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1 THERMAL CONDITIONS

Thermal analyses using site-specific thermal data provided time-dependent

boundary temperatures for the waste package assessments and radial temperature

profiles for the brine migration calculations. These analyses showed that

Richton Dome, Gibson ome, and Palo Duro salt basins will have significant

differences in their expected near-field thermal performance. Richton Dome

had much higher temperatures predicted than the other two sites because of the

higher ambient in situ temperature and apparently lower thermal conductivity

of the dmal salt. Gbson Dome had slightly higher temperatures calculated

than Palo Duro. Only commercial high-level waste (CHLW) and spent fuel from a

pressurize boiler reactor (SFPWR) were considered. This section presents a

benchmark of the analytical code TEMPV5 with temperatures calculated by

Westinghouse (1983), defines the thermal data base, and presents the results

of analyses using two emplacement schemes. One emplacement scheme assumes

instantaneous emplacement f an infinite number of waste packages. The other

scheme assumes sequential emplacement of a fnite number of waste packages.

Comparisons of the two emplacement schemes show that sequential emplacement

yields temperatures only slightly lower than those found in an infinite array.

1.1 BENCHMARK OF TEMPVS

The TEMPVS analytical code was used to make the thermal calculations.

The TEMPVS code is a much improved version of FLLSSM code (Kaiser, 1980). The

temperatures calculated by the TEMPVS code were compared to those published by

Westinghouse (1983b, pp. 59-60) for tunnel and package spacings given in

Table 1-1. Figure 1-1 gives the relationship between thermal conductivity and

temperature. Figure 1-2 shows that the TEMPV5 code gives higher temperatures

than those calculated with the finite element code WECAN by Westinghouse

(1983b) for both CHLW and SF package designs. Table 1-2 summarizes the

temperatures given in Figure 1-2.

The TEMPV5 code models individual waste packages as finite line sources

in a homogeneous, isotropic, and infinite medium. The code uses linear super-

position of temperature contributions from individual finite-line sources to

calculate the temperature at a point. The code accounts for most of the
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nonlinearity associated with the dependence of thermal properties on

temperature through a transformation technique (Carslaw and Jaeger, 1959, p.

10-11). The transformation technique also uses linear superposition to

calculate contributions from surrounding heat sources to the temperature at a

point. In addition, the code can consider the decay n heat generation for

four types of nuclear waste, ncluding CHLW and SFPWR. Finally, the TEMPVS

code can model the repository as an infinite or finite array of lne sources.

The partial differential equation for heat conduction n an isotropic

material is

3
r B(k T/axj)/Bx = oc aT/at (1-1)

where

T a temperature

xi a three principal cordinate directions

t a time

k a thermal conductivity

a density

c = heat capacity

For constant thermal properties, that is, thosve which are independent of

temperature and position, Equation 1-2 yelds the-temperature change at a

point x due to a continuous finite-line source:

Lt (1-2)
AT = f f A(X3, t')G (X -Xij X 2 -xi, X -XI, t-t') dt'dx3

-LO0 31 

where

A heat release rate per unit length for a source

located at x i and x2

L a half-length of line source whose midheight is x 0.



G = temperature function for heat source instantaneously

generated at point x.

(a/k) (4ira(t-t')) 3 /2 exp (-( ( 1x-Xi)2 ( 2-x2 )2 *

(X -xj)2)/ 4(t-t') )(1-3)

and = k/pc a thermal diffusivity

t variable of ntegration.

The TEMPV5 codes assumes that the heat source remains constant with respect to
Xi but decreases with t. Therefore,

A-- q(t)/2L (1-4)

where

q(t) total heat release rate of the line source
;. .

If thermal conductivity varies with temperature but remains independent

of position, Equation 1-1 can be transformed into a linear form by defining a
new function . .

T
0 f k dT

To

where To s the ambient initial temperature of the infinite medium. In terms

of Equation 1 becomes

3 a¢/2 :L>/= (16)

If thermal diffusivity s constant, linear superposition applies to Equation 1-

6.
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The TEMPY5 codes allows thermal conductivity to vary spatially within the

salt as a function of temperature through the use of the chain rule with

Equation 1-5 in the following form

k (1-7)
ax. x

Substitution of Equation 1-7 into the left hand side of Equation 1-6 yields

/a t k (1-a)
ax axi a

=F aT 4- a T (1-8b)
1 ax?

1
(T 2 .2

Wk + k a2T (1-Sc)

where the first term of the rtght hand side clearly shows the spatial

variation of thermal conductivity as a function of temperature.

The analytical code TEMPVS.avo'ds diffic.Lltles associated with numerical

models such as WECAN (Westinghouse, 1983b., pg. 191), a finite element code.

For example, most numerical codes model the waste package as a rectangular

parallelepiped rather than as a cylinder. Inaccurate near field temperatures

result from a rectangular configuratlorr of the waste package. In addition,

numerical codes require considerable user sophistication. Temperatures near

the waste package may be underpredicted If the finite element grid is too

coarse. Not only does the grading of the finite element mesh rave a crucial

effect on the calculated temperatures, but also on the ailowable time step.

Smaller nodal spacings require smaller time steps.

