempted to do 
just this with varying degrees of success. Colbeck (1980) 
and M aeno and Ebinuma (1983) have considered the 
ra te of change of either g rain-size o r intergranula r 
bonding. One of the difficulties in assessing the acc uracy 
of any model is the difficulty associated with measuring 
the ma teria l microstructure. Snow usually has a ve ry 
complicated microstructure with a wide variety of grain 

The purpose of this study is the theore tical analysis of 
the ra tes a t which radius-of- curva ture meta morphism 
proceeds in dry snow. The results presented here, from a 
combined theoretical a nd la borato ry experimental pro
gram, a re prelimina ry, and work continues in an attempt 
more precisely to describe the thermo-mecha nica l pro
cesses responsible fo r radius-of-curva tu re metamorphism . 

Work is conti n uing a lso in measuring how the micro
structure of snow is a ltered during equi tempera ture 
conditions and to compare the measured changes with 
those th a t are predicted by the modeling. For this work 
we use "s ta nd ard snow" (see Experim en tal Stud y) 
consisting of spherical pa rticles wi th grain-sizes on the 

order of 20 to 200 f-tm . 
Finally, we are also consid ering the applica tion of 

mixture theo ry to this problem to determine if such an 
approach can be of use. The work d escri bed here will 
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provide a means of assessing the utili ty of mixture theory 
for this type of metamorphism. 

ANALYSIS OF RADIUS-OF-CURVATURE 
METAMORPHISM 

In this section we consider th e interchange of mass 
between two neigh boring ice grains that are assumed to 

be spherical but have different rad ii of curvature. In such 

a situation, the equilibrium vapor pressures over the two 
surfaces will be different, therefore res ulting in a va por 
pressure g rad ient between the two ice grains. This in turn 
produces a flu x ofma s from the small gra in to the la rger 
one. O ve r a sufficient period of time this can result in a 
meas ura ble a lterat ion of m ea n grain-size a nd th e 
statistical di stribution of gra in-sizes making up the 
materi a l. Calculations here will provide information on 
just how quickly thi s process takes place. 

Colbeck (1980) indica ted that a small rela tive cha nge 
in temperature e produces proportionately larger relative 

changes in vapor pressure Pv and vapor density Pv. 
Therefore the ass umption of a constant temperature 
ac ross a vapor space between two neighboring ice surfaces 
might impose too strong a restric tion a nd produce 
potentia ll y unreali tic estimates of vapor flu x. As a 
conseq uence we ma ke no ass umptions co ncernin g 
constant temperature. The governing ba lance eq uations 
a re so lved to obtain e timates of such vari ab les as 
temperature, vapor pressure, vapor density, and vapor 
flu x. The balance equations used are those of mass, 
momentum , and energy. These a re used in conjunction 
with constitutive relations governing the behavior of th e 

vapor phase . 
Consider two neighboring ice surfaces sepa rated by a 

small space containing an air/vapor mixture which und er 
normal condi tions is vapor sa turated (Fig. I ) . Vile ass um e 
one su rface has a prescri bed temperature and th at 
initia lly both surfaces have given radii of curvature. 

The intent of this analysis is to determine the exchange of 
mass between the two surfaces when no macroscopi c 
lempera ture gradient is imposed . 
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Pvb 
Pvb 

Fig. 1. Schematic oJ two grains exchanging mass in the 
absence oJ an imposed temperature gradient. 

In what foll ows the subscripts " a" a nd " b" refer to the 
two ice surfaces, where the surface "a" is the one with the 
prescribed temperature. The subscripts "s" and " v" will 
refer to the solid and vapor phases res pec tively. 

The well known Clausius- Clapeyron equation and the 
K elvin rela tion may be used to develop a single expression 
for the eq uilibri um vapor pressure in terms of both 
temperature a nd surface curva ture. Th e Clausius
Clapeyron eq ua tion gives the vapor pres ure as a 

function of temperature: 

(1) 

where P is the equi librium vapor pressure, R is the gas 
constant, and L is the la tent hea t of sublimation. eo is a 
reference temperature, and PR a reference pressure for 
vapor over a surface a t the reference temperature. The 
va por pressure in terms of the mean radi us of curvature, 
7", is given by the K elvin equa ti on: 

(2) 

Po is the sa turation vapor pressure at the reference 
temperature eo . The surface energy is denoted by 0". 

