Thermomigration of Liquid Droplets in Salt

T. R. Anthony

H. E. Cline

Gengral Electric Research and Developmant Center
Schnectady, New York

ABSTRACT

The salt mine burial of fission waste products resulting

from the reprocessing of spent fuel elements is now planned
as ¢ permanent means of disposal of these highly radioac-
tive wastes. Although salt mine buriul ix apparently the best
method of disposal, the vigorous sell-hearing of these waste
products leads to some potential problems. Natural salt
Jormations regularly contain small brine inclusions which
will migrate up the thermal gradienis generated by the
self-heating of the waste products. The resulting inflow of
waler into the nuclear waste crypts is undesivable because
waler vapor may accelerate wuste container corrosion and-
Jor lead 1w fission product comtamination of currently
unused sections af the salt mine. in addition, contaminated
vapar-liguid biphase dropleis generaled on the walls of the
nuclear waste crypt are capable of dispersing fission prod-
ucts throughout the salt formation since these unusual in-
clusions migrate down thermal gradients, in contrust to the
normal thermomigration of simple gas or liguid droplets up
thermal gradients in salt. By considering viscous gas flow,
vapor diffusion, liquid diffusion, evaporation and condensa-
tion, and liguid currenis driven by surface tension gradi-
ents, the add thermomigration behavior of the vapor-liguid
droplets observed in the present investigation is explained,
It is coneluded thar a modest dispersal of radioactive wastes
may occur in the salt formation. However, hecause of drop-
let trapping by the grain boundaries in the salr, the escape
of radivactivity to the owtside environment is unlikely even
on a geslogical time scale.

INTRODUCTION

As a permanent solution to the disposal of radioactive
nuclear waste products it has been proposed that such
wastes be permanently stored in abandoned salt mines.?-®
Because of the seismiic stability of salt formations and the

plasticity of salt under pressure, the possible release of
radioactive wastes by earth movement or strata fracture
wounld be minimized in this type of mine.

The inital self-heating of the high-level wastes, how-
ever, leads in principle, io some potential dispersal prob-
lems that we will concern ourselves with in this paper. Salt
formations regularly contain about 0.4 atomic percent wa-
ter in the form of small liquid-brine inclusions with typical
diameters of a few hundred microns.® Because of the
self-heating of the radivactive wastes, temperatures up o
3XPC can be reached in the nuclear waste crypts in a sait
mize. 711 Such temperatures would generate temperature
gradients extending radially away from the erypls into the
surrounding salt formation. These temperature gradients
can cause the thermomigration of brine inclusions in the
salt formation towards and eventually into the waste prod-
uct crypts. The resulting release of water vapor into the
salt mine i3 undesirable because watar vapor may acceler-
are waste conlainer corrosion and/or cause dispersion of
fission products into currently unused sections of the salt
mine.® :

When a brine droplet impinges on the crypt wall, not
alf of the lquid in the droplet is lost to the surrounding
atmosphere. On the contrary, as water evaporates from
the saturated brine, precipitation of salt generally reseals
the inclusion and prevents further water evapeoration. The
resealed droplet now contains both liquid brine and a gas
bubble. These biphase vapor-liquid inclusions have one
outstanding and important characteristic. In a tempera-
wre gradient, vapor-liguid inclusions migrate down the
temperature gradient toward lower temperatures!!2-9 in
contrast to the nsnal thermomigration of simple liguid or
gas inclusions up a temperature gradient.

{f the vapor-liquid droplets become contaminated with
radicactive wastes as they are generated on the walls of the
crvpt, the containment integrity of the crypt may suffer
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when the vapor-liquid droplets migrate down the temper-
ature gradient away from the crypt. Any degree of dis-
persal of radioactivity in the surrounding salt formation
should be avoided since such dispersal would greatly in-
crease the difficulty of exhuming the high-level radicactive
wastes buried in the mine should the need ever arise in the
future,

In order to predict the possible degree of radioactive
waste dispersal in the salt strata surrounding rhe burial
crypt, we have measured the velocity of vapor-liquid drop-
lets in a temperature gradient as a function of their size
and relative proportions of vapor and liquid. By consider-
ing the conservation of salt and water, gaseous diffusion,
viscous gas flow, liquid currents generated by surface ten-
sion gradients, liquid diffusion znd interface kinetics, a
maodel of the migration process is derived which ade-
quately describes our experimental observations of the
thermomigration of biphase vapor-liquid mclusions.