In contrast, the TEMPV5 code is much easier to use than most numerical

codes because It does not require the analyst to consider the errors caused by

too coarse a mesh or too large a time step. In addition, the TEMPV5 code is

less expensive to use than a numerical code. The simplicity and efficiency of

TEMPYS in dta manipulation and calculation reduces the time required by

- people and computer to analyze a given problem. Finally, the uncertainty

associated with material properties of the data base used in these analyses

argues against the use of sophisticated numerical codes for the near-field

thermal assessments.
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1.2 DATA BASE

The data used in the thermal analyses consisted of site-specific thermal

properties (Lagerdrost and Capps, 1983), waste package parameters (Westing-

h-use-, 53`aTiles 1-2 and 1-3), and baseline repository parameters

(Stearns-Roger, 1983, Tables 5-1. 2, and 3).

Site-specific thermal data consisted of ambient in situ temperatures,

thermal conductivities, specific heats, and salt densities. The ambient

temperature establishes the nitial temperature field upon which the heat

generated by the emplace waste is superimposed. Table 1-3 summarizes the

ambient in situ temperatures for Palo Duro, Gibson Dome in the Paradox Basin,

and Richton Dome. The geothermal gradient for the Palo Duro Basin varies

areally in a range of 13 to 27 C/km-depth (Dutton 1980, p. 40). The geo-

thermal gradient for Gibson Dome varies between about 10 to 30 C/km-depth

(Sass et l, 1983, Fig. 1). The geothermal gradient for Richton Dome varies

between about 26 and 32 C/km (Law, 1983,. Pg. 13) for depths 300 to 3,400

meters.

Site-specific thermal cndu tivities of st were obtained from Lagedrost

and Capps (1983, Tables 14, 15, r6. 20, 21. 22, 23., 24 and 25) as shown in

Figures 1-3, 4, and . Laboratory thermal conductivities were increased to

compensate for reductions caused by the Pyroceram 9636 calibration standard

and specimen disturbance. First, Figure L-6 shows the correction required to

bring the Lagedrost and Capps standard (198r) near the standard recommended by

Touloukian et al (1970, Fg. 20). Second, Figure -7 (adapted from Loken et

al, 1982, Fig. .3) shows that the data by Lagedrost represented the lower

bound of laboratory thermal conductivities of salt which were otained from a

survey of the literature. The conductivities reported by Lagedrost required a

40 percent increase to put the data curve near the middle of the range of

possible values as shown in Figure 1-7. Thermal conductivities measured in

the laboratory are generally substantially lower than actual field values as a

result of disturbance caused by stress relief or sampling and specimen

preparation. Wagner (1981, pg. 9) showed that a 20 percent increase in
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laboratory thermal conductivities was required to match numerical predictions
with actual n situ test results at Avery Island. Duffey (1980, Figs. 3, 20,

pp. 7, 59) found that thermal conductivities derived from laboratory tests had

to be increased 100 percent to match results of bench scale tests on New

Mexico salt. Hence,.-the 40 percent increase for laboratory thermal conducti-

vities is justified and was used to increase the thermal conductivities for

each of the three salt sites.

Figures 1-3, 1-4, and 1-5 present exponential forms for the thermal

conductivities. The TEMPV5 code requires that the thermal conductivities be

represented by an equation of the form

K - AT + E, (1-9)

where A and are the slope and intercept, respectively, of the linear

regression of the fitted data. Consequently, conversions were made for the

exponential relationships of each site_ Figures 1-8, 9, and 10 Show that

there is excellent agreement between the TEHPV5 and exponential

representations of the thermal conductivities.. The 40 percent increase In

thermal conductivities has been included.

A comparison of thermal conductivities of the three salt sites in Figure

11 suggests that the thermal conductivities of Richton domal salt is signifi-

cantly different from those of Palo uro and Gfbson Dome. The salt specimens

from Rchton may have had more anhydrite than those from the other two sites.

Anhydrite has a lower thermal conductivity than pure salt (Sweet and

McCreight, 1S0, Fig. ). Consequently, larger amounts of enhydrite or

similar impurities in salt specimens would lower the measured thermal

conductivities. However, anhydrite may also increase the sensitivity of the

salt specimens to disturbance caused by stress relief. Reductions in measured

salt thermal conductivity caused by fractures opening as a result of stress

relief may be larger than reductions caused by the lower thermal conductivity

of impurities such as anhydrite.

Nominal variations in specific heat of salt (Lagerdrost and Capps, 1983,

Tables 15, 1, and 24) and salt density (Lagerdrost and Caprs, 1983, Tables

16, 22, and 25) were observed among the three sites. Consequently, averages

of the specific heat and density over the three sites could be used in the
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thermal analyses with TEMPV5. The diffusivities used by TEMPV5 were calcu-

lated from these averages. Because diffusivity does not vary with temperature

in TEMPVS, represented values were estimated to be 2.4E-6 and 2.6E-6 m2/sec

for temperature ranges expected for CHLW and SFPWR waste, respectively.

Figure 1-12 shows that expected changes in diffusivity as a result of

temperature variations will have a small effect on temperatures calculated by

TEMPVS.

Waste package parameters (outer diameter of overpack and effective length

of waste package) were taken from Westinghouse (1983a) for Alternate II -

Designs of SFPWR and CHLW. These two designs will be simply referred to as

SFPWR and CHLW. Table 1-4 gives the TEMPY5 heat release rate with time for

these two waste forms.

