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Abstract: Results from laboratory and field-scale experiments are used to constrain thermohydrological models used in 
studies of the potential geologic high-level waste repository at Yucca Mountain, Nevada. The experiments were a 
laboratory-scale heater test conducted by the Center for Nuclear Waste Regulatory Analyses and the field-scale Drift-Scale 
Heater Test conducted by the U.S. Department of Energy. Key observations from the heater tests included the evolution of 
temperature and the formation of zones of dryout and elevated saturation in the tested volumes. The multiphase code 
MULTIFLO© was used for the numerical simulations. Simulated temperature and saturation were compared with key 
results from the experiments to evaluate the ability of the conceptual models and the numerical simulator to replicate 
thermohydrological processes observed at laboratory and field scales. Sensitivity analyses of the thermohydrological 
simulations were performed to evaluate alternative conceptual models and to identify which model parameters significantly 
affect results. Three conceptual models for heat and mass exchange between the matrix and fracture continua were 
evaluated as part of the sensitivity analysis. Results were sensitive to matrix permeability, thermal conductivity, fracture 
permeability, and the van Genuchten parameter α. Selection of the matrix-fracture interaction conceptual model proved to 
be of secondary importance compared to the selection of property values.  
 

I. INTRODUCTION 
 

Numerical simulation of multiphase heat and mass 
transfer will be an important tool in evaluating the 
performance of the potential geologic high-level waste 
(HLW) repository at Yucca Mountain, Nevada. The 
numerical codes are required to be sufficiently robust to 
adequately simulate heat and mass transfer through 
highly heterogeneous fractured rock under partially 
saturated conditions. To meet this challenge, the codes 
have undergone continued refinement to improve 
representations of the complex physical mechanisms 
anticipated to be active at a geologic HLW repository. 
For example, the dual continua conceptual model 
(consisting of matrix and fracture continua) has been 
widely used to represent the flow of heat and mass in 
fractured rock and incorporated into these multiphase 
codes (i.e., [1,2]).  More recently, the active fracture 
model (AFM) [3,4] has been used to account for reduced 
matrix-fracture interaction when fractures are less than 
fully saturated. In addition, improved characterization of 
the potential repository site at Yucca Mountain has 
helped reduce uncertainty. In spite of these gains, 
uncertainty in conceptual and numerical models remains 
because of the complexity inherent in the coupled 
multiphase heat and mass transfer processes and the high 
level of heterogeneity at the candidate site.  
 

To gain confidence in the models used on the Yucca 
Mountain Project, it is advisable to apply contemporary 

code evaluation practices to all conceptualizations and 
models used in performance assessments. Common 
evaluation practices are to compare code simulation 
results with: (i) analytical solutions, (ii) results from 
other codes (i.e., benchmarking), and (iii) results from 
physical analogs and field-scale tests. Controlled tests of 
coupled processes using physical analogs are desirable 
because boundary conditions can be established and 
measured, property values can be reasonably determined, 
and the dominant physical processes can be identified. 
Experiments at the laboratory scale and at different field 
scales provide opportunities to observe 
thermohydrological processes under a broader range of 
conditions, thereby increasing confidence in the codes 
used to replicate the experimental results. 
 

II. OBJECTIVE 
 

The objective of this study is to evaluate the ability 
to numerically simulate thermohydrological processes 
observed in experiments at two scales; laboratory and 
field. Because the thermohydrological processes 
expected to occur at the potential Yucca Mountain 
repository are believed to be similar to those observed in 
the two physical analogs, insights gained during their 
assessment will increase confidence in the ability to 
simulate expected thermohydrological processes at the 
potential repository. 
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III. CONCEPTUAL AND MATHEMATICAL MODEL 
FRAMEWORK 