EXPERIMENTAL

Sample preparation

A single crystal of KCI 3 X 3 X 10 mm with less than
30 ppm of impurities was obtained from the Harshaw
Chemical Co. A cylinder of brine was preduced in the salt
crvstal by drilling a 0.3 mm diameter hole in the crystal,
filling the hole with deionized water and sealing wirh wax
to prevent evaporation. A thermal gradient of 20°C/cm
was applied along the length of the salt crystal for one
week. During the first few days, the brine cylinder simulta-
neously migrated and disintegraied into & myriad of smalt
brine droplets with a size range of 2-150 nucrons. U The
tsolated brine droplets continued {0 ougrate up to the
temperature gradient until they came to the hot end of the
crystal. There at the crystal surface, the brine in the liquid
droplets partially evaporated until salt precipitation gen-
erated by the evaporation rescaled the droplets. The re-
sulting biphase vapor-liquid droplets then turned around
and migrated down the remperarure gradient back inte the
crystal.

Droplet velocity and dreplet break-up

The velocities of a number of vapor-liquid droplets in
a thermal gradient of 3°C/cm were measured from the
time series of photomicrographs shown in Fig 1. The
velocities of the various droplets of Figure 1 that migrated
as a single unif (droplets B, D, E, F, G, H, and L) are
shown in Table I along with the vapor volume fraction
and the dimensions of the droplets. Table I indicates that
droplets with a greater fraetional gas content and larger
size migrate more rapidly than droplets with a lower frac-
ticnal gas content and a smaller size

Attempts to measure the velocities of specifie droplets
at different temperatures and in different temperature
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Figure T, Tn2 migration of @ number of vapor-iquid f{air-Ha
droptets in a thermal gradiest of 3 Clem in KGI The dark phiags
the gas phase white the light phase s the Eguid phase. The thermad
dradhient s it 2 vertical direction weth higher temperatures opwards,
ang fgwer temperatures toward the bortom of the photograph, T
positiens of the dropless which were initially an the same sierting:
fine are shown at timas of {, 33, 93, 151, 200, and 238 minut

The very seoait liquid dropiets such as those just to the right of
bubbtes | and M do not mowe during the experiment becouse of 3
irterface kinetic barrier, {16, 31} o

TABLE |
The measured widocitics, sizes, and relative oroportiong r;f
wapor and liguid phases of the various vapor-licuid tiphasse
droplets of Figure 1,

Vapor Fractional -

Velocity X L Batble

Draptet temi/sc) (N} (N} Diameter
N}
1 43 % 1077 3 2 8
2 25 x 1077 15 14 14
3 35 X 1077 15 12 5
4 atx107 18 12 10
5 30 % 1077 1o 9 8
B 28 % w“f 17 a 172
7 1.2 X 1077 8 9 8
8 ti x 1077 8 9 B
9 32 xw?® 1w 12 10
10 regiigible e 13 9
11 regiigible g 5 g

Average Velooity 2.5 X 107 Average Gas Conent U'.L’_S

gradients were frustrated by the general rendency of va-
por-tiguid droplets to split apart when the temperature or
temperature gradient was changed. For cxample, for the
temperature of 40°C and the temperature gradient of
3*C/em of Figure 1, vapor-hquid droplets A, C, J, and M
eventually divided. The division of droplet J was partics-,
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farby interssting, The displacement versas time of the vari-
ous parts of this droplet are shown in Figure 2. Initially,
droplet J was a large vapor-liquid droplet containing a
relatively high propertion of liguid. On application of the
3°C/em temperature gradient to the crystal, droplet ]
began to divide irself into two progeny: a vapor-liquid
dropier which began to migrate down the temperature
gradient and a simple liguid droplet which commenced fo
migrate up the temperafure gradient. The Liquid neck con-
neeting the two offspring (see Fig. I ar 151 and 200
minutes) restrained both the simple liquid droplet and the
siphase vapor-liquid droplet from going their respective
ways. The restraining force of this liquid neck is equal 10
the solid-liquid surface tension ¥y, times the perimeter of
the Hguid neck.!"” 1% As the liquid neck became thinner
and thinner, the force holding the two droplets together
decreased untif this connecting neck broke. The separated
droplets then continued on their separate ways up and
down the thermal gradient, respectively (Fig. 1 at 238
minutes},
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Figure 2. The breakup of bubble J of Figure 1 into a simple dguid
dropiet and a vspor-licuid droplet. The liguid dropiet migrates 10-
waardy tha hat side while the wpor-tiquid droglet maves towards the
eid cick of the sampie. Both offsprirg droplets are ternporariby
eslruined fram going their separate ways by e surface tension of
e tiguid nech hotding the offspring dropiets tegethar,
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DISCUSSION