Baseline repository parameters (areal thermal loading, tunnel and package

spacings, and room development rates) were given by Stearns-Roger (1983,

Tables 5-1, 2, and 3). Table 1-5 sumarizes the relevant repository data.

Table 1-6 summarizes the corresponding room development rates for SFPWR and

CHLW.

1.3 THERMAL ANALYSES AND RESULTS

Site-specific thermal analyses were made for each salt formation assuming

that the waste had been emplaced in an infinite array. Analyses were based on

the data found in Table 1-5. These analyses assessed the effect of site-

specific thermal data on the surface temperatures of the waste package. In

addition, analyses were made with thermal data for Po Duro to establish the

effect of sequential emplacement on the surface temperatures of the waste

package.

Site-specific temperatures calculated for CHLW and SFPWR waste forms

using an infinite array configuration are shown in Figures 1-13, 4, 15, and

16. Tables 1-7, 8, 9, and 10 summar1ie temperatures as a function of time for

each salt site. As shown in Table 1-11, Richton Dome has the highest peak

temperatures for both CHLW and SFPWR waste.

The infinite array calculation leads to an early peak of the maximum

temperatures. Sequential loading analyses were made to evaluate the

conservatism, if any, in the infinite array predictions of the surface
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temperatures on the waste package. Algorithmic limitations in TEHPVS for

sequential loading analyses required that the repository layout given in

Figure 1-17 be used, that temperatures be calculated separately for each waste

form, and that the emplacement rates given In Table 1-6 be changed slightly to

account for differences in the repository layout. In spite of these

adjustments, very few differences were found among temperatures calculated

with a sequential loading in a finite array and those calculated with an

instantaneously emplaced nfinite array. Figures 1-18 and 19 cmpare

sequential emplacement temperatures with those of the infinite array on an

absolute time scale. Figures 1-20 and 21 show that back-shifting all times of

emplacement to zero years makes the infinite array and sequential emplacement

temperatures almost coincide. The comparison in Figures 19 1-and 20 shows

that the infinite array temperatures after 100 years are slightly'higher by

about 10 C for CHLW and 15 C for SFPWR.

1.4 CONCLUSIONS AND RECOMMENDATIONS

The accuracy of temperatures calculated for each salt site depends on the

accuracy of TEMPV5, reliability of the site-specific thermal data, and appro-

priateness of the infinite array configuration of the waste packages.

The TEMPV5 code predicts temperatures with sufficdent accuracy for

several reasons. First, the code accounts fr the temperature dependence of

thermal conductivity. Second, onsalt materials around the repository horizon

could be ignored because only near-field temperatures were calculated. Third,

the TEMPV5 code provided modeling alternatives that were not available with

other heat transfer codes. Finally, the TEMPVS code provided temperatures

which were significantly higher than those given by Westinghouse (1983b).

Consequently, not only were the TEMPV5 temperatures more conservative than

those of Westinghouse (1983b), but probably more accurate because Westinghouse

(1983b) modeled the waste package with a rectangular cross section. However,

the TEMPV5 code should be benchmarked with a numerical code which models the

waste package as a cylinder to define at what distances from finite-line

source the TEMPVS code gives accurate temperatures.

Next, the accuracy of the temperatures computed for each salt site

depended on the reliability of the ambient in situ temperatures and thermal



- 0~~~~~~~~~~~~~~~~-

conductivities. First, the ambient in situ temperature varied areally at Palo

Duro by 3 C (Dutton, 1980, p. 40). A similar variation could be expected in

the bedded salt at Gibson Dome because of similar variations in geothermal

gradient. The uncertainty in the ambient in situ temperatures at Richton are

less than those at Palo uro and Gibson Dome because of the smaller variation

in the geothermal gradient. Second, the differences observed among the

thermal conductivitles of the three sites may have had as much to do with the

site-specific sensitivity of salt specimens to stress relief as the differ-

ences had to do with the thermal conductivity of impurities such as anhydrite.

The effect of stress relief needs to be quantified to establish the accuracy

of laboratory thermal conductivities.

Finally, Figures 1-18, 19, 20, and 21 show that the infinite array

solution gives nearly the same temperatures as those computed assuming

sequential emplacement. However, the TEMPVS code should be modified to give

each region of the repository the option to have any type of waste, number of

tunnels, number of packages, and package spacing. These modifications would

improve assessment of the impact of sequential emplacement on the near-field

temperatures. - .
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Table 1-1. Tunnel and Package Spacings for Benchmark Comparison
of TEMPV5 with Westinghouse 1983b

Areal
Waste Loading, Overpack*
Form W./M2 Outer Diameter pLW So WPL*

SF 14.83 0.845 22.14 20.1 3.66

CHLW 15 0.763 24.17 22.2 3.68

* Dimensions In meters (m).
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Table 1-2. Benchmark Cmparison of TEMP.V5 and Westinghouse 19E3b
Temperatures at Salt-Overpack Interface

Temerature, C
Time CHLW SFPWR

(years) Westinghouse TEM.PVS Westinghouse TEMPV5

0.1 200 271.1 147 174.8
0.5 227 298.8 163 190.0

1 229- 301.7 169 193.1
2 230 300.8 172 195.4
5 228 290.3 178 197.5
7.5 222 177

10 215 267.0 172 197.5
20 197 222.2 165 191.8
30 173 1.87.4 155 183.3
so 1Z 143.0 136 167.0
70 100 118.9 153.9