Assuming the reference tempera ture in the two 
eq ua tions a re the same, the a bove two equations can be 
combined to yield : 

(3) 

where Cl: and (J have the values of 20"/ (psReo) and Ls/ R , 
respectively. It is usual to choose either the triple point or 
the melting point as the reference temperature. The 
radius of curvature of a n ice surface, 7", is d etermined by 
th e two values 7"1 and 7"2 which are the radii of curvature 

of the surface in two orthogonal directions (H obbs, 1974) . 
I t is given by th e relation: 

211 
-=-+ -
7" 7"1 7"2 

(4) 

Finally the mass and heat balance equations are given by: 

q= 

Q= 

_ D. A 8pv 
8x 

_ kA ae 
8x 

(5) 

(6) 

In the above q is the ma s flux , and Q is the heat flux , and 
Pv is the vapor mass density. The terms D and A 
represent the binary diffusion coeffi cient and the cross
sectional area over which the transfers a re taking place. k 
is the thermal conductivity. It is assumed that the a reas 
for the mass and hea t flu x are the same. We assume the 
hea t nux is approximated by: 

Q = Ls · q (7) 
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i. e. the heat transfer is predom ina ntl y due to th e transport 
oC the la ten t hea t of sublim a tion L ,s. Equa ti ons (5)-( 7) 
can be combined to yield : 

OX DLs ox (8) 

k and D a re both weak fun ctions of temperature and a re 
determined by the relations: 

815 
D = (5. 12 x 1O-4)p 

dPo 1 
k = LDP dB RB(P _ Po) + ka . (9) 

In Equation (9) P is the total a ir and vapor pre sure, and 
kA is the a ir conductivity and has the constant va lue of 
0.024 Wm 1 K I ) . Since vari a ti ons in tempera ture a re 
expected to be very small , D a nd k will be treated as 
constants . Then the integra ti on of Equation (8) yields: 

Substituting the ideal gas law, we obtain: 

R earranging g ives: 

where: 

Fva kRa ,=-+-
Ba DLs 

kR 
6=-

DLs 

(10) 

(12) 

(13) 

At point b (see Fig. I), Equation (3) can be written as: 

(14) 

where 

(15) 

We can combine Equations ( 12) and ( 14) to obta in a 
rela ti on for Bh th at can be so lved by an itera ti ve 

procedure: 

(16) 

Once Bb is fo und , the vapor pressure a t point a and b 
can be found with Equation (3), after which the vapor 
densities Pva a nd P vb can be found with the ideal gas law. 

Once the pressures, tempera tures and densiti es are 
found a t points a and b, the mass Dux q across th e vapor 
space from surface a to surface b can be found with the 
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use of Eq ua ti on (5) . The area A is ta ken to be th e 
projected cross sec tion a l a rea of grain a, A = 7rTa2 , where 
the grain a is ass umed to be the smaller of the two grains. 

Assuming a sepa ra tion distance llL , the mass flu x can be 

a pproxim a ted \I'ith the use of Equation (5) by letting: 

dpv Pvb - P va 

dx ~ E:.L (17) 

The rate of cha nge of grain-size is then: 

q 

P icc47fTb 
2 

q 
Tb= ----;;-

Picc47fTb
2 

(18) 

where Pice is the density of ice . Deposition on grain b and 
sublimat ion ofT grain a will not be uniformly distributed 
ove r the respec tive gra in surfaces, so these calculations 
give rates of change of effective grain-sizes. H owever, 
these measu rements a re essen tia ll y wha t is measured by 
most image a na lysis systems, i. e. th e equi valent spheri ca l 
g rain-size is d ete rmined . 