The physical processes involved in the thermomigration
of vapor-liquid droplets

Figure 3 is a schematic diagram of a biphase vapor-
liquid droplet migraning down z temperature gradient
where Lhe gas bubble has been approximated as a cube. On
the hot face of the droplet, water evaporates from the
brine film into the vapor phase. The resulting salt super-
saturation in the brine film causes salt to precipitate on the
hot face of the droplet. The evaporated water is then
fransported through the gas phase 1o the cold side of the
droplet where if condenses on the cold brine film. There,
the condensed water dilutes the brine below the saturation
fevel and thus canses dissolation of salt from the cold side
of the droplet. This simultaneous dissolution of salt on the
cold face and deposition of sali on the hot face of the
droplet causes the thermomigration of the droplet down
the temperature gradient toward lower temperatores.

In order that water is continually available for evapora-
tion from the hot face, a counterflow of water must occur
in the liguid-srine lm from the cold to the hot face of the
droplet. This counterflow of liqud is generated by a vapor-
hquid surface tension gradient between the hot and cold
faces of the droplet. The vapor-liquid surface tension of

NSRS
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Eigure 3al, A schemauc diagram of a biphase vapor-figuid droplet
migrating down a temperature gradient i & sotid, The cyebe flow of
wazber zround the dropdet s accamydished by & flux of Wdl&"r are
throagh the vaper phase and a rounter current of water J e in the
dquid phase, The net fiow of sait through the droplet which gives
#ise 10 the thermorugration of the droplet is the sum af the counter

fluxes of sabt in the kauid caused by lioesd flow Jtc' and dHfusion
JKC}.
8]
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Figure 3lb). Water flow lines in a vapardiquig droplet migrating
dowtr a thermal gradient taward lower temperatiyres, in those vapor-
liguid dropiet whaeh contain onby a modest gas fractional content,
tha gas phasa is spherical as shown in the figure. For vapordiguid
droplets cantaining a large fractional gas cantent, the thin film af
liguid an the solig interface of the droplet gives the gas bubble a
cubic shape as shown in Figure 3ia).

the concentrated brine solution on the hot face is higher
than the surface tension of the pure water condensed on
the surface of the brine on the cold face since salt increases
the vapor-liquid surface tension of water. The resulting
surface tension gradient is equivalent to a shear stress on
the surface of the liquid directed towards the hot side of
the droplet and causes a2 fow of water from the cold to the
hot side, completing the water cycle {see Fig. 4).

Water and salt conservation equations

The thermomigration of the vapor-liquid droplet can
be described by two mass conservation. equations for water
and salt, respectively. If J® and J*C are the fuxes (in
moles/cm3-sac} of water through the vapor and Hquid
phases of the droplet, respectively, and are expressed with
respect to the coordinates of the center of the moving
droplet, then

Hz O H, O ¢ . :
E Ag - I i Ay = Q:Conseryation of H, 0 (1)

¥
since no water 1s left behind by the migrating vapor-hiqud
droplet. Ag and Ay are the average cross-sectional areas
perpendicular to the thermai gradient of the gas and hquid
phases of the droplet, respectively.