 
The thermohydrological analyses were performed 

with the multiphase numerical simulator MULTIFLO 
[1,5]. Of primary interest is how interaction between the 
matrix and fracture continua is modeled. Three options 
for implementing the matrix-fracture interaction were 
considered in this analysis. In Option 1, the relative 
permeability for liquid flow between the fracture and 
matrix continua krl,f→m is related to the relative 
permeability for liquid flow in the fracture continuum krl,f  
as krl,f→m = ηk rl,f, where η < 1. This option reduces liquid 
flow from matrix to fractures, but leaves all other fluxes 
unmodified. In Option 2, krl,f→m = k rl,f, and the interfacial 
area between the matrix and fracture continua is reduced 
using a multiplicative factor Amod< 1. In contrast to 
Option 1, Option 2 reduces communications for all flows 
between matrix and fractures in both directions (fracture-
to-matrix and matrix-to-fractures).  Option 3 is the active 
fracture model proposed by Liu, et al. [3,4] to modify 
flow through partially saturated fractures. This model is 
based on the hypothesis that only a portion of connected 
fractures is active in conducting water. The hypothesis 
stipulates that (i) all connected fractures are active if the 
system is fully saturated, (ii) all fractures are inactive if 
the system is at residual saturation, and (iii) the fraction 
of fractures that is active is related to water flux through 
the fractures. Note that thermal communication between 
fractures and matrix is reduced only for Option 2 with 
Amod < 1.0.   

 
IV. PHYSICAL ANALOGS 

 
A laboratory-scale experiment conducted by 

CNWRA, with a duration of 7 months, is used as the 
laboratory-scale physical analog. The Drift-Scale Heater 
Test conducted in the Exploratory Studies Facility 
Thermal Test Facility at Yucca Mountain is used as the 
field-scale physical analog. Details of the tests are 
provided in previous publications (see [6,7] for the 
laboratory-scale test and [8-11] for the Drift-Scale Heater 
Test).   

 
The laboratory-scale experiment was conducted 

to observe moisture redistribution around a heat 
source located in a partially saturated fractured, 
porous medium. The experimental apparatus was a 
1.2 × 1.2 × 0.6-m [3.9 × 3.9 × 2.0-ft] test cell assembled 
with approximately 570 regularly-shaped (0.05 × 0.05 × 
0.60-m [0.16 × 0.16 × 2.0-ft]) cast concrete blocks to 
mimic a fractured rock mass (Fig. 1). A cylindrical heat 
source was placed horizontally in the drift. Water was 
introduced into the top of the test cell at a rate of 1L/day  

 

 
 

Fig. 1. Schematic of laboratory-scale heater test  
[1 m = 3.28 ft] 

 
[0.035 ft3/day] (approximately one drop every 2 seconds) 
to simulate the natural sources of water (i.e., infiltration 
and condensed water that originated from vaporized rock 
water). 

 
Patterns of heat and water redistribution during the 

experiment were inferred from a combination of 
temperature data recorded during the test, post-test 
measurements of matrix saturation, and post-test visual 
examinations of fractures for evidence of fracture flow.  
Measured matrix saturations indicated that the saturation 
of the matrix was high in the area above the heat source 
(i.e., close to fully saturated) and low (i.e., close to zero 
saturation) below the heat source (Fig. 2). There was no 
direct evidence of fracture flow in the laboratory-scale 
experiment, but visual inspection of fracture surfaces 
made at the conclusion of a similar experiment provided 
some indication of the nature of flow through the fracture 
network for this experiment [6,7]. Staining on the 
fracture surface indicated that liquid flow through the 
fractures was restricted to a zone that emanated from the 
source of infiltration at the top center of the test cell and 
expanded laterally in a parabolic shape as it flowed 
downward and eventually extended to a width of 
approximately 0.15 m [0.49 ft] beyond the sides of the 
drift. This observation was interpreted as evidence that 
flow through fractures was focused, not diffuse.  
 

