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DISCLAIMER 
The calculations contained in this document were developed by Bechtel SAIC Company, LLC 
(BSC) and are intended solely for the use of BSC in its work for the Yucca Mountain Project. 
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ACRONYMS 

BSC Bechtel SAIC Company, LLC 
 
CD Compact Disk 
CFD Computational Fluid Dynamics 
CPU  Central Processing Unit 
 
DIRS Document Input Reference System 
DTN  Data Tracking Number 
 
HP Hewlett-Packard Company 
 
IED Information Exchange Document 
ITS  Important to Safety 
ITWI  Important to Waste Isolation 
 
LA License Application 
 
SI International System of Unit 
SSCs Structures, Systems, and Components 
 
TAD  Transportation, Aging, and Disposal 
 
 

ABBREVIATIONS AND CONVERSIONS 

BTU  British Thermal Unit (1 BTU = 1055.0559 J) 
oC  degree Celsius (1 oC = 1K +273.15 ) 
oF  degree Fahrenheit, (1 oF = 9/5 (1 oC) +32 ) 
ft  length, feet (1 foot = 0.3048 m) 
hr  hour (1 hr = 3600 s) 
J  Joule (1 J = 1 W/s) 
k   turbulence kinetic energy (m2/s2) 
K  degree Kelvin (1 K = 1 oC -273.15 ) 
kg  kilogram 
m  length, meters (1 m = 3.2808 ft) 
m3/s  cubic meters per second (1 m3/s = 2119 ft3/min) 
min  minute (1 min = 60 s) 
mol  mole 
Mw  molecular weight of the gas (kg/mol) 
p   local relative pressure predicted by FLUENT (Pa) 

Pa  Pascal 
opP   operating pressure (Pa) 

R   universal gas constant (8.3145 J/mol-K) 
s  second (1 s = 1/60 min) 
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T   temperature (oC, oF, K ) 
Tacbt  pre-Calico Hills Formation bedded tuff 

bottomT    rock temperature at bottom boundary surface (oC) 

groundT   ground surface rock temperature(oC) 
W/kW Watt/ kilowatt (1 W = 1 J/s) (1000W = 1kW) 
ε   rate of dissipation (m2/s3) 
ρ    density (kg/m3) 
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1. PURPOSE 

The purpose of this thermal calculation is to determine the exhaust air temperature variations in 
Panel 1 during the first 100 years of the preclosure period. This calculation’s computational fluid 
dynamics (CFD) model was developed using FLUENT V6.0.12 to simulate the heat transfer 
process as exhaust airflow travels from the emplacement drift outlet through the Panel 1 Exhaust 
Main, and up Exhaust Shaft #1 into the main fans. The scope of this analysis includes 
determination of the time history of the exhaust airflow temperature at the Exhaust Shaft #1 
outlet and temperature rise near the Exhaust Shaft #1 during 100 years of ventilation.  

The outputs of this calculation are presented in illustrations and plots of the temperature of the 
exhaust airflow and rock as a function of ventilation time. The analysis also provides the 
temperature conditions for the main exhaust fan inlet.  

2. REFERENCES 

The following design inputs and references support this calculation. The information represents 
current design details and supports the science and engineering interfaces. 

2.1 PROCEDURES/DIRECTIVES 

2.1.1 EG-PRO-3DP-G04B-00037, Rev 013, Calculations and Analyses.  Las Vegas, Nevada: 
Bechtel SAIC Company. ACC: ENG.20080922.0005. 

2.1.2 IT-PRO-0011, Rev 009, Software Management.  Las Vegas, Nevada: Bechtel SAIC 
Company. ACC: DOC.20080416.0010. 

2.1.3 ORD (Office of Repository Development) 2007. Repository Project Management 
Automation Plan. 000-PLN-MGR0-00200-000-00E. Las Vegas, Nevada: U.S. 
Department of Energy, Office of Repository Development. ACC: ENG.20070326.0019. 

2.2 DESIGN INPUTS 

2.2.1 BSC 2008. Basis of Design for the TAD Canister-Based Repository Design Concept. 000-
3DR-MGR0-00300-000-003. Las Vegas, Nevada: Bechtel SAIC Company. ACC: 
ENG.20081006.0001.  

2.2.2 BSC 2008. FLUENT Thermal Calculation for 2.0 kW/m Thermal Load. 800-KVC-
VUE0-00800-000-00A. Las Vegas, Nevada: Bechtel SAIC Company. ACC: 
ENG.20080124.0007; ENG.20080814.0001. 

2.2.3 BSC 2008. IED Geotechnical and Thermal Parameters. 800-IED-MGR0-00401-000 
REV 00J. Las Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20080911.0008. 