Similarly, & net flux of salt equal to V CEY, where V
is the vapor-liquid droplet velocity and CK is the con-
centration of salt in solid salt, must pass through the
droplet in order that the droplet migrate with a velocity
V. This net flux of salt from the cold to the hot face results
from the competition between the sait flux I generated
by the flow of liguid brine from the cold to the hot face
(see Figs. 3 and 4) and the opposing diffusion flux JE&

Figurs &, A schematic diagram of the liguid current J, in a wap
liguid droplet generatad by the tiguid-vapor surface tension gradia;
betwsen the hot zrd cold droplet faces. U, is the velocity of 2
element of jiquid and incraases from zero at the salid-iiquid inte
face to its maximum velue on the vaportiguid interface, The surfa
iension gradiant is caused by the difference of brine concantratig
at the liguid surface between the hot and cold faces of the drogie

of salt from the hot to the cold face in the liguid caus:
by the salt concentration drop across the droplet -

KTl KCi - K1, Conservation
(¥ D)AL‘(AG+AL)VC S ° 7 of salt

L)

The flux of KCI, JKC!, cansed by the liquid flow is simp
related 1o the water flow =2 by, '

CKCI
K T L (H,0 (
L =aro 71

L

The velocity V of the hiphase vapor-liquid droplet can
obtained by combining Equations (1), (2), and (3) once t}
expressions for the individual fluxes T have been derive

Flux of water throagh the gas JF© :

Vapor phase contains only H,0 vapor. When the g
phase contains only water vapor, the transport of wal
through the vapor phase from the hot to the cold side
the droplet occurs by viscous gas Aow down the pressu:
gradient across the droplet. If AP is the pressure gradiel
across the droplet generated by the change of the va
pressure of water with temperature, a modified Poiseuil}
Law cquation shows that the flux of water vapor 1s: -

IH;(;O . CH%;() AP (x - 2hy?
250720 (L2m)
where
a?uéo
AP =~z VIG(L-2h), VTG

is the temperature gradient in the gas, nHi® is the viscosity
of water vapor and L, X, and h are the droplet dimensions.
shown in Figare 3. [nserting values of the various con
stants in Table [l for the conditions of the experiment, we.
find that JHC = 2.6 X 10"* moles/cm?—sec,

R L e
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i
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TABLE

“The variaus physical constants associated with the KCEH; 0 and the Nali-H, O systems at a temperatura of 40°C. These
constants can be found in the various references listed at the end of this article.

Symbaol Kt
C, 5.1 X 1077 moles/om®
acy 29 ¥ 10°° roles
—Té? ..9 Q r:m3 _QK
C, 2,66 X 10 *molesicm’

Dy 2,165 X 107° cm® fsac
ay 14_e_rg~hter

ac " em?.mole

y

T

o 1.35 X 1073/°C

grivt = BV 48 X 1078 em?fsee” K
a {foreign gas): V = aV'T, 1.6 X 1077 em’sec K
@ {no foreign gasi: V = VT,

153 X 1074 em? fsec-"K

NaCt H, 0

8.0 X 107% moles/cm’ 555 X 1077 moles/em?
e moles

98 X 107 5% -—

372 ¥ 1077F moles/om® e
e 2.87 X 107 ¢ moles/em?®
— rmcles
—— 1.45 X 10 e g
_— 7.45 X 10% dynesfem?
4.05 s dynes
T 05 X AT

— 6.6 X 1072 gm/cm-sec

......... - 1.2 X 107* gm/em-sec
—_ 0.239 em? fsec
1.47 X 10 5 em? fsec S

ergs-liter
1.64 __Qi_ﬁ
cm” -mole

.61 X 1077 em? fsec-°K S
145 X 107* em? fsec-° KK

Miscellanecus Constants

EH4 O {in natural saft)
YT caren

RT

For relatively large values of JH:C, one must be sure
that the evaporation and condensation rate of water at the
liquid-vapor interface does not limit the flow of H.O
across the vapor phase of the droplet. The evaporation and
condensation rate R of a pure gas over its own liguid is

given by

= Pii-z)
R = ek T

where P is the vapor pressure of the gas, m is the mass of
a gas molecule, kT is Blotzmann's constant times the abso-

= 1,08 X 107% malesfem® of salt
=2 X 107*°C/em
)
- 'l efﬁ" K P
{8.31 X 10 mole (313K
= 4.6°Clem