100 89 MM0.8 117 139.6
200 75 8Z.3 95 116.2
400 66 69.3 103.5
500 64.9 83 100.9
700 62 58.5 96.6

1000 59 52.5 78 90.6
2000 44-.4 73.9
5000 37.0 50.7
7000 34.1 43.8

10000 34.0 36.4
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Table 1-3. Ambient In Situ Temperature, T,
For Three Salt Sites

Ambient
In Situ

Temperature, C Reference

Palo Duro 28.2 *Dutton, S. P. (1980)

Gibson Dome 31.0 Loken et al (1982, Fig. 4.10)

Richton Dome 48.3 Law (1983, pg. 39)

* Assuming surface temperature of 16 C and geothermal
20 C/km depth.

gradient of

I 
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Table 1-4. Heat Release Rates for CHLW (9.1 MTIMM)* and

SFPWR (4.614 TIHM) in TEMPV5

(After Discharge Heat Release Rates. watts
years) CHLW SFPWR

10 9503 5417
30 5016 3386
50 2909 2483

100 1141 1400
300 418.8 555.7
500 214.2 420.9

1000 40.12 247.2
3000 4.94 E-02 30.03
5000 6.07 E-05 3.647

10000 LQO 1.875 E-02
30000 0.0 0.0

* MTIHM metric tons heavy metal before irraddiation.

OF ;
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table 1-5. Tunnel and Package Quantities

Area Number(b)
Waste(a) Loadin b), Waste Packages(b) or Over ck(a) SPLa)

form HIM per Room Waste Packages Outer D1imeter4 PL(b)* (b)L()*

SFPHR 15 9 1,099 o.B35 18.3 20.1 3.05

CURLW 30 13 3,673 D.O09 12.2 26.2 3.60

(a)
(I})

Dimensions n meters (m).
Westinghouse (1903a)
Stearns - Roger, 1983. I .,
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Table 1-6. Development Rates for Waste Storage Rooms
(Stearns-Roger, 1983)

Number of Rooms
Required to

Receive Waste
Year* SFPWR CHL9

1 21 7
2 z1 7
3 21 7
4 21 7
5 21 7
6 37 12
7 37 12
8 37 12
9 37 12

10 37 12
11 37 12
12 37 12
13 37 12
14 -37 12
15 37 12
16 :7 12
17 37 12
18 37 12
19 37 12
20 37 . 12
21 37 12
22 37 12
23 37 12
24 37 12
25 37 12
26 33 8

Totals 878 E3

* Starting with the first year of emplacement.
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Table 1-7. Infinite Array CHLW Temperature Versus Time
(TEMPVS) At Salt-Overpack Interface Assuming
Equal In Situ To for Three Salt Sites

Temverature, C
Time Palo Dura, Gibson Dome, Rich~ton Dome,

(years) To - 28.2 C To 31 C To - 48.3 C

0.1 174.5 185.2 228.4
0.2 185.4 197.0 240.7
0.5 197.2 210.0 253.8

1 204.9 218.4 262.2
2 212.2 226.5 270.2
5 219.8 234.9 278.5

10 217.4 232.3 276.0
20 198.2 211.2 255.0
50 145.3 153.7 194.7

100 108.4- 114.4 150.7
200 89.2 94.2 126.9
500 69.8 . 73..9 102.6

1000 54.2 57.8 82.8
2000 42.6 45.8 68.2
5000 30.8 33.S. 54.2

10000 28.2 -I .0 48.3

-a
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Table 1-8. Infinite
(TEMPVS)
Equal In

Array CHLW Temperature Versus Time
At Salt-Overpack Interface Assuming
Situ To for Three Salt Sites

Temperature, Celsius
Time Palo uro, Gibson Dcme, Richton Dome,

(years) To 28.2 C To a 28.2 C To = 28.2 C

0.1 174.5 180.8 202.8
0.2 185.4 192.6 214.7
0.5 1972 205.3 227.5

1 204.9 213.7 235.7
2 212.2 221.7 243.6
5 219.8 230.0 251.6

10 217.4 227.5 249.2
20 198.2 206.5 228.7
SO 145.3 149.6 170.0

100 108.4 110.8 127.1
200 89.2 . .9.8 104.1
500 69.8 .. 7..7 80.6

1000 54.2 54.7 61.4
2000 42.6 4Z.9 47.2
5000 30.8 31.0. 33.6

10000 28.2 ;, 2s.2 28.2
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Table 1-9. Infinite Array SFPWR Temperature Versus Time
(TEMPVS) At Salt-Overpack Interface for Three
Salt Sites

Temperature C
Time Palo uro, Gibson ome, Richton Oome,

(years) To - 28.2 C To 31 C To - 48.3 C

0.1 105.5 111.2 146.9
0.2 110.1 116.1 152.5
0.5 113.E 120.1 157.2

1 116.3 122.7 160.1
2 118.7 125.2 163.0
5 121.9 128.6 166.9

10 124.0 130.8 169.4
.20 123.2 130.0 168.5
SO 11Z.2 118.4 155.2

100 97.5 102.9 137.2
200 83.8 8.5 120.1
500 74.1 78.4 108.1

1000 67.4 71.4 99.7
2000 55.7 59.4 85.1
5000 38.1 41_3 63.4

10000 28..2 3LG 48.8
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Table 1-10. Infinite Array SFPWR Temperature Versus Time
(TEMPVS) At Salt-Overpack Interface Assuming
Equal To for Three Salt Sites