The Drift-Scale Heater Test [8-11] is located in the 
Topopah Spring middle nonlithophysal (Tptpmn) unit at 
Yucca Mountain. A plan-view schematic of the principal 
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Fig. 2. Measured (left) and simulated (right) matrix 

saturation of the laboratory-scale test assembly at the 
mid-plane perpendicular to the drift. The matrix 

permeability in the simulation was reduced by a factor of 
10 from the basecase as a result of preliminary 

calibration simulations.  [1 m = 3.28 ft] 
 
components of the Drift-Scale Heater Test is illustrated 
in Fig. 3. Thermal sources for the heated drift consist of 9 
canister heaters, placed end to end on the floor of the 
heated drift, and 50 wing heaters (25 on either side), 
emplaced in horizontal boreholes drilled into the 
sidewalls of the heated drift. The heating phase of the 
Drift-Scale Heater Test lasted from December of 1997 
until January 2002 and was followed by a 4-year cooling 
phase. Temperature was directly measured throughout 
the test volume. Saturation of the rock matrix was 
inferred using geophysical methods (i.e., electrical 
resistivity tomography, ground-penetrating radar, and 
neutron logging). Periodic pneumatic testing of boreholes 
during the test allowed for indirect measurement of 
changes in fracture permeability from which fracture 
saturation was inferred [11].  
 

V. NUMERICAL ANALYSIS 
 
MULTIFLO [1,5] was used in the analysis of both 

physical analogs. MULTIFLO is a general code for 
simulating two-phase, two-component, non-isothermal 
flow and multicomponent reactive transport processes in 
porous/fractured systems. The laboratory-scale test and 
the Drift-Scale Heater Test were both numerically 
modeled in three dimensions. Sensitivity analyses were 
performed on the laboratory- and field-scale numerical 
models to assess which conceptual models and 
parameters significantly affect simulation results of the 
two physical analogs. The basecase model was selected 
by a priori identifying parameter values that were 
thought to be most appropriate for each property or 

boundary condition prior to any numerical modeling and 
do not necessarily represent the best fit model. Basecase 
properties for the laboratory-scale and Drift-Scale Heater 
Test numerical models are summarized in Tables 1 and 2. 

 
 
 
 

Fig. 3. Plan-view schematic of the Drift-Scale Heater 
Test [11] 

 
Properties whose values proved most important to 

results were matrix permeability, thermal conductivity, 
fracture permeability, and van Genuchten α. Sensitivity 
analyses were also performed to evaluate the three 
matrix-fracture interaction conceptual models and their 
respective calibration factors. Although analyses of the 
matrix-fracture interaction models are viewed as 
conceptual model evaluations, they could alternatively be 
considered an extension of the parametric sensitivity 
analyses because invoking the different models is, in 
effect, modifying the fracture relative permeability and 
coefficient for fracture-matrix flux. 
 

V.A. Laboratory-Scale Heater Test  
 
Liquid saturation and temperature from the 

laboratory-scale test simulations were compared with 
observed test results. Saturation and temperature were 
both found to be useful in discriminating between 
models.  

 
The basecase simulation represents conditions where 

thermal communication (i.e., heat transfer) between the 
matrix and fracture continua was high (i.e., none of the 
matrix-fracture reduction models was invoked). Predicted 
temperatures of the fracture continuum were virtually 
identical to those of the matrix continuum for all 
simulations when thermal communication between the 
two continua was not limited.  

 
Simulated matrix saturations were compared with 

measured saturations of concrete samples collected at the 
conclusion of the laboratory-scale test (Fig. 2). Neither 
the fracture permeability function (Option 1) nor the 
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Table 1. Basecase Property Values for Laboratory-Scale 
Model 