= 4.8°Cfom

lute temperature and z is an accommedation coefficient,
For water vapor at 40°C, R = 2.2 X 10-? moles/cm?-sec
assuming that z = 1/2. Since the evaporation-condensa-
tion process i3 two orders of magnitude faster than the
viscous gas flow process, evaporation-condensation will
nnt control the flux of water across the vapor phase of the
dropiet for the temperatures and temperature gradients of
our experiment. Yapor-liquid biphase droplets in which
the gas phase congains only the vapor of the hiquid can be
easily produced by temporarily vaporizing{1%-23 or freez-
ing*» liquid inclusions in solids.
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Vapor phase containg a foreign gas. When the vapor
phase contains an appreciable amount of foreign gas, wa-
ter vapor transport through the gas phase 15 accomplishad
by a diffusion process from the hot to the cold side of the
droplet. If the Soret effect which is very small in gases®?%
is ignored, the flux of water JI9 in this case is,0%

acH: 0

1,0 G _
2 I VTg (3)

G

H, 0

i G

=D
where DHIO is the diffusivity of water in the foreign gas
and CH:® s the concentration of water in the gas phase.
Far the conditions of our experiment, J3:0 == 1.6 X
16-7 moles/cm?-sec.

The eounter current of Hguid brine J,

The continuous cyclic flow of water back and forth
across the droplet may be limited in some cases by the
counterflow rate of liguid brine from the cold to the hot
side of the droplet. This fow of liqmd is caused by the
liguid-vapor surface tension gradient A ¥ generated by the
difference in salt concentration in the brine between the
hot and cold faces of the droplet, Let U be the velocity of
a small volume of liquid paraflel w the facet plane of the
droplet (the x direction) and vy be the position coordinate
perpendicular to the direction of flow (seg Fig. 4}. Then
the Navier-Stokes equation

H:0 22U _

describing this fluid flow can be solved 1o give

where nf? is the viscosity of brine and where the bound-
ary conditions of a zero liguid velecity at the solid-ligaid
interface and a surface shear stress of Ay at vapor-liquid
interface have been used.% 27 The average flow of water
per unit areas is then
‘-rr-h Udy
HsQ ng ‘0
L

gy on
} i 7
h i, 0 G

i
H
- 2
s} L

=

‘Fhe surface tension gradient A,¥ is given by the change
of surface tension with salt concentration

ay . .

;jé times the ehange of salt concentration AC between the
hot and cold faces divided by the length of the droplet,
L-2h, parallel to the thermal gradient:

oy ©
VY 7 8¢ i2n

The concentration change AC is equal to the towual salt
solubility CF® in brine at the temperature of the droplet

since the condensing water on the surface of the cold face
of the droplet is pure water and the brine on the hot face
of the droplet is saturated. @ Equation (7) becomes then,

CKCi [is 8 h
HyO _ oH O T L 3¢ & :
A _ (8}

Substitufing typical values of L = 15 X 0% cm and
h = 1 X 10+ cm and the constants in Table 11, we fnd
that J{E0 = 2.43 moles of H,O/cm?-sec. Since JP0
caused by chemocapiilarity effects is substantially greater
than either diffusional fow or viscous gas fow of H,0
through the vapor phase of the droplet, it will not be the
process controlling the rate of the cyclic flow of waler
around the vapor-lquid droplet. Consequently, the ob-
served vapor-liquid droplet velocity will not be deter-
awined by this chemocapiilarity hydrodynamic process.
In summary then, the rate of cvclic flow of HLO bei
iween the hot and cold faces of the droplet wiil be con- -
trolled by diffusion in the vapor when the vaper containg °
a foreign gas and by viscous gas Bow when the gas phase -
coniains only H;O vapor. '

Diffusion flux of salt in the liguid

Of the fluxes in the basic canservation Equations (1) -
and (2}, only the diffusion fux JF& of salt in the liquid has
not been discussed. In a previous papert!9, we showed that -
this flux will be given by

KCl E
dind

JKC1_ KO KO r( " ) K_] .
p O DL NTsY te VTt er) O

where DEC is the diffusion coefficient of KC1 in bring, &
is the Soret coefficient of KClin brine, AT, is the thermal
gracient in the brine, and K is the interface kinetic poten:
t1al(6 231 for the KCI-H,O system. Note that in Equa-
tion (9), a plus sign in place of the minus sign in reference
16 is in (ront of the interface kinetic potential. This effec:
tive enhancement of the KCl concentration gradient in the
present case is caused by the brine supersaturation re-
quired on the Aot side of the droplet to make salt precipi-
tate and the undersaturation cn the cold side of the .
droplet needed to make salt dissolve. For the conditions
of our experiment U = 3.8 X 10 moles KCl/em®
S,ec