_ ,

_ C

II/

. ,

Temperature, C
Time Palo uro, Gibson Dome, Richton Dome,

(years) To - 28.2 C To - 28.2 C To = 28.2 C

0.1 105.5 107.6 123.5
0.2 11 a.1. 112.5 129.0
0.5 113.8 116.5 133.5

1 116-3 119.0 136.3
2 118.7 121.5 139.1
5 121.9 124.9 142.9

10 124.0 127.1 145.3
20 123.2 126.3 144.4
50 112.2 114.7 131.5

100 97.5 99.4 114.1
200 83.8 -85.1 97.5
500 74.1 75...2 85.9

1000 67.4 6a.2 77.7
2000 55.7 563 63.6
5000 38.1 38,.4 42.4

10000 28.2 nt.. 28.2
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I r
.co ITable 1-11. Peak Temperatures TEMPV5) at Each Salt Site for

Infinite Array Analyses Using Ambient In Situ
Temperatures, To

Peak Tenmerature, C
Time Palo uro, Gibson Dome, Richton ome,

(years) T - 28.2 C TO 31 C TO 48.3 C

CHLW 5 220 235 279

SFPWR 10 124 131 169
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2 BRINE MIGRATION

In naturally occurring salt, brine is often found trapped in small

inclusions within the salt crystals and along crystal boundaries. When a

thermal gradient is applied, two types of brine migration therefore occur.

The first is intracrystalline brine migration, which consists of the migration

of individual brine inclusions. The second is intercrystalline migration,

which deals with the movement of brine through the intercrystalline network.

Intracrystalline migration ls well understood. When a thermal gradient

is applied to a brine inclusion, the solubility of salt in the brine increases

at the hot face of the inclusion. The result is dissolution of salt at this

f&_a. The dissolved salt is transported across the inclusion to the cooler

face, causing the brine there to become supersaturated. Precipitation of salt

at the cooler face of the inclusion results. Through this continuing process

of dissolution, transport, and precipitation, the brine inclusion slowly

migrates through the salt crystal. Dissolution of salt at the hot face is the

rate-limiting step.

Each inclusion migrates in this. manner until it reaches a crystal inter-

face. At this point intracrystalline migration is observed to stop--the

inclusion is unable to migrate through the crystal boundary. Instead the

brine in the inclusion passes into the intercrystalline network and continues

to migrate toward the heat source. Intercrysta.lline movement is not as well

uDderstood._but is probably the result of pressure gradients. It has

generally been modeled assuming Darcy flow.

Elaborate theories of brine migration have been developed, as have codes

which use these theories to model brine migration. However use of the codes

as predictive tools is impossible because the data required by these codes are

not available. To overcome this problem in the present study, a simpje finite

difference code was developed to predict brine migration quantities and migra-

tion rates over a 10,000 year period. A minimum amount of information is

required to make predictions of brine migration using this code.

2.1 BACKGROUND

Olander, Machiels and Yagnik (1980) developed a detailed theory of

intracrystalline brine migration in KCI and NaCl which described the migration
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of all-liquid inclusions and gas-liquid inclusions. For all-liquid inclusions

they reported that velocities varied widely, but were roughly a function of the

square of the temperature gradient. Intercrystalline migration was not

examined.

Although gas-liquid inclusions have been observed in salt samples, it is

not known whether they occur at repository depth. They may only be an artifact

of the removal and transport of the salt samples. It is also not known whether

they might be formed by radiolysis at the repository site. They are of

Interest because they migrate away from the heat source, by a continuing pro-

cess of evaporation of moisture and precipitation f salt at the hot face,

diffusion of water vapor through the gas phase, dissolution of salt by condens-

ing moisture at the cool face, and transport of salt through the liquid. Since

the fraction of brine contained in gas-liquid inclusions is not known, a con-

servatively high estimate of the amount of brine expected to reach a waste

package may be made by assuming that aTl inclusion brine is contained in all-

liquid pockets.

Jenks and Claiborne (1981) analyzed, the literature on brine migration and

developed the Jenks equation,

log(V/G) 0.00656 T - 0.6036 (2-1)

where V velocity of brine migration, cm/y

G temperature gradient,degrees C/cm

T temperature, degrees C,

to calculate the velocity of brine migration in salt. The Jenks equation was

developed to give conservatively high velocities based on available data on

intracrystalline brine migration. No attempt was made to model intercrystal-

line mgrat~ioqneparately. The authors instead applied the Jenks equation to

the overall brine migration problem, including both intracrystalline and

intercrystalline flow, and attempted to validate their code with Salt Block II

data (Hohlfelder, 1980). The resulting program, called MIGRAIN, modeled the

data reasonably well.

The available data on brine migration velocities show a very wide

scatter. The velocity of a single migrating inclusion can vary by a factor of

four as the inclusion moves through a salt crystal (Olander, 1980, p. 4). The

explanation offered by Olander, Machiels and Yagnik is that dislocations which

intersect the dissolving salt front increase the rate of dissolution at the hot
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Face. Because dissolution is the rate-limiting step, an increase in the rate

of migration of the inclusion results.