ANALYSIS OF THERMODYNAMIC SINTERING 

In the previous sec tion we studied the processes which 
determine how ice grains of difTeren t radii of curvature 

exchange mass when temperature g radi ents are neglig
ibl e. An additiona l process, which we refer to as 
th erm od yna mic sintering, a lso can take place at the 
same tim e. This invo lves th e exchange of mass between 
th e ice g rains a nd th e bonds or necks conn ec ting th e ice 
grains. Th e necks usually have radii of curvature 

substa ntiall y different from ice grains, so that the 
equilibrium vapor pressure over the neck surfaces will 
differ from that over th e g ra in surfaces. This consequentl y 
produces a Dux ofvapor from the grain surface a long the 
surface to the neck, where it is subsequently deposited on 
the neck surface . As a result the necks slowly grow with a 

res ulting increase in the ma teria l streng th and rigidit y. In 
thi s sec ti on we at tempt to calculate the ra tes a t which thi s 
process proceeds and to determine if th e deposi tion of 
mass is uniforml y distributed on the neck surface . 

We do no t consid er here mechanica l sintering due to 

applied pressures or other loads to the snow. Ra ther we 

Grain 

Fig . 2. Schematic if neck/grain geometlY JOT calculating 
flux if va/Jor mass from grain slllJace to neck sUlJace. The 
relative sizes of grain and neck are not drawn to scale. 
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(a) Balance of mass 

(b) Balance of momentum 

Fig. 3. Schematics oJ control volume used Jar balance of 
momentum and mass Jar thennodynamic sintering. 

are interested in the growth of intergranula r necks and 
bonds d ue to transfer of mass from grain surfaces to the 
bonds con nec ting the grains. Fig ure 2 illustra tes the 
geometry of a grain conn ec ted to a neck. From this two
dimensional perspective, the radius of curva ture cha nges 
fro m a positive value on the body of the ice grain to a 
negati ve value on the ice neck. In reality the neck radius 
of curva ture may not be negative, since, as indicated in 
Equa tion (4), the value of r used in the fo llowing analysis 
must re fl ect the radii of curvature on two perpendic ular 
direc tions. The curvature of the neck will however be 
lower th a n on the surface of the grain, and as a 
consequence the eq uilibrium vapor pressure over the 
neck surface will be lower than over the grain surface, and 
the vapor will move from the grain toward the neck. Here 
we develop the govern ing rela tions fo r this process by 
requi ring that the p rinciples of balance of mass, 
momentum and energy be satisfi ed . We ass ume the 
radius of curvature is a function of the distance x along 
the grain surface shown in Figure 2. Also shown in th at 
figure is a small cell which we u tilize to cha racterize the 
balance relations. T hese are shown 111 more detail in 
Figure 3. 

T he thickness, D, of the cells is taken to be large 
enough so tha t the flu x of mass across the top of the cell is 
small com pared to fl uxes across the two sides of the cell. 
T here is some subjec ti vi ty to a proper choice of 0, bu t a 
choice of one-half the pore thickness wo uld cer tainly 
represent a n upper limil on accep table values for o. 

First consider balance of mass, which is depicted in 
Figure 3a. T his gives the following balance relation if we 
ass ume stead y state: 

0Pv Cv oV 
V-=--P-oX 0 ox (19) 

In the above, v is the vapor velocity, and Cv is the mass 
supply, which represents the ra te a t which vapor is being 
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formed by sublimation off the ice surface of the grain or 
neck. Balance of momentum using Figure 3 (b) yields: 

(20) 

In the a bove the resisting shear stress in the fluid has been 
ass umed to be Newtonian and has been approximated by 
the term T = (p,j2)av/ ay = j.L(v/ 28). The term, j.L, is the 
fluid viscosity, and the velocity gradient is approximated 
by a linear distribution across the boundary laye r in 
which the vapor flow is taking place . The thickness {j of 
the boundary layer will be taken to be one-fourth of the 
mean pore size. Also in the above equa tion rJ is the drag 
coeffi cient for wa ter vapor in air. This is closely related to 
the binary diffusion coefficient, D , used in the previous 
sec tion. T he binary diffusion coeffi cient is used in the 
application of Fick's law as used in the previous sec tion 
(Equatio n (5)) . H owever , here we are using th e 
momentum bala nce equa tion ra ther tha n a direc t 
application of Fick's law. In the momentum balance 
equ a tion, the momentum interaction between th e va por 
and air in th e pores is given by a drag coeffi cient, T) , which 
when mul tiplied by the vapor velocity, gives a term with 
the same dimensions as the stress gradient, and the 
product rJ 'V represents the resistance of the air to the 
motion of the vapor. 

