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ABSTRACT 

Thermal hydrology calculations were performed to predic 
the geologic thermal and saturation response of a far-field 
nuclear criticality. The thermal hydrology (THX) 
calculations used an experimental version of a transient 
multi-phase fluid and energy simulator, BRAGFLO-T’. A 
total of 45 THX calculations were completed using various 
combinations of initial saturation (So), input heat 
generation zone (HGZ) radii (ro), input energies (Eo), and 
input space power density fknctions (SPDFs). The thermal 
hydrology calculations were performed as a part the 
nuclear dynamics consequence analysis (NDCA)’ study 
for potential criticality consequences associated with 
disposal of high-level waste (HLW) and spent nuclear fuel 
(SNF) in an underground geologic repository. In the 
NDCA study it was identified that total fission energy (Bo), 
integrated fiom the power-time history, has an expected 
range of 10’’ to IO2’ total fissions per exc~mion’.~. This 
range of values is comparable to those reported for 
aqueous criticality accidents that had occurred in 
processing plants4. The THX results show (using the 
conservative temperature ‘‘recycle” times) that a criticality 
frequency between 3 and 30 criticalitiedyr is possible. 
Probability fiequencies (generated by probabilistic risk 
analysis and the THX model) for these consequences 
indicate that any additional fissions are minor 
contributions to the biological hazards caused by the 
disposed fissile materials. 

1. INTRODUCTION 

This paper describes selected results fiom the thermal 
hydrology (THX) response calculations completed for the 
nuclear dynamics consequence analysis (NDCA)2. Results 
of the NDCA study are for features, events, and processes 
(FEPs)’.~ analysis of the high-level waste (HLW) and spent 
nuclear fuel (ShT) repository performance assessment 
(PA) analysis. Figure 1 identifies the integration of 

criticality into the repository PA. As seen in Figure 1 the 
screening arguments for nuclear criticality are based on (1) 
low probability of occurrence (criticality potential), and/or 
(2) low consequences of occurrence (nuclear dynamics). 
The NDCA and PA analyses are used to help guide the U. 
S .  Department of Energy Ofice of Environmental 
Management (DOEEMJ, in the development of a safe, 
cost-effective technical strategy for the management and 
ultimate disposition of domestic and foreign SNF. The 
results of presented here describe the transient thermal 
groundwater response of a far-field criticalilty. .From the 
THX results for saturation and temperature recycle times, 
the maximum frequency of occurrence of nuclear 
excursions was predicted for far-field scenarios. 

In this paper, the term “criticality” applies to geologic 
repository performance assessment. This differs f?om the 
meaning applied to storage and transportation, of fissile 
materials where “criticality” means “criticality safety.” 
For storage and transportation criticality safety 
corresponds to the assurance that the material is 
substantially subcritical (Le., kef < 0.95 for many 
configurations). In a geologic repository, criticality means 
“criticality consequences” where the consequences are 
measured as additional fissions in disposed fissile material. 

2. ANALYSIS APPROACH 

The THX model is one of five computational models used 
in the NDCA study. These models evaluate the 
consequences of an individual nuclear excursion, 
probabilities for initiation of a criticality, and the 
probability frequencies for continuous criticalities. The 
five computational models used were2: CX (static 
criticality model), THX (thermal hydrology model), UDX 
(uncoupled nuclear dynamics model), DTHX (fully 
coupled thermal hydrology and nuclear dynamics), and 
PRA (probability risk assessment modelP. 
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The NDCA study' used THX model to predict the 
Seologic response; temperature and saturation effects of 
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igure 1. Inteamtion of nuclear criticality analysis used in 
repository performance assessment? 

the repository resulting from a criticality. The criticality 
feature of concern here is the thermal pulse due to a rapid 
nuclear excursion. The THX model used a geometry 
corresponding to a far-field location where a heat 
generation zone (containing groundwater, volcanic tuff 
and fissile material) is at nominal conditions for porosity, 
saturation, permeability, etc. Results from the model are 
obtained for various excursion profiles, total energy 
releases, and zone dimensions. The BRAGFLO-T code, 
used in the THX model, is a transient multi-phase (water 
and vapor) fluid and energy simulator. It has been used 
extensively in repository performance assessments in its 
current form' and its isothermal form'. The enhancements 
include the addition of the energy balance equation and the 
incorporation of thermal effects on both fluid and rock 
properties. The code also contains submodels that predict 
gas and water consumptiodproduction as a result of waste 
package corrosion, and a submodel that predicts the 
energy released as the result of radioactive decay of the 
waste. BRAGFLO-T includes many features and solution 
techniques used in TOUGH2*, such as effective continuum 
approximation for modeling fractured porous media, vapor 
pressure lowering due to capillary pressure and diffusive 
mass flux in the gas phase. 