Because of the wide scatter in velocity data which occurs, it is not

possible to determine whether the relationship described by Olander, et al or

the Jenks equation gives a better fit to the data. The Jenks equation was

developed to give maximum velocities, though, which makes it useful for conser-

vative calculations. Further, the Jenks equation was used with some success

in the MIGRAIN code.

A parameter critical to brine migration calculations is the initial

moisture content of the salt. A review by Roedder and Chou (1982, pp. 2-8)

listed a maximum observed moisture content of 1.7 weight percent for bedded

salts. For domal salts, a value of 0.1 weight percent was suggested for con-

servative calculations. The conservatism of the maximum value for bedded salt

is not well understood because of impurities in the salt beds, such as hydrated

minerals, which are expected to contribute moisture at high temperatures.

However an assumed average moisture content of 1.7 weight percent should be

'conservative except in regions of anomalously high moisture content. Such

- reis would not be considered suitable repository sites. The moisture con-

- tent the authors suggested for domal salt should be very conservative. The

impurities which are prevalent in salt beds are not as important a problem in

domal salt.

One other source of moisture may have to be considered. The crushed salt

used to backfill the repository could contain excess moisture picked up during

storage. It may be necessary to limit the mosture content of this backfill

to prevent too much brine from reaching the waste packages. Certainly this

possibility needs to be examined.

Theoretical considerations indicate the existence of a threshold

temperature gradient below which brine cannot migrate (Jenks, 181, p.96).

Jenks and Claiborne (1981, pp. 96-103) calculated a series of values for the

threshold gradient; a value of 0.125 degrees C/cm was used by them for tempera-

tures below 1000C. The concept of a threshold gradient in sodium chloride

crystals is not universally accepted, however (Roedder, 1982, pp.20-21).

Therefore a conservative estimate of brine migration must include the zero

threshold gradient case.
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2.2 THE BRINE MIGRATION COMPUTER PROGRAM

An explicit time marching finite difference code was developed to predict

rates of brine migration to a nuclear waste package. Called RINEMIG, it uses

mass balances over a series of radial increments to develop concentration pro-

files at regular time steps and to calculate brine flow to the package surface

with time. The Jenks equation is used in the mass balance calculations to

calculate brine migration velocities. The brine migration phenomenon is

treated as a one-dimensional problem. '

As stated in the Introduction, the Jenks equation is an-empirical

equation based on intracrystalline flow. No such 'simple equation to predict

intercrystalline flow is presently available. Therefore, to keep the model

simple, intercrystalline and ntracrystalline velocities were assumed to be ( 5v 

equal. At present, the only justification for making this assumption was the *

success of the MIGRAIN code in predicting brine migration rates. MIGRAIN made\

the same simplifying assumption.

The BRINEMIG code requitres two pieces of information about the site being

modeled. The first is an initiialmo-tsture content of the salt. As the pro-

gram is prese tly written, a single value must be used to represent the site.

The program does not accommodate local variations in brine quantity. The

second piece of information needed is a one-dimensional. temperature profile

representing the site. This is read by RINEMIG n a tabular form with

temperatures given as functions of both radius and time. Semilogarithmic

interpolations are performed to estimate temperatures within the range of the

table; extrapolations are not performed. Temperature gradients. are

approximated conservatively by calculating the change in temperature over a

radial increment rather than by approximating the gradient directly. The only

exception is at the waste package surface where no previous radial increment

exists.

Because predictions of velocity by the Jenks equation rely so heavily on

the temperature gradient, the method used for approximating this gradient

directly affects the results. Approximating over the radial increment over-

estimates the temperature gradient; the estimate approaches the exact solution

as smaller radial increments are taken. It is therefore useful to run

BRINEMIG at several radial increments to reduce this overprediction an to
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have an idea how much conservatism this approximation is contributing to the

final solution.

At each time increment the program steps over a series of radial incre-

ments from the package surface to a specified stopping point in the salt. For

the mth radial increment and the nth time increment, a simple mass balance

yields

IN - OUT + ACCUMULATION
AV

VmAmCn,=+1 Vml Ar_1 nm + (n+i,m n,m (2-2)

where each subscripted V represents a velocity calculated by the Jenks

equation; each subscripted c represents a concentration of moisture in the

salt; Avm is the volume between the (m-1)th and mth nodes over a unit length,

equal to

Avm = 2 rm(Ar)2 (1 - (2-3)

where Ar is the radial increment and m represents the radial increment number;

At is the time increment; and each subscripted A represents the surface area

over a unit length at the radial node indicated by the subscript. The areas

may be expressed as .

Am = 2rmAr (2-4)

Am-1 2(m-1)Ar. (2-5)

Substituting Equations 2-3, 4, and 5 into Equation 2-2 and solving for c gives

the final brine migration equation,

=~ (n1mrl ~ Vm-v ~n ( t ] (2-6)n+1' nm -1~ ] J+ c + IIIn~~m n~~m n~~A +1 Ar(1-)2m1~)Z
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Equation 2-6 is stable only when

Vml ar(1 _)t < 1 (2-7)m-1 n<

If the stability criterion is exceeded, the program will stop executing. The

parameters At and r must be adjusted until stability is assured.