Balance of energy can be readil y found by considering 
the exchange of energy in each cell. We assume tha t 
energy transfer takes place by both conduction of hea t 
and transfer of la tent heat. We neglect the dissipation of 
energy due to the stress, since this is a second order term 
in the velocity gradients and is insignificant rela ti ve to th e 
hea t transfer. Balance of energy along the ice surface 
gIves: 

In the a bove"" is the conductivity of the air/vapo r phase. 
T he unknown in this problem is the se t (v , e, Cv, Pv, Pv). 
The equations for balance of mass, momentum and 
energy provide three rela tions, and Equa tion (3) and the 
ideal gas law allow us to close the pro blem, with the 
specifica tion of the appropria te boundary condi tions. 
These eq ua tions a re co upled a nd nonlinear , so a 
numeri cal method will be used. 

Subs titution of the ideal gas law and Equation (3) into 
Equa tion (21) gives: 

2 ,---.,. 
~+!.-(ln"") ae _ CvLs 
ox2 ox ox ""D 

+'Y~ [ea / r e(3{l/Oo- I /O) .!::.] = 0 (22) 
ox e 

where: 

(23) 

The so luti on will involve the following itera tive proc
edu re. Since Equa tion (22 ) contains only the tempera ture 
e, velocity V and the mass exchange ra te, Cv, it will be 
initially solved by assuming Cv = V = 0 and then solving 
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fo r the tempera tu re distribution. An itera ti ve procedure 
can be used by first making an ini ti a l guess of th e 
temperature distri bution a long the ice surface and then 
so lving Equa tion (22 ) for an updated approxima tion. 
This upda ted tempera ture distribution is used as the nex t 
guess, and the procedure is solved again and this is 
continued until convergence is reached. This then gives a 
solution for the tempera ture distribution but wi th no 
diffusion velocity or sublima tion . 

With this solution Equa tions (3), ( 19) , (20) and the 

idealAas law are used to obta in solu tions for v, pv , Pv, 
and Cv' In order to do this Equa ti ons (2 1) and (20) can 
be combined by first pre-multipl ying Equa tion (19) by 
the velocity v and then using Equation (20) to elimina te 
th e term v· av/ox. This res ul ts with the equ a tion: 

With the tempera ture di stribution, the press ure profile 
oPv/ox can be found from Equa ti on (3) a nd then used in 
Equa tion (24) to find the velocity profil e of the vapor 

along the ice surface on the neck and g rain . Once this is 

done, Equa tion (20) can be used to calculate the mass 
exchange ra te Cv' These solutions for Cv, pv, Pv and v 
a re then used as second estimates in Equa tions (22 ) to 

find a second a pproxim a ti on fo r the temp era ture 
distribution e, and the entire process is aga in repea ted 

until convergence is reached. This itera tive solution 
techniq ue was found to be sta ble for this pa rti cul a r 
p ro blem . 

RESUL TS OF THEORETICAL ANALYSIS 

In the following we consider the effect of a number of 
pa rameters on the ra te of mass exchange betwee n two 
grains, one small a nd the other la rge. We denote the small 
grain as grain a a nd the large as grain b . Figure I 
illustra tes the geometry of the two gra ins. 

T empera ture would be expected to h ave a very 
significant effect on the ra te a t which th e two grains 
would exchange mass . As the tempera ture is d ecreased , 
the sa tura tion vapor pressure and va por density a lso 
decrease, th ereby affec ting the ra te at which mass can be 
transferred from one grain to the o ther. To d emonstra te 
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Fig. 4. Effect of temperature on rate of change of grain 
radius. Grain a initial radius 0.01 mm, grain b 1.0 mm. 