Combining the basic salt and water conservation Equa
tions (1} and (2) and Equatioa (3%, we find that the velw.ﬁy
V of the vapor-liguid droplet is

{,I{El L R0

S s T O ¢ o G _ (KCl
vV = » o - B
AgFA [ [oHaO AL KT
4 L g

[
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If Ac/Ay = 7, JEY may be neglected and the vapor-
liquid droplet velocity V becomes

CKCE 0

v =f--28 Lo 26 (11)
Ag * AL Ci-li() cKET :

When the vapor phase m the vapor-Hgud droplet contains
a forelgn gas in an amount sufficient to require diffusion
transporet of water in the vapor phase, then from Equation
(%), the droplet velocity is

3 CE.'lCi ( Ag DHE(') BCHéO "
R e e - vT, (12
2 (\HEU AL"'_'%G CLS 1 aT ¥

Foreign (ias in Vapor Phase.
3 .
The approximation ATg==SAT, has been used since the

thermal conductivity of both the gas and liguid are much
iess than that of the solid. Inserting typical droplet dimen-
sions fsee Table I} of x = L =~ 15 X 10 cm and
h o= 1 X i0* cm, we find that the velocily of a vapor-
liquid droplet containing foreign gas in its vapor phase for
the conditions of our experiment is 4.8 X 1077 cm/sec in
close zgreement with our experimental measurements (sce
Table 1) This agreement implies that our vapor-hquid
droplets contained foreign gas in the vapor phase. The
presence of foreign gas in our droplets was expectad since
the vapor-liquid droplets were formed at the free sorface
of the crystal, in contact with the atmosphere.

If the vapor phase in the vapor-liquid droplet contains
anly water vapor, then viscous gas flow will control the
rate of HoO transfer across the vapor phase. From Equa-
Hon (4), the velocity of the vapor-liguid droplet is then,

\ /Kot /(.H-;O . apH20
o3 Be VLM G Yxe2wt TG ooy
2\ AGFAL A KA \CHgU o120 TET Vs
. s L S TG {133

Me¢ Foreign Gas in Vapor Phase,

Substituting in values of x = 15 X 10% cm and h =
1 X 10 cr, the vapordiguid droplet velocity for the
conditions of our experiment would be 4.6 X 10~ cm/sec
t the dropiet contained no foreign gas,

APPLICATIONS TO THE STORAGE OF
NUCLEAR WASTES IN SALT FORMATIONS

The thermomigration of lguid-brine droplets into
nirclear waste burial crypts

Natural salt regularly contains about 0.4 atomic per-
cent water in the form of small brine inclusions several
hundred microms in diameier. ™ Lo previous papers,t6 U
we have shown that such liquid-brine droplets will mi-

grate up @ remperature gradient towards higher tempera-
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tures i salt. Thus brine dropicls in a salt formation will
be anracted 1o the heat generated by the self-heating of
nuelear wastes in burial crypts. Over 1 hmited tempera-
ture range, the velocity V' of sufficiently large bome drop-
lets can be expressed as V' = BAT, where 2 15 a known
constant (see Table 1T} and AT, is the temperature gradi-
ent in the saltf16 3. 32 For small brine droplets or jow
thermal gradients, this linesr relation wiil not hold be-
cause of g kinetic barrier at the mferface. B The tempera-
ture gradiemt AT, around a sphencal bunal crypt with a
radius R, that contains self-heating waste products at a
temperature AT above the ambient termperature of the sult
formation is,
TT R,

where R s the radial distance into the sakt formation,
Consider a spherical shell of volume 4w R%dr surrounding
the burial erypt. If dl is the inflow of water into the burial
crypt (in moles of H,O) generated by the thermomigration
of brine droplets in this spherical shell, then

di = 47R? dr (14}

where ¢ is the density of liquid-brine droplets in the salt
formation (in moles HaO/cm?). Inserting the relations ~dr
= Vdt, V' = SAT,, and AT, = ~-ATR,/R%, we find the
inflow of water per uait time ¢l/dt is

