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ABSTRACT

The transport of water through rock salt as a result cf heating is examined
experimentalliy and a new model proposed to explainr the data. The experiment
consists of the measuremenlt of water loss rate as a function of time for three
I kg blocks of Southeasterr New Mexico rock salt. Each block was hecatec¢ Zor
approximately three days with maximum temperatures ranging from 165°¢ to 239°%.
The resulting data is qualitatively explained by a continuum riodel of Darcian
flow of water vapor from a receding evaporation front. The model includes the
prediction of thermal stresses which are calculated to crack the specimens
during heater shutdown giving an anomalously high water loss spike in agreement

with the data.
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NOMENCLATURE

Radial coordinate

Ideal gas constant for water vapor, 462 J/kg-K

. Porosity

Pore pressure

Temperature

Liquid/vapor interfece velocity

Vapor velocity

Thermal diffusivity of rock salt

Permeability of rock salt

Water vapor viscosity .
Water vapor density

Brine density




INTRODUCTION

Rock salt is presently regarded as one of the most promising geologic
media for the disposal of high-level radioactive waste. Listed among its ad-
vantages is the ahsence of aquifers which might, if they were present, transport
radionuclides away from the storage area. Some trapped water is present, however,
in the form of brine inclusions, water of hydration, etc., and the movement of
such water under the action of an imposed heat source (such as a waste canister)
is presently a subject of great interest.

The slow nmovement of brine through rock salt was first noticed about a
decade ago in ccnnection with waste disposal demonstrations tests.l It was
then described as being the migration of small (~1 mm) inclusions through the
NaCl 1atcice.2 This idea has since become the subject of intense investication,
both experimentally and theoretically. Inclusion migration is a well-known and
complex phenomenon about which a sizable literature has developed.3_7

Here we report the guantitative measurement in the laboratory of the water
loss rate of 1 kg heated rock salt samples over a period of three days. The
results suggest that a different mechanism is in operation than was previously
assumed, and that brine movement may be better explained as a Darcian flow of
water vapor through a porous medium. Freguently, this kind of mcdel hLas been
applied in the theory of drying.8 Calculations using this model are prasented

herein and compared with the data.
EXPERIMENTAL SETUP
A series of three tests was conducted in which 1 kg pieces of geologic

salt were heated to temperatures up to 260°C. Water loss from these specimens

upon heating was determined:



(1) by measuring the specimen's masa loss;

(2) by measuring the mass increase of a desiccant material placed in a
gas flow stream which had pa&ssed over the heated salt; and

(3) by integrating the time rate of water introduced into the gas flow
stream. This rate was measured using commercially available dew point

hygrometers, absolute pressure gages, and mass flow rate gages.

Each salt specimen was a 5.0 cm high by 10.8 cm diameter cylinder weighing
approximately 1 kg. The specimens were machined from salt blocks mined by the
Mississippi Chemical Company from their mine located about 29 km East of
Carlsbad, New Mexico. The blocks were removed from ore zone 7, approximately
210 metres below the surface in the McNutt Potash Zone, Salado Formation. The
major mineralogical constituents of the rock salt are approximately 88% halite,
5% kainite, 4% polyhalite, and 3% sylvite. Prior to heating, the specimens were
exposed to a laboratcry air environment for up to one year after mining; their
water content and permeability may differ from that of in situ salt. Each
specimen was weighed and then placed into a thermally insulated gas-tight stain-

less steel enclosure as shown in section in Figure 1.
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FIGURE 1. Assembly: Heated Salt Specimen Apparatus




The sample was heated using electrical heater tape wrapped around the

circumference of the enclosure. The temperature of the salt was measured using

a thermocouple in contact with the specimen's top surface. Each specimen was
heated sequentially at the two input power levels of 67 W and 116 W for a total
duration of about 80 hours. During working hours, a continuous record of water
loss rates was determined by the dew point hygrometers to an estimated accuracy
of #+8%. At the end of each run, after the sample had cooled to room temperature,
both the sample and the desiccant material were reweighed, giving a total mass
loss and mass gain, respectively. For «ach run, the latter two were fou:d to
agree with each other to within 103 and to agree with the time integral of the

mass loss rate to within 20%.