Property Value 

Matrix permeability [m2] 2.0 × 10-17  

Matrix porosity  [-] 0.5 

Matrix residual saturation sr [-] 0.05 

Matrix van Genuchten α [Pa-1] 6.36 × 10-7 

Matrix van Genuchten m [-] 0.3717 

Fracture permeability [m2] 1.0 × 10-10  

Fracture porosity [-] 0.01 

Fracture residual saturation sr [-] 0.01 

Fracture van Genuchten α [Pa-1] 1.00 × 10-3 

Fracture van Genuchten m [-] 0.800 

Thermal conductivity (dry)  [W/m-K] 0.50 

Thermal conductivity (wet) [W/m-K] 1.00 

Rock specific heat [J/kg-K] 840 

Rock density [kg/m3] 1600  

Area modifier Amod [-] 1.0 

Active fracture model γ [-] 0.4 

Initial saturation [-] 0.3 

Note: 1 m2 = 10.8 ft2; 1 Pa-1 = 105 Bar-1; 
1 W/m-K = 0.578 BTU/hr-ft-°F; 1 J/kg-K = 2.39×10-4 
BTU/lb-°F; 1kg/m3 = 0.062 lb/ft3 

 
active fracture model (Option 3) effectively replicated 
high matrix saturation above the heater drift with the 
basecase values. However, a reduction in interfacial area  
of Amod (Option 2) to either 0.01 or 0.001 provided 
relatively good simulation of high matrix saturation 
above the heater drift.  An effective increase in matrix 
saturation above the drift was also observed when matrix 
permeability was reduced by 10 times and with no 
change in matrix-fracture interaction from the values 
assigned to the basecase (Fig. 2). 

 
Most models did not predict the decreased matrix 

saturation observed below the heater drift. However, 
simulations did correctly indicate a matrix saturation 
shadow below the heater drift when: (i) the Amod was set 
to 0.001 and the fracture van Genuchten α was increased 
by 10 times, (ii) an active fracture model with matrix 
permeability that was decreased by 10 times and the van 
Genuchten α was increased by 10 times, (iii) matrix 
permeability was decreased by 10 times, and (iv) fracture 

permeability was increased by 100 times. Thus, the 
correct simulation of matrix saturation is primarily 
dependent on some combination of low matrix 
permeability and large fracture air-entry value; the choice 
of the matrix-fracture conceptual model is of secondary 
importance provided there is some reduction in the 
matrix-fracture interaction. 
 

Models that were considered successful when 
assessing fracture saturation were those that predicted 
focused (i.e., not smeared or diffuse) flow and vertical 
penetration into the crown of the drift. Focused fracture 
flow (Fig. 4, left) was observed in simulations with a 
small value for the van Genuchten α parameter (i.e., 10-5 

Pa-1 [1 Bar-1]) or increased fracture permeability (i.e., 100 
times the reference value). Focused fracture flow was 
observed with the active fracture model (Option 3) and 
with Option 1 (reduced relative permeability for fracture-
to-matrix flow). Simulations that invoked the reduced 
interfacial area matrix/fracture conceptual model 
(Option 2) demonstrated diffuse flow in the fractures, 
which is inconsistent with the experimental observations. 
Fig. 4 (right) illustrates diffuse fracture saturation when 
Amod = 0.1. Recall that Amod = 1 in the basecase.  

 
Focused penetration of flow through fractures into 

the drift crown was observed when the van Genuchten α 
was less than 1.0 × 10-3 Pa-1 [100 Bar-1] and when some 
type of matrix-fracture flow reduction was invoked, 
although the particular choice of matrix-fracture 
conceptual model did not seem to matter. Each of the 
three matrix-fracture conceptual models seemed to work 
equally well. However, because the specific physics of 
dripping into the drift was not incorporated into this 
model, simulation results can only be used to indicate 
that some quantity of water flowed downward via 
fractures to at least the top of the drift crown and that this 
water would be available for dripping into the drift. 
 