Flow into the borehole equals the flow out of the first radial

increment. Therefore the quantity; Qn, of accumulated brine over the nth time

increment is given by

Qn VAOht (n,1 + c,l1,1)/2 (2-8)

where subscript indicates the package surface. The area may be expressed as

AO 2, rL (2-9)

where L is the effective package length and r Is the package radius. Substi-

tuting Equation 2-9 into Equation 2-8 gives

Qn i rLVOAt(cnl + Cn1,1) (2-10)

Summing Qn over each time step gives the total brine accumulation with time.

The effective package length, L, is an important parameter. Because only

radial flow is modeled by BRINEMIG, a package length must be chosen which will

reflect the added flow at the package ends. This will be discussed further in

later sections.

2.3 PRELIMINARY VALIDATION

A preliminary validation was made with Salt Block II brine migration data

(Hohifelder, 1980); the details are presented here. A long term brine migra-

tion study is presently under way in the Asse Mine, Federal Republic of

Germany (Westinghouse, 1983a). As the Asse data are made available, they will

be used to attempt a further validation of the BRINEMIG code.
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The Salt Block II experiment (Hohifelder, 1980) was a brine migration

study performed on a cylindrical salt sample from bedded salt in southeastern

New Mexico. The cylinder was 1 meter high and 1 meter in diameter, and had a

borehole along its axis that was 0.8 meters long and 0.13 meters in diameter.
An electrical heater was placed in the borehole along with crushed salt

backfill, and a cooling jacket was placed along the outside wall of the

cylinder. The ends of the cylinder were insulated.

When the heater and cooling jacket were turned on, brine began to migrate

toward the heat source. As the brine entered the borehole, dry nitrogen gas

was swept through the borehole to carry the moisture away. The rate at which

moisture entered the borehole was determined by analyzing the exiting gas

stream for moisture content. By this means a data set of brine migration ver-

sus time was developed.

The heater output was changed periodically so that the effect of tempera-

ture on brine migration could be determined. First the heater output was

raised, then lowered in discrete steps. The resulting sudden temperature

changes apparently stressed the salt, because relatively rapid, short-term flow

rates resulted. The increased flow ws particularly noticeable for the temper-

ature reductions.

Temperature profiles for the Salt Block II study were calculated by a two-

dimensional thermal model and validated wlth thermal data taken during the

course of the experiment (George, 1980). The resuTts of the model were

published in a more detailed form by Hohlfelder (Hohlfelder, 180). To vali-

date BRINEMIG, the most conservative one-dimens-ional radial profiles calculated

by George's thermal model (those with the highest temperatures and largest ther-

mal gradients at each heater output level) were selected to represent the Salt

Block II system. Table 2-1 lists these temperatures and corresponding times.

Figure 2-1 compares the results of semilogarithmic interpolation to the

results of George's thermal model for the worst-case temperature profile pre-

dicted at the highest heater output. A semilogarithmic interpolation was per-

formed by BRINEMIG between the inside and outside radii listed in Table 2-1.

The agreement between the two models is reasonable, justifying the use of

semilogarithmic interpolation for temperature calculations.

For this preliminary validation, the decision was made to model only the

first phase of the Salt Block II experiment, in which temperatures were raised
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in discrete steps. Since sudden temperature drops are not expected in a

repository, the large transient flows associated with temperature drops are

not realistic for a repository. For input to BRINEMIG, the heater length of

0.6 meters was selected as the effective package length. This effective

length was not

conservative because end effects were neglected. In addition, an initial mois-

ture content in the salt of 0.5 volume percent was assumed. This falls within

the range of measured moisture contents in the salt (Hohlfelder, 1980, p.32).

Results of the simulation are shown in Figure 2-2. At the higher tempera-

tures, BRINEMIG overpredicts the brine migration rate. At lower temperatures,

agreement with data is closer. Overall, the results support use of the Jenks

equation to predict velocities of migration, even though it was not developed

based on intercrystalline flow. However further refinements to the calcula-

tional procedure are needed. 1nparf ,cular, a way to model flow to the waste

package at the ends of the cylinder needs to be incorporated into the code, to

assure conservatism in this-aret. The. ffect of the temperature profile on the

brine migration rate should ilso be stud.ied-, to give an idea of the expected

variation in migration rate along the-length of the waste package.

Figure 2-3 shows the final concentration profile predicted in the salt.

A depletion is predicted in the region near the borehole. Hohlfelder's report

presents some evidence that this occurs, but the method used to test the

samples makes the results uncertain. Intuitive-ly, a depletion near the bore-

hole seems likely.

2.4 MODELING OF BRINE MIGRATION IN SALT REPOSITORIES

Three proposed repository sites in salt were modeled, along with two

waste forms. The sites considered were Gibson Dome and Palo uro bedded salts

and Richton Dome; the waste forms studied were commercial high-level waste

(CHLW) and spent fuel (SFPWR). In addition, studies were made with and

without a threshold gradient. All twelve combinations of cases were run using

BRINEMIG.