2.2.4 BSC 2008. IED Geotechnical and Thermal Parameters III. 800-IED-MGR0-00403-000 
REV 00B. Las Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20080219.0008. 
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2.2.5 BSC 2008. Input Parameters for Ground Support Design. 800-K0C-SSD0-00500-000-
00A. Las Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20080905.0002. 

2.2.6 BSC 2008. Subsurface - Underground Layout Configuration For LA Panel 1 Plan. 800-
KM0-SS00-00302-000-00C. Las Vegas, Nevada: Bechtel SAIC Company. ACC: 
ENG.20081001.0002. 

2.2.7 BSC 2007. IED Emplacement Drift Configuration and Environment. 800-IED-MGR0-
00501-000 REV 00B. Las Vegas, Nevada: Bechtel SAIC Company. ACC: 
ENG.20070716.0006. 

2.2.8 BSC 2007. Underground Layout Configuration for LA. 800-KMC-SS00-00200-000-00B. 
Las Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20070727.0004. 

2.2.9 BSC 2006. Repository Twelve Waste Package Segment Thermal Calculation. 800-00C-
WIS0-00100-000-00B. Las Vegas, Nevada: Bechtel SAIC Company. ACC: 
ENG.20061116.0001.  

2.2.10 BSC 2004. Geologic Framework Model (GFM2000). MDL-NBS-GS-000002 REV 02. 
Las Vegas, Nevada: Bechtel SAIC Company. ACC: DOC.20040827.0008. [DIRS 
170029] 

2.2.11 BSC 2003. Underground Layout Configuration. 800-P0C-MGR0-00100-000-00E. Las 
Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20031002.0007. 

2.2.12 BSC 2002. FLUENT Version 6.0.12 Software Implementation Report. Software Baseline 
Documentation Number: 10550-SIR-6.0.12-00. Las Vegas, Nevada: Bechtel SAIC 
Company. ACC: MOL.20021105.0297. [DIRS 172089] 

2.2.13 Avallone, E.A. and Baumeister, T., III, eds. 1987. Marks' Standard Handbook for 
Mechanical Engineers. 9th Edition. New York, New York: McGraw-Hill. TIC: 206891. 
ISBN: 0-07-004127-X 

2.2.14 FLUENT V.6.0.12. 2003. HP-UX 11.00. STN:10550-6.0.12-00. [DIRS 163001] 

2.2.15 FLUENT. 2001. Fluent 6.0 User's Guide, Nomenclature, Bibliography & Index. Five 
volumes. Lebanon, New Hampshire: Fluent. TIC: 254880. [DIRS 164453] 

2.2.16 MO0701VENTCALC.000. Analytical Ventilation Calculation for the Base Case Analysis 
with a 1.45 KW/M Initial Line Load. Submittal date: 01/23/2007. [DIRS 179085] 

2.2.17 MO0012MWDGFM02.002. Geologic Framework Model (GFM2000). Submittal date: 
12/18/2000. [DIRS 153777] 

2.2.18 MO0612MEANTHER.000. Mean Thermal Conductivity of Yucca Mountain Repository 
Units. Submittal date: 04/27/2007. [DIRS 180552] 
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2.2.19 MO0709REVTHERM.000. Revised Thermal Properties - Heat Capacity. Submittal date: 
01/16/2008. [DIRS 184749]   

The following data tracking numbers (DTNs), which are listed in the references above, are used 
as input into the FLUENT V6.0.12 model: 

DTN: MO0012MWDGFM02.002 is cited in IED Geotechnical and Thermal Parameters 
(Reference 2.2.3) and provides the three-dimensional computer-based model of rock layers and 
faults in the Yucca Mountain site area. It is used to provide the layer information for the rock 
stratigraphy throughout the repository. DTN: MO0012MWDGFM02.002 is cited in an 
Information Exchange Document (IED) and is therefore, approved and appropriate for the 
intended use in this calculation. 

DTN: MO0701VENTCALC.000 is cited in IED Emplacement Drift Configuration and 
Environment (Reference 2.2.7) and provides the analytical emplacement drift ventilation 
calculation for the base case analysis with a 1.45 kW/m initial line load. It is used to provide the 
properties information for the ventilation flow. DTN: MO0701VENTCALC.000 is cited in an 
IED and is therefore, approved and appropriate for the intended use in this calculation. 

DTN: MO0612MEANTHER.000 is cited in IED Geotechnical and Thermal Parameters III 
(Reference 2.2.4) and provides the mean thermal conductivity of the Yucca Mountain repository 
units. It is used to provide the direct input for the thermal conductivity of rock layers in the 
current model. DTN: MO0612MEANTHER.000 is cited in an IED and is therefore, approved 
and appropriate for the intended use in this calculation. 