Brown and others: M etamorphism of fine -grained snow 

1.21-T-T-T-;=:::I:====~1 

III 
:J 0.8 
~ 
1 0.6 

• ~ 0.4 
z 

_ Radlu8 = 0.10 mm 

.. r--+---+--....... -I . Radlu8 = 0.05 mm 
.. Radlu8 = 0.01 mm 

.................... 1 ................. ................ ~ ............... . 

!m_m_l_m 

·· .. ········r·············· 

o ~---4----~--~~---r----~--~ 
o 0.2 0.4 0 .6 0.8 1.0 1.2 

~ ... 
>C 

I!! 
~ 

.&: 

ti 
E 
i= 

TIme, hours x 106 

Fig . 5. Variation of grain-size as affected by size of grain 
a. Grain b has a radius of J.O mm. 
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Fig. 6. Effect of grain b radius on rale of decrease of grain 
a Slze . 
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Fig. 7. Effect q/ sejJaration distance ~L on the rate of 
mass transfer between ice grains. 

thi s, two tempera tures we re used in so lving th e equ ations 
d eveloped in the prev ious section. These a re shown in 
Figure 4. Since the expe rimen ts invo lved snow particles 
with dia meters of approxim ately 0.020 mm, the initi a l size 
of grain a was a lso ta ken to be this size. Gra in b had a size 
100 times la rge r than g ra in a and therefore ap pears for all 
prac ti cal purposes to be a Oa t surface . This will be 
discussed shortl y in more de ta il. As can be seen in Figure 
4, app roxima tely lOOO d a re required fo r the small g ra in 
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Fig. 8. Vapor deposition rates along a grain sUljace due 10 

movement oJ vapor Jrom the grain surface toward the neck. 
The coordinate position x = 16 pm marks the change in 
surface curvature as the grain surface is lift and the neck 
sUIJace is entered. Case A is when there is a sharp change 
in curvature. For Case B the radius changes gradually Jrom 
10 pm to 20 ltm over a distance of 10 pm. 
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Fig. 9 Distribution of vapor velocity along grain surface 
and neck surface Jar two cases. For Case A Lhe radius oJ 
curvature jumps Jrom 10 pm /0 20 pm at the point x = 

16 pm in the figure . For Case B the radius changes 
gradualLyJrom 10 mm to 20 mm over a distance of 10mm. 

to be reduced to 10% of its original diameter at the lower 
temperature, wh ile a bout 650 d a re required at 268 K. 
On e can readily see th at this form of meta morphism is a 
very slow process. 

Grain-size also has a n effect on the rate of meta

morphism. The equilibrium vapor pressure is increased a t 
a n ice /va po r surface as the radius of c urva ture is 
decreased . Figure 5 illustrates the e[fec t of grain a rad ius 
on the ra te of mass transfer. By the time the grain a has 
been increased to a value of 0. 1 mm it requires on the 

order of 150 years to be reduced to 10% of its original 

radiu s. T his is due to the va por pressure being reduced by 
increas ing curvature and to the increased mass involved 
as the radius is increased. In fac t, this latter e[fect is 
probabl y the domin a nt e[fect in this case, sin ce the mass 
increases with the cube of the g ra in radius. 

The relative size of the two grains will a lso have a 
sig nificant effect on the ra tes involved. In this case we 
keep the grain a radius r" consta nt at a value of 0.0 1 mm 
and vary the grain b radius rb between 0 .0 I mm a nd 
10 mm , so that the ratio rb/r a vari es between I a nd 1000. 
Figure 6 shows the time req uired for the small g rain to be 

reduced to 10% of its ini tial value. As ex pec ted , as the 

ratio rb/ra a pproach es unity, the time required to 
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accompli sh thi s reduction goes to infinity. H oweve r the 
time req uired a lso a pproac hes a constant value by the 

time the radius ratio reaches a value of rb/ra = 10. After 

tha t, th e grain b appears much like a fl a t surface. 
Finall y, Fig ure 7 demonstrates tha t the sepa ra ti on 

distance between particles a lso has a definite e[fect on the 
rate of transfer of mass between p a rticl es. In this casc .6.L 

is varied from a value of 0.0 I mm to 0.05 mm. As the 
di stance i shortened, the rate of tra nsfer increases 
markedl y as th e vapor pressure g radi ent increases . 