V.B. Drift-Scale Heater Test 
 

The test domain of the Drift-Scale Heater Test was 
modeled as three hydrostratigraphic units, Tptpul, 
Tptpmn, and Tptpll of the Topopah Spring welded unit. 
The principal components to the Drift-Scale Heater Test 
are located within the Tptpmn unit. Analyses were 
limited to the 4-year heating phase of the Drift-Scale 
Heater Test. Heat was applied to the heated drift and the 
inner and outer wing heaters in the Drift-Scale Heater 
Test model. The heated drift was not explicitly included 
in the model; instead, the heat source was applied 
uniformly to the boundary elements of the drift wall.  
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Table 2. Basecase Property Values for Drift-Scale Heater Test Model 

Property Tptpul Tptpmn Tptpll 

Matrix permeability [m2] 3.08 × 10-17 4.07 × 10-18 3.04 × 10-17 

Matrix porosity [-] 0.154 0.110 0.131 

Matrix residual saturation sr [-] 0.12 0.19 0.12 

Matrix van Genuchten α [Pa1] 2.13 × 10-5 3.86 × 10-6 6.44 × 10-6 

Matrix van Genuchten m [-] 0.298 0.291 0.236 

Fracture permeability [m2] 5.50 × 10-13 2.76 × 10-13 1.29 × 10-12 

Fracture porosity [-]  0.0066 0.010 0.011 

Fracture residual saturation sr [-] 0.01 0.01 0.01 

Fracture van Genuchten α [Pa-1] 1.46 × 10-3 5.16 × 10-4 7.39 × 10-3 

Fracture van Genuchten m [-] 0.608 0.608 0.611 

Thermal conductivity (dry) [W/m-K] 0.79 1.56 1.20 

Thermal conductivity (wet) [W/m-K] 1.68 2.33 2.02 

Rock specific heat [J/kg-K] 882 948 900 

Rock density [kg/m3] 2,510 2,530 2,540 

Area modifier Amod [-] 1.0 1.0 1.0 

Active fracture model γ   [-] 0.41 0.41 0.41 

Initial saturation [-] 0.92 0.92 0.92 

Note: 1 m2 = 10.8 ft2; 1 Pa-1 = 105 Bar-1; 1 W/m-K  = = 0.578 BTU/hr-ft-°F; 1 J/kg-K = 2.39×10-4 BTU/lb-°F; 1 kg/m3 = 0.062 lb/ft3 
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Fig. 4. Simulated fracture saturation of the laboratory-
scale test assembly at the mid-plane perpendicular to the 
drift with fracture permeability set to 100 times basecase 
(left) and with Amod equal to 0.1 (right). [1 m = 3.28 ft] 

 

For the basecase, simulated temperatures were 
higher than the observed temperatures near the drift wall 
after 1 and 4 years, but not after 3 months (Fig. 5). The 
relatively low temperatures observed near the heated drift 
at later times are interpreted to be due, at least in part, to 
unmonitored heat and mass loss through the thermal 
bulkhead at the end of the heated drift. The best 
approximation of temperatures near the drift wall was 
achieved when the drift-wall heat load (i.e., canister heat 
load) was reduced by 30% to account for heat loss 
through the bulkhead by conduction and radiation 
(Fig. 6). The 30% heat load reduction decreased, but did 
not completely eliminate, the difference between the 
measured and simulated temperatures after 4 years of 
heating.  

 
The 30% heat-load reduction also caused the 

simulated temperature to be higher than the observed 
temperature after 3 months. The inability to match 
temperatures at both 3-months and 4-years with a single 
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Fig. 6. Measured (dashed) compared with simulated 
(solid) matrix temperatures at 3 Months (Left), 1 Year 
(Center), and 4 Years (Right) for Boreholes 158 (Top), 
160 (Middle), and 162 (Bottom) after reducing the heat 

load by 30%. 
 

heat-load reduction factor indicates that a time-dependent 
reduction factor is needed if heat loss by radiation and 
conduction through the thermal bulkhead are not 
modeled explicitly.  