To be consistent with the Salt Block II preliminary validation, effective

package lengths were assumed to be equal to the heat-producing lengths of the

packages. For CHLW this was 367.9 cm and for SFPWR it was 385.0 cm. The
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borehole radius was assumed equal to the package radius 
n each case. For

CHLW this was 44.5 cm and for SFPWR it was about 41.76 
cm (Westinghouse,

1983b, Tables 1-2 and 1-3, Alt. II).

Site specific moisture-content data are not available for 
the- sites.

Considerable work would need to be done to establish a moisture content for a

repository site due to the large local variations in this property. 
To assure

conservatism, large moisture contents were assumed, even by the standards of

Roedder and Chou (see Background). For the bedded salt sites, an initial mois-

ture content of 5 volume percent was selected; for the 
domal site, 0.5 volume

percent was chosen.

Because of the Jenks equation, temperature profiles showing 
the highest

temperatures and the steepest thermal gradients will show the highest brine

migration rates. In a nuclear waste repository, the highest temperatures are

expected at the midpoint of the package length; the steepest 
gradients are

expected where the distance between packages is greatest. 
The most conserva-

tive temperature profiles shoutd-therefore occur at the 
package midpoint, in

the direction between rooms of the repository. These are the profiles which

were used for modeling brine migration with BRrNEMIG. They were supplied in

tabular form by the program TEMPVS. (See Section , Thermal Conditions.)

For two identical waste forms, assuming a uniform salt 
bed, a symmetrical

temperature profile s expected between waste packages. A zero thermal

gradient is therefore expected at the midpoint between packages. 
Since the

Jenks equation predicts zero migration at a zero threshold 
gradient, calcula-

tions .of brine migration need only be made from the package 
surface to midway

between packages to account for all migration to a package. 
Inpractice, the

migration rate becomes negligible well before the midpoint is reached.

Figures 2-4, 2-5 and 2-6 present selected temperature profiles 
for CHLW

at the three salt sites. Figures 2-7, 2-8 and 2-9 present temperature

profiles for SFPWR. In each case, the radius s measured from the center line

of the package. Initially, CHLW shows higher temperatures and steeper thermal

gradients near the waste package. Temperatures remain elevated longer for

SFPWR. For both waste forms, Richton Dome shows the highest temperatures

overall, and Palo Duro shows the lowest.

Figures 2-10 through 2-15 present results of RINEMIG, first for the zero

threshold gradient case, then for a threshold gradient of 0.125 decrees C/cm.
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The total accumulated flows predicted are listed in Table 2-2. As expected,

the use of a threshold gradient below which flow is assumed to cease results

in lower quantities of accumulated brine, with the largest differences occur-

ring in the case of SFPWR. In every case, the amounts of accumulated brine

for CHLW are higher than those for SFPWR.

Richton Dome shows the lowest quantities of accumulated brine in every

case. The large difference in assumed moisture content between the beds and

the dome far outweigh the higher temperatures at Rchton for determining the

amount of br4ne itjiratqo. These lower numbers make Rchton look the most

favorable as a repository ste from the perspective of brine migration. How-

ever if so little brine migrates that the waste.forms never fail, the relative -Ar 

amounts of accumulated brine become unimportant. This must be determined by

waste package analysis. --

Figure 2-16 shows the concentration profile predicted by BRINEMIG for

CHLW at Gibson Dome after 10,000 years.. It appears that some sort of harmonic

effect has been introduced by the fite-difference method, since the

irregularity increases with the number of iterations. However the rates of

accumulation at large times look reasonabrle, even though the concentration

profiles do not.

2.5 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

The most important improvement which ought to be made to the RINEMIG

code is to account for two-dimensional migration to the waste package. Such a.

modification would allow the effect of changes in the temperature profile

along the package length to be accounted for, and flow from beyond the ends of

the effective package length to be calculated.

More site-specific information is needed about the sources of moisture

available for migration.. The importance of moisture in the crushed sa.t back-

fill, possible release of moisture from hydrated minerals, effects of clay

interbeds and other impurities, and possible effects of radiolysis should be

examined. Also, the reasonableness of using the Jenks equation to model

intercrystalline migration needs to be examined further. An attempt at

validation using Asse Mine data should support or refute use of this equation.

If package failure is ever expected, Richton Dome looks best from the

point of view of brine migration. Because of the much lower expected moisture
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content in a salt dome, not as much brine is available at Richton to micrate

to the waste packages. Improvements to the BRINEMIG code are not likely to

change this result. However if package failure is not expected even at Gibson

Dome, the relative amounts of migration to the waste packages become fairly

unimportant.
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Table 2-1. Temperature Profiles Used as Input to BRINEMIG

for Simulation of Salt lock II Data

Time, Yr Temperature, Degree C
Initial Final At Borehole At Outside Radius

0.0001 0.01615 18.4 18.4

0.01715 0O3530 41.5 24.1

0.03630 0.05453 62.4 29.8

0.05553 0.09555 87.7 35.4

0.09655 0.13409 137.1 45.9

0.13509 0.32264 206.2 58.4

-j

A,s

.b

' .'f S 



59 DC I I,

Table 2-2. Total Quantities of Accumulated Brine

Accumulated Brine, liters

Site Threshold Gradient, degrees C/cm CHLW SFPWR

Gibson 0.125 900 425

Gibson 0.0 994 754

Palo Duro 0.125 788 372

Palo uro 0.0 878 684

Richton 0.1z5 149 76

Richton 0.0 166 131
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