hgures 8 a nd 9 demonstrate the so lu tions to the 
equ ations describing the sintering process di sc ussed 
earli e r. R esults are not shown for the temperature 

profile, since temperature variations using Equation 

(22 ) were very small. These last two figures show results 
of calcul ations for two di[ferent cases . Case A describes the 
situ a tion where a sha rp jump in surface curva ture occurs, 
whereas Case B is (or the grad ua l transi tion from one 
radius of curvature to a la rger curva ture in the necked 
region . The reason for considering th ese two cases rests 

with what will actua lly occur when snow is first formed , 
eith er by snow deposition during snowfa ll or by the 
form a tion of snow with a processing technique . 

When two ice grains first come into contact with each 
other, the region of contact will be a surface with a sharp 

cha nge in surface curvature. Th is very localized region 

sh o uld ex peri ence a fairly rapid exch a nge of mass 
between the surfaces on opposite sid es of the contact 
point. H owever as time passes, the sublimation and 
depos ition of mass taking place during this exchange of 
mass wi ll result in a region of surface with a graduall y 
cha nging surface curvature, and hence the details of the 

mass excha nge between the surfaces on ei ther sid e of the 

original contact point should gradua lly cha nge. These 
two cases were evaluated to dete rmine the na ture of the 
tra nsport of mass from the ice grain to the neck, first when 
the transition is sharp a nd second for the situation after 

the surface has been sm oothed. Work is contin uing to 

calculate the temporal cha nge in the shape a nd curvature 
of the necked region between the two g rains, a nd what is 
reported here represents our first attempt at st ud ying thi s 
problem. 

As can be seen in Figure 8, for the case with a sha rp 

jump in curvature between th e grain bod y and neck, mo t 

of the mass exchange ta kes place righ tat the transi tion. 
For the second case, th e m ass transfer is spread o u t over 
the regio n of the trans it ion. Figure 9 shows th e 
corres ponding vapor diffusion velociti es, where simila r 
results a re obtained. One ca n see that the spatia l 

distribution of both the vapor velocity a nd the vapor 

d eposition is not symm etricall y di stributed as o ne 
progresses along the ice surface from the grain on to the 
neck. R ather, a t a sha rp tra nsition in curvature, the 
sublimatio n/depos ition process is very loca l, a nd as the ice 
surface shape gradu a lly changes, this process slow ly 

becomes more uniforml y distributed. However, the flow 

velocity and sublima tion /deposition is not symmetri call y 
distributed along the surface. Since the surface geometry 
is not symmetrical, this should not be surpri sing . 

The resu lts of this las t set of ca lcul ations demonstrates 
that the sublima tion /deposition and vapor flow is strong ly 

affec ted by the surface geometry. As a consequence, th e 

neck cannot be expec ted to develop uniforml y across its 
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full leng th , a lthough as time passes it a ppears th a t the 

process tends to smooth ou t. 

EXPERIMENT AL STUDY 

In ord er to make the experimental inves ti ga tion as eas y as 

possible, we use "s tandard snow" consisting of spheri cal 
pa rticl es, ra ther than the complica ted g ra in sha pes 
usua ll y found in na tura l snow. This snow is made by a 
new instrument recently deve loped in J apa n under the 
sponsorship of th e Japan Science a nd T echnology 
Agency; the machin e produce spherical snow particles 

in consid erable qua ntity, so tha t la rge samples can be 
studi ed - mo re than we re av ail a ble to previo us 
inves tiga tors (H obbs and R adke, 1967) . 

Stand ard snow can be made with mean gra in sizes 
from 20 to 200/1 in di a meter. This stud y considers 

sta nda rd snow with initial gra in size about 20/1, chosen 

because the meta morphism proceeds mu ch more quickl y 
in fin e-grained snow than in coa rser snow. R adius of 
curvature effec ts becom e very signifi cant a t these sma ll 
gra in-sizes, and th e process can be observed more quickly. 