 
Essentially all simulations predicted a zone of 

elevated fracture saturation above and at the side of the 
boiling isotherm and the dryout zone. This high 
saturation zone was apparent within 1 year of the onset of 
heating, but the degree to which saturation and drainage 
increased below the test horizon varied significantly. 
Most simulations exhibited a prominent thin layer of 
increased saturation immediately above the dryout zone 
and a less prominent layer of increased saturation 
immediately below the dryout zone. The layer of 
increased fracture saturation below the dryout zone 
extended approximately to the depth of the 
Tptpmn/Tptpll contact (i.e., 6 m [19.7 ft] below the wing 

heaters) within 3 months after the onset of heating (e.g., 
see Fig. 7). The simulated zone of increased fracture 
saturation penetrated below the Tptpmn/Tptpll interface 
by three months of heating when either matrix 
permeability or the active fracture model calibration 
factor (γ) was increased, or when either thermal 
conductivity or the van Genuchten α was decreased (e.g., 
see Fig. 8).  

 
In addition, although the layer of increased 

saturation below the dryout zone was less defined than 
the layer above, the lower layer transitioned into a broad, 
extensive zone of increased saturation that continued 
downward for some distance. Both the upper and lower 
zones of increased fracture saturation are of potential 
interest because they could lead to increased flow of 
water into the drift from above and increased solute 
transport from the drift through fractures below.

 

 

 
 

Fig. 5. Measured (dashed) compared with simulated (solid) matrix temperatures at 3 Months (Left), 1 Year (Center), and 
4 Years (Right) for Boreholes 158 (Top), 160 (Middle), and 162 (Bottom) for the basecase.  

[1 m=3.28 ft; T°F=1.4*T°C+32] 
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Geophysical measurement of saturation was not possible 
at this depth below the Drift-Scale Heater Test. Model 
predictions for fracture flow can only be evaluated if 
post-test analyses provide a measure of actual fracture 
flow in this zone. 
 

VI. CONCLUSIONS 
 
A broad consensus can be drawn from the ensemble of 
the sensitivity analyses of the two experiments conducted 
at different scales. In general terms, the analyses 
highlighted the importance of assigning appropriate 
values to several key parameters:  matrix permeability, 
the van Genuchten α (related to the air-entry value), and 
fracture permeability. The choice of conceptual model 
for matrix-fracture interactions had a lesser effect on 
evolution of temperature and saturation in the laboratory-
scale test. Consistent with this observation of matrix 
saturation at the laboratory scale, all three choices for 
conceptual models had some success in capturing key 
features observed during the tests. However, choice of 
the matrix/fracture interaction conceptual model and the 
associated calibration factor (i.e., Amod, γ, or η) were of 

secondary importance in the Drift-Scale Heater Test 
simulations when compared with property value 
assignment. Focused fracture flow observed during the 
laboratory-scale experiment was inconsistent with diffuse 
flow predicted by the interfacial area modification 
reduction option (Option 2).  
 

Analyses of the Drift-Scale Heater Test provided 
greater insight on the choice of the matrix-fracture 
interaction conceptual model than the laboratory-scale 
heater test analyses. Replication of temperatures 
measured during the Drift-Scale Heater Test at three 
boreholes was most successful when the active fracture 
conceptual model was selected, although simulated 
temperatures at the drift wall were greater than those 
observed. Sensitivity analyses of both experiments 
confirmed that partial success, in terms of agreement 
between selected observations and model results, could 
be achieved for several combinations of parameter values 
and conceptual model. It is important to compare the 
model results with the complete suite of experimental 
results to build confidence in parameter values and 
conceptual models selected for representative multiphase 
models. 

 

Figure 6. Measured (dashed) compared with simulated (solid) matrix temperatures at 3 Months (Left), 1 Year (Center),
and 4 Years (Right) for Boreholes 158 (Top), 160 (Middle), and 162 (Bottom) after reducing the heat load by 30%. 

[1 m=3.28 ft; T°F=1.4*T°C+32]
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Fig. 7. Fracture saturation after 3 months of heating for 
basecase simulation illustrating minimum fracture flow 

below the Tptpmn/Tptpll boundary at 3 months. 
[1 m=3.28 ft] 

 

 Fig. 8. Fracture saturation after 3 months of heating with 
the van Genuchten α decreased by 10 times, illustrating 

significant fracture flow below the Tptpmn/Tptpll.  
[1 m=3.28 ft] 
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