The BRAGFLO-T code uses a finite difference 
formulation to solve the coupled partial differential 
equations (PDEs) that describe the mass and energy 
balance of a two-component, two-phase system. Fick's 
law and a multi-phase extension of Darcy's Law are used 
to describe the fluid flow. Heat is transported by 
conduction and convection, the latter including both 
sensible and latent heat. The following governing partial 
differential equations solved by BRAGFLO-TI.': 

Component mass balance equations (i=l,2): 

Energy balance equation: 

V . ( d V  T) + 

In the component mass balance equation, the mass must be 
compositional with respect to i, where i is equal to 1 for 
the noncondensable component (air), and 2 for the 
condensable component (water). Subscripts 14' and i~ refer 
to the wetting and nonwetting phases, respectively, while 
subscript r refers to the rock. Superscripts are used to 
distinguish the origin of a sourcelsink term; s refers to 
wells, and c to chemical (and nuclear) reactions. 

The numerical simulator BRAGFLO-T was verified using 
an analytical solution to the heat pipe problem' and 
TOUGH", a comparable numerical simulator. Results of 
the verification benchmark problem using BRAGFLO-T 
have been documented". 

The power output of the event(s) was assumed to be a 
function of both space and time, which then can be defined 
as a power density relation. For the THX calculations, two 
different space power density finctions (SPDF's) were 
used: 

N H  ( r , t )  = N,,,H 1 -- cos - [ :I (2) 
N , ( r , t )  = Ns,o sin --t COS - t 1 (io 
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where NH and Ns represent the Heaviside and sinusoidal 
power density functions, NH,o and N.YJ, are the power 
density constants [J/(s*m3)], r is the power generation 
period [SI, and ro is the radius of the heat generation zone 
(HGZ) [m]. 

The size of the critical events described here ranged from 
2 x 10” to 1.5 x 10” fissions per event. (Trivial thermal 
pulses were obtained at values less than the minimum.) 
The total energy released, Eo, for a given event is related 
to the number of fissions by the conversion factor2, 1.0 
fission z 30.4 x IO‘” J. The power density constants 
(normalization parameters), NH.o and N.J were found by 
integrating the above space power density functions over 
the spherical space domain (r=O to Fro) and in time (PO 
to t=r), yielding, 

3. PROBLEM DESCRIPTION 

The THX model was used to predict thermal and saturation 
response to a small far-field nuclear criticality excursion. 
The THX model consisted of a 1-dimensional (I -D) sphere 
containing a mixture of host rock (volcanic tuff), water, 
and fissile material. These calculations involved two 
different types (or profiles) of excursion pulses, three 
different heat generation zone radii, and several different 
total input integrated fissions (energy). The computational 
results yielded the time behavior for power and geological 
repository responses (i. e., saturation, thermal, flow 
histories). A total of 45 THX calculations were completed 
using the experimental version of BRAGFLO-T in the 
NDCA study. Knowledge of the saturation and 
temperature histories allowed the corresponding “recycle” 
times to be.computed. The “recycle” time is simply the 
time period for some dependent variable (i.e., saturation or 

’ temperature) to return to the initial condition. These 
saturation and temperature “recycle” times were then used 
to identify integrated fissions resulting fiom geologic 
repository criticalities. 