A~ angpar R, {1%)

Substituting values of the constants Hsted in Tabie [1{{ =
1.08 X 107* moles HyO/cm?, B = 5.9 X 10 em*/see-"K,
AT = 300°C, R, = 00 em) for the NaCl-H,0 system, we
estimate that the fow rate of water into the nuciear waste
burial crvpt will be 2.4 X 107 moles H,O/sec. This is
equivalent to gn nflow of 140 cm? of H,O per year into
the crypt. Recent resulist® {rom Project Sah Vaul, a
study of the actua] storage of high-level nuclear wastes in
a salt mine ar Lyons, Kansas, show a water inflow into
waste crypis of 365 cm? per year, in reasonable agreement
with our calculated value.

The fransport of radieactivity away from the burial
erypt by the thermomigration of biphase vapor-ligwid
draplets

A further possible result of the self-heating of the no-
clear wastes is thal contaminated vapor-liquid biphase
droplets generated on the walls of the burnial erypt muy
transport radioactive wastes away from the crypt inte the
salt formation. Such wastes could be carried tn the vapor-
tiquid droplet as gases, Hquids, dissolved sotids ar even as
solid particies (Refs. 34-38). The velocity V of vapor-
hquid droplers away from the burial crypt can be approx-
mated in a liited temperature range as V = -qAT,,
where o is a known constant (see Table I The time t

A
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required for a vapor-liquid droplet to travel a distance R
from the burial vauit is

t:rR .."15—
iR, V.

Substituting expressions for the velocity and the thermal
gradient around a spherical waste crypt heated AT above
the ambient temperature of the salt formation, we find that

R* — R?, = (@AT R )t {16}
where R,, is again the radius of the burial crypt. Assuming
that the self-heating of the nuclear wastes maintain the
value at 300°C for the equivalent of two vears, we find that
vapor-liquid droplets containing a foreign gas couid only
transport radicactive wastes a distance of 10 cm into the
salt formation. On the other hand, vapor-liquid droplets
containing only water vapor in the vapor phase could
carry nuclear wastes a distance of 600 cm into the salt
formation in two years. This figure, however, ignores the
pronounced ability of grain boundaries to trap migrating
droplets (7 18

Escape of radioactivity to the external environment
Because the self-heating of the nuclear wastes will last
only a relatively short time on a geological time scale, it
is unlikely that thermal gradients generated by the self-
heating wastes could cause thermomigration of con-
tarninated Liquid-vapor droplets out of the salt formation.
On the other hand, both the permanent gravitational
field® and the natural thermal gradient!!® of the earth (2
X 10-%"C/em) could conceivably lead to the escape of
fission waste products o the external environment. With
an overlay of 100 meters of sali typical of the proposed
Lyons, K.ansas, nuclear waste burial facility, the caloco-
lated times required for a vapor-liquid droplet to escape
from the salt formation because of the natural thermal
gradient of the earth are 10° and 10 years, respectively,
for vapor-liquid droplets with and without foreign gas in
their vapor phase. These calculated times, however, again
ignore the ability of grain boundaries to trap migrating
droplets. Previous work has shown that fields significantly
higher than cither the gravitational field!® or the thermal
gradient!!” of the earth are necessary for a droplet to
penetrate a grain boundary perpendicular to one of these
force fields. Consequently, it appears that neither the grav-
itational field por the thermal gradient of the earth could
cause migration of contaminated droplets to the external
environment ¢ven on & geological time scale.

SUMMARY

By considering viscous gas flow, vapor diffusion, liquid
diffusion, evaporation-condensation, and liquid currents
driven by surface tension gradients, the unusual ther-

maemigration behavicr of biphase vapor-liguid droplets
down thermal gradients in solids is explained. The ther
momigration of these biphase drapiets and simple liquid
droplets in natural salt formations was considered with
regard to the proposed permanent storage of kighly radio-
active self-heating wastes in salt mines. It was concluded
that an inflow of waler into the nuclear waste crypis can
be expected and that a modest dispersal of radicactive
wastes into the salt formation may occur. However, be-
cause grain boundaries in salt can trap migrating droplets,
it i unlikely thai radicactivity will escape to the externa} -
environment even on a geological time scale.
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