EXPERIMENTAL RESULTS

The results of the three heated salt water analyses are summarized in
Table I. The third specimen lost more water than the first two because it was
raised to a higher maximum temperature. A typical water loss rate curve (i.e.,
the data for sample 2) is shown in Figure 2. Characteristics of this water loss
rate curve common to all three samples are: the monotonically declining rate
after the sample is placed in the enclesure at room temperzture, and the in-
creas2 in the rate following an increase in the heater power with the attainment
of a maximum follcwed by a slow, monotonic decrzase. Finally, an abrupt irncrease
in water loss rate upon the removal of heater power was measured for two of the
specimens. (This may have occurred during the first specimen's run, ktut the
dew point gages were not monitored after the power was turned off.) The water
released during this sudder outflow is from 5-10% of the total water released
by the salt. This sudden relezse is simil~r to phenomena observed during

measurements made i heated geologic salt during project Salt Vault.l



Measured Mass Change

TABLE 1
Mass Change of Heated Salt Specimens

Mass Change - gm

Salt Specimen Number
2

Mass Loss Upon Heating 1.26 + .06 0.98 + .06 1.47 + ,06
- .03 - .03 - .03
Time Integral of Net 1.38 *+ .11 0.96 + .08 1.85 + .15
Water Loss Rate - -
Mass Gain of Desiccant l.14 + .05 0.98 + .05 1.32 + .05
Cartridges =
Average + RMS 1.26 + .12 0,97 + .01 1.55 *+ .27
Mass Loss in Postheating 0.097 0.112
Pulse (200 Minute N/A
Interval), Percent of 9.0 5.5
Total
%
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FIGURE 2. Water Loss Rate for Heated Salt Specimen




THEQORETICAL MODEL

The model used to simulate the experiments described above incorporates the

following assumptions and simplifications:

(1)

(2)

(3)

(4)
(5)

The cylindrical salt block was modeled in one dimension by a sphere
with volume equal to that of the cylinder. Sperical symmetry is
assumed for all variables.

Water motion within the salt is assumed to be a Darcian flow of water
vapor from a receding evaporation front.

The permeability of the salt is taken as a constant except where
radial cracks are predicted, in which case it is increased by a
facvor of 40. Both cracked and uncracked permeabilities are chosen
to fit the data presented here.

The porosity is estimated from the tqtal water loss to be ~0.0025,
All vapor motion proceeds on a time scale which is short compared to

other characteristic times and consequently remains in a steady state.

A schematic diagram of the model is shown in Figure 3. 1In region I, there

is vapor only which obeys the steady state continuity equation

Bir (rzpvw =0 , (68

and the ideal gas equation of state

p = R'va . (2)

vVapor velocities are computed from Darcy's Law

9
v=_§.5§., (3)

All pore pressures are considered to be partial pressures of water vapor with

boundary conditions p = 0 at the outer radius of the salt and p = equilibrium



vapor pressure at the evaporation front., The effect of dissolved solids on the
vapor pressure has not been included but should be less than a factor of 2 below

200°C. The evaporation front recedes at the rate

3
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The temperature is found from the time-dependent heat conduction equation

r? 3T (5

2
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Here, the outer boundary condition consists of experimentally measured tempera-
tures.

In addition, we compute the stresses in the salt, arising from both thermal
gradients and pore pressure, using a self-consistent technique which allows for
cracking. Whenever a principal tensile stress exceeds a prese* tensile strength,
the str~ss is artificially reduced to zZero. The entire calculation is then

redone and the process continued until a self-consistent sclution is obtained.

EVAPORATION FRONT

|
SPHERICAL SALT BLOCK

FIGURE 3. Schematic: Theoretical Model
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COMPARISON WITH EXPERIMENTS

Equations (1) throush (5) plus the equations for thermal stress-strain were
solved using the measured temperatures for sample 2 ag input. The predicted
water loss rate is shown in Figure 2. The broad peaks during heatup represent
the competition between rising temperature and receding evaporation front.
During heatgp, all tensile stresses were pr-edicted to remain well below known
tensile strengths for rock sa't (1.2 to 1.7 MPa).9 buring couldown, however,
cracking is predicted which leads to the sharp peak in water loss rate shown.
The base value of permeability used in this simulatiorn which gave the best fit
-16 2

was 0.04 uD (4 x 10 cm“). For mineralogically similar salt, values of per-

meability measured with the sr!t specimen under various confiaing stresses vary

from 8 wD to 0.05 pD.lo

DISCUSSION AND CONCLUSIONS

The model described ahove, although in need of refinement, is clearly
capable of reproducing the essential features of the data, inclvding the sudden
release of water when power is turned off. The previously held inclusion migra-

tion model appears to be inadeguate in at least two respects:

(1) There are long periods of time (~4 hours) during which predicted
temperature gradients (0.05°c/em) are over an order of magnitude below
threshold gradients for inclusién migration,6 though the data rhows
no dramatic decrease in water loss rate.

(2) Slow velocities of inclusion movement (10_'7 cm/8) appear to be inade-

guate to explain the sharp spike that occurs when power is turned off.

Experiments conducted on larger {(~1 m) salt blocks are presently in progress
using a somewhat different geometry and more elaborate data gathering techniques.

Also, refinements in the theory are proceeding toward a more exact two-phase
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flow model which, hopefully, will result in a better comparison with experiment.
The purpose of the present paper is to demonstrate the approximate validity of

a new approach to water transport using laboratory data.
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