From preliminary thermodynamic calculations it was 
found that input energies for the SPDFs were sensitive to 
the heat generation zone (HGZ) radii. Thus, for the HGZ 
radius of 0.5m (r0=0.5 m), the THX computations were 
performed using input energies ranging only from 2 . 0 ~ 1 0 ’ ~  

to 4 . 0 ~ 1 0 ’ ~  fissions. For the HGZ radius of 1.0 i n  (ro=l.O 
in), the THX computations used a range of input energies 
froni ’ . O S ~ O ’ ~  to 3 . 0 ~ 1 0 ’ ~  fissions. Lastly, for the HGZ 
radius of 1.5 ni (,’”=IS in), the THX calculations used 
input energies from 8 . 0 ~ 1 0 ’ ~  to 1 . 0 ~ 1 0 ’ ~  fissions. (Typical 
results were identified below the 20x1 O I 9  fission 
threshold.) These input energies are also comparable to 
values reported in aqueous criticality accidents in 
processing plants4. Energy values above the maximum 
caused numerical problems with the experimental version 
of BRAGFLO-T and greater than 30% of the initial fluid 
in the HGZ to vaporize. The 45 THX calculations used 
the specified combinations of initial saturation (So), input 
heat generation zone (HGZ) radii (ro), input energies (Eo), 
and input space power density fimctions (SPDFs) [e.g., 
Heaviside or sinusoidal type]. For all THX calculations a 
constant excursion period, r, of 1.0 s was used. The value 
of the excursion period was chosen for convenience and to 
minimize the number of THX calculations. 

Discretization. A sphere of welded tuff, 500 m in 
diameter (see diagram in Figure 2), contains a spherical 
heat-generating zone (due to the critical assembly) that is 
either r0=0.5, 1.0, or 1.5 m in radius, was simulated using 
200 1-D fmite difference grid blocks. The geometry was 
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Figure 2. HGZ assembly zone used in the THX 
calculations. 

modeled as a hemisphere (by symmetry) and was 
discretized in the x-direction such that the each grid block 
contained a geometrical volume that is at most 1.5 times 
larger than the next grid block volume to the interior. The 
spherical discretization was fine enough that each grid 
block volume was at most 0.75 times the sum of all 
interior grid block volumes. Starting with an interior 
radius of 0.05 m, 200 grid blocks were used to model the 
500 m-radius sphere, of which the first 30 grid blocks were 
used to contain the heat generation zone (region containing 
the’ mixture of host rock, groundwater, and fissile 
material). 



Initial and Boundary Conditions. The welded tuff was 
assumed to have an initial saturation of 65%, 75%, and 
S5%. The remaining void space in the pores was assumed 
to be filled with gas (air). To inipose these conditions the 
BRAGFLO-T calculations were begun with: an initial 
water pressure of -1.20477~10~ Pa, -7 .57500~10~ Pa, and - 
3.9SOOOs10’ Pa (corresponding to the 65%, 75% and 85% 
saturation values, respectively), an initial gas (air) pressure 
of 1.1 xlO’ Pa, and an initial temperature of 299.15 K. 
(The negative initial water pressures are a result of the 
capillary pressure function, P, = P,,, - P,. Using the 
capillary pressure function vs. saturation, the initial 
saturation can then be determined‘.) 

No flow (i.e., Neumann type) boundary conditions were 
imposed on the mass flux at both ends of the problem 
domain. Since heat was assumed to be transported only 
fiom the surface of the sphere, the boundary heat loss 
option of BRAGFLO-T was used for the extreme 
boundary condition ()=To). At the center of the sphere, 
r=O, a Neumann boundary condition was imposed on the 
e n e r g  flux. 

4. RESULTS 

A typical HGZ temperature and saturation history for a 
single THX calculation (THX024) is shown in Figure 3. 
In general the THX calculations indicate that the 
temperature recycle times are much less than the saturation 
recycle times. This trend in the THX calculations indicate 
that nuclear dynamic feedback mechanisms (i. e., Doppler) 
will shut down a nuclear excursion before undesirable 
mechanisms (i. e., positive void coefficients of reactivity) 
take effect. 