A nozzle forces w<£ter droplets of a di ameter about 

20/1 in to a tu be wi th walls of d ry ice. The droplets q uickl y 

freeze on their outer surfaces . and a re d eposited in sm all 
conta iners measuring approxima tely 20 mm x 20 mm x 
10 mm . As the aging process starts immedi a tely, one 
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Fig. 10. Digitized surface sections oJ model snow samples 
showing the evolution oJ grain-size and intergranular 
bonding with time under equilibrium conditions. 
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Fig. J J. Dislribul ion if grain-size areas ill swJace sections 
jor the jOll r times shown. This figure shows the j raction of 
grains havillg a givell cross-sectional area in the sll1Jace 
section plane. 

sampl e was fill ed with a nilin e solution and fro zen a t 
- 20°C, representing time t = O. Other samples, stored a t 

- SaC in a sea led co nta in er packed with sno w ( to 

guara ntee a va por-sa tura ted environm ent ) were re
moved a nd fill ed with a niline so lution a t tim es of 
30 min , 1 h, 2 h, 6 h , 12 h, 1 d , 3 d , 1 wk, 2 wk, I mnth 
a nd 2 mnth , a nd frozen a t - 20°C to stop meta morphism. 
The samples we re then used to make surface sections to 
analyze the micros tructure. 

Surface sec ti ons were made by using water blue 
powder to sta in the ice pa rticl es th a t were exposed on th e 
sec ti on surface. Figure 10 shows two typical surface 
sec tions. As can be seen, th e pa rticles have a pred omi
nantly spheri ca l sha pe, a nd the existence of bonds with 
adjoining necks can clea rl y be seen. The simple geometry 
of the spheri cal pa rticl es ma kes it easier to identify th e 
necks a nd their dimensions. A stereo logical method used 
to determine the nl.icros tructure was essenti a lly th a t of 
Edens and Brown (persona l comm unica tion) . 

On e of the purposes of this stud y was to d etermine 
how grains grew with tim e. Figure 10, showing surface 

sections for times oft = 0 a nd 72 h, indica tes a n increase 
in mean gra in-size, and bonding between th e g rains has 
a lso d eve loped . 

Figure II illustra tes th e di. tribution of grain-sizes fo r 
tim es of 0 a nd 72 h. It shows the surface a rea of th e g ra ins 
ex posed in th e surface sec tion plane, but not th e 
distribution of grain-size vo lum es . It does no t transla te 
direc tl y into g rain-\·olum e distributions, but shows th a t 
the micros tructure is acq uiring a more uniform grain-size 
di stribution with tim e. 

CONCLUSIONS 

This stud y was underta ken to determine deta ils of radius
of- curva tu re me ta mo rphi sm . Ph ys ica l mod els were 
formula ted to calcul a te th e movement of va por and 
mass between ice g rains and from ice-gra in surfaces to the 
bonds conn ec ting th e g ra ins. R esults show th a t th e 
microstru cture of the ma teri a l cha nges slowl y with time . 
Small gra ins slowly lose mass to la rge r g rains, a t ra tes th a t 
a re a ffec ted by pore size , rela tive size of ice g ra ins a nd 
tempera ture. It is a lso pos ·ible tha t sta ti sti cal distribution 

of th e g ra in-sizes also has a n effec t, but thi s stud y was no t 
abl e to ve rify thi s possibility. Calcula tions showed th a t 
the process of sintering ta kes place a t a slow ra te. The 
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movements of vapor along the grain surface to the neck 
surface is not a uniformly distributed process. Rather it is 
determined by the details of the surface curvature of the 
grain and neck. More work needs to be done to determine 
the temporal evolution of the grain /neck geometry during 
the sintering process. This process is assumed to be due 
primarily to the sublimation of vapor off the ice-grain 
surface, diffusive transporta tion along the grain surface to 
the neck and subseq uent deposition onto the neck. The 
rate of this process wi ll change markedly as the surface 
geometry is modified over time. 
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