From both the average histones of saturation change 
temperature response, the bounding times for the recycle 
time (or re-flux time) were determined. The average 
saturation change and average temperature were computed 
fiom only those gird blocks (i.e., elements) within the heat 
generation zone (r0=0.5, 1.0, or 1.5 m). In order to 
comprehend the data related to average saturation change 
and average temperatures within the heat generation zone; 
the “recycle” times are tabulated in Table 1. The “recycle” 
times are simply the time period for the average saturation 
to return to its initial condition zero and the same approach 
is applied to the average temperature histories for their 
recycle times. The recovery time was determined when 
either the saturation or temperature had returned to a value 
within 1% of its initial value. The temperature “recycle” 
or “recovery” times are always much shorter than the “re- 
saturation” cycle time periods. The conservative approach 
is to use the temperature “recovery” time periods as the 
“recycle” time because of the numerical limitations related 
to vaporization in the experimental version of 

BRAGFLO-T. In reviewing Table 1,  the general trend is 
that for increased initial saturation (all other parameters 
held constant), the recovery times are longer. Also the 
temperature histories are more accurate than the saturation 
histories because of the conservative energy solution 
method incorporated in the BRAGFLO-T code. 

From the THX results shown in Table 1, the frequency of a 
criticality can be computed based on the input energy, the 
normalized time frame (1 0,000 yr) and the temperature 
recycle times. Such calculations reveal that the frequency 
of a criticality ranges from about 3 to 30 criticalities/yr. 
Thus the nominal risk3 associated with criticality is given 
by: Risk = Consequences x Frequency = 5 ~ 1 0 ’ ~  
(fissions/criticality, [this is within the range of input 
energies considered in the THX calculations]) x 7.0x10-’ 
(initial criticalities/yr, [this is a nominal value used in 
related  calculation^])^ x 15 (criticalities/yr-initial-criticality, 
[this is the median value determined from the THX results]) 
x 100 yr (assumed duration of repeated criticalities) = 
5 . 3 ~ 1 0 ’ ~  additional fissions. This risk is extremely small 
when compared to the initial Yucca Mountain Site (YMS) 
source term of - 6 ~ 1 0 ~ ’  fissions2. 
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Figure 3. Typical average temperature and saturation 
history from THX024 calculation 

NOMENCLATURE 

Acronyms: 
BRA GFLO-T 

cx 
DOE 
DTHX 

EM 
HGZ 
HL W 

Brine and Gas Flow with Thermal 
effects simulator computer code 
Static Criticality calculations 
U. S. Department of Energy 
Fully coupled nuclear Dynamics and 
Thermal Hydrology calculations 
Office of Environmental Management 
Heat Generation Zone 
High-Level Waste 
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IhlEEL 

NDCA 

NSNFP 
NWh4P 
PA 
PDE 
PRA 
SNF 
SNL 
SPDF 
THX 
TOUGH 

UDX 

YMS 

Symbols: 
D, 

E 
N 
P 
S 
T 
U 
Z 
g 
h 
k 
keff 

Yi 

a 
a 

V 
? 

P 
4 

Idaho National Engineering and 
Environmental Laboratory 
Nuclear Dynamics Consequence 
Analysis 
National Spent Nuclear Fuel Program 
Nuclear Waste Management Project 
Performance Assessment 
Partial Differential Equation 
Probabilistic Risk Assessment 
Spent Nuclear Fuel 
Sandia National Laboratories 
Space Power Density Function 
Thermal Hydrology calculations 
Thermal Hydrology numerical 
simulator computer code 
Uncoupled nuclear Dynamics 
calculations 
Yucca Mountain Site 

gas diffusion coefficient of component i 
in a mixture of i and j [m2/s] 

power density h c t i o n  [J/(m3*s) 
pressure [Pa] 
saturation [dimensionless] 
temperature [K] 
internal energy [J] 
elevation [m] 
gravitational acceleration [m/s2] 
enthalpy [Jkg] 
permeability [m2] 
neutron multiplication factor 
[dimensionless] 
relative permeability [dimensionless] 
source/sink term [kg/(m3*s)] 
radius [m] 
time [SI 
mass fiaction of component i in the 
wetting phase [dimensionless] 
mass fiaction of component i in the 
nonwetting phase [dimensionless] 
dimensionless-dependent geometry term 
[(ID=AyAz, m2),(2D=Az, m),(3D=1, 

e n e r a  [JI 

dimensionless)] 
del (gradient) operator [dimensionless] 
power generation period [SI 
density [kglm‘] 
porosity [dimensionless] 
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