DTN: MO0709REVTHERM.000 is cited in IED Geotechnical and Thermal Parameters III 
(Reference 2.2.4) and provides the thermal properties for the repository rock layers. It is used to 
provide the direct input for the density and specific heat of repository rock layers in the current 
model. DTN: MO0709REVTHERM.000 is cited in an IED and is therefore, approved and 
appropriate for the intended use in this calculation. 

Marks' Standard Handbook for Mechanical Engineers (Reference 2.2.13) is the industry-
recognized mechanical engineer textbook and is appropriate for its intended use to support this 
calculation. 
 
2.3 DESIGN CONSTRAINTS 

None. 

2.4 DESIGN OUTPUTS 

The output from this calculation supports the detailed design of the subsurface facility. 
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3. ASSUMPTIONS 

3.1 ASSUMPTIONS REQUIRING VERIFICATION 

3.1.1 Thermal Properties of Alluvium and Crystal-Rich Tiva/Post-Tiva 
The thermal conductivity of Alluvium is assumed to be the same as the thermal conductivity of 
Crystal-Rich Tiva/Post-Tiva. Also, the specific heat of Alluvium and Crystal-Rich Tiva/Post-
Tiva are assumed to be the same as the specific heat of the Tpcp layer. 

Rationale: The thermal conductivity of Alluvium and the specific heat of Alluvium and Crystal-
Rich Tiva/Post-Tiva are not currently available. Using the thermal properties of the next rock 
layer below is reasonable. Since the Alluvium and Crystal-Rich Tiva/Post-Tiva layers are at the 
top of the rock pillar, far from the region of interest, the impact of this assumption is anticipated 
to be negligible. 
 
This assumption is used in Section 6.3.2. 
 
3.2 ASSUMPTIONS NOT REQUIRING VERIFICATION 

3.2.1 Airflow Rate and Temperature Variation at the Emplacement Drift Outlet 
It is assumed that temperature change for the first 100 years of preclosure at the emplacement 
drift outlets of the Panel 1 Exhaust Main are the same as those in Reference 2.2.2, Figure 7.  

Rationale: Reference 2.2.2 simulated the ventilation airflow for an 800 m emplacement drift 
(Reference 2.2.2, Section 6.1) with a 2.0 kW per meter line load (Reference 2.2.2, Section 6.5) 
during preclosure period. This ventilation model provided the conservative estimation of the 
ventilation air temperature over a 100 year period (Reference 2.2.2, Section 7.2). Hence, the use 
of the same ventilation airflow characteristics at the exhaust-main end of the emplacement drift 
for 100 years as an input in this model will provide conservative results. 

This assumption is used in Sections 6.1 and 6.4.2. 

3.2.2 Natural Convection on the Ground Surface 
It is assumed that only natural convection is considered between the ground surface and 
surrounding air. The natural convection heat transfer coefficient at the ground surface is used 
according to the correlation for air at normal temperatures and atmospheric pressure for a 
horizontal plate (Reference 2.2.13, Equation 4.4.12f). The surrounding temperature is taken as 
the initial ground temperature to simplify this calculation. 

Rationale: Considering that the complexity and uncertainty of climate change on the ground 
surface during the 100 years of preclosure, only natural convection between the ground surface 
and surrounding air is considered to simplify this problem. Furthermore, the initial ground 
surface temperature is taken as the surrounding air temperature to calculate the natural 
convection heat transfer coefficient. Since the ground surface can be generalized as a horizontal 
plate in shape and the ground surface is hotter than the surrounding air temperature due to the 
heat transfer from repository layer, the use of Equation 4.4.12f in Reference 2.2.13 for the 
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natural convection heat transfer coefficient can simplify the boundary condition. Considering 
that the ground surface temperature changes are very small over 100 years, this assumption will 
have a minor effect on the estimation of the exhaust airflow temperature. 

This assumption is used in Section 6.4.1. 

3.2.3 Rock Stratigraphy  
The rock stratigraphy throughout the repository is assumed to be the same as that identified at the 
G-1 borehole.  

Rationale: The G-1 borehole is located near the center of the repository (Reference 2.2.11, 
Figure II-4). The G-1 borehole is one of the deepest boreholes, starting at an elevation of 1326 m 
(4350 ft), and extending 1085 m (3560 ft) to a depth of 242 m (793 ft) (Reference 2.2.17, 
File:/Data_Grids_Faults/data/contacts00el.dat). It contains the majority of the stratigraphic units 
represented at Yucca Mountain, including all the repository host horizons and so is representive 
of the general stratigraphy as a whole.  

This assumption is used in Section 6.3.2. 
 

3.2.4 Rock Layers under Consideration 
To reduce the computational time, only the rock layers above the pre-Calico Hills Formation 
bedded tuff (Tacbt) are considered in this calculation.  

Rationale: This assumption is acceptable because this calculation is limited to the preclosure 
period and the heat will not have transferred far from the drift wall after 100 years and certainly 
not below the Tacbt.  

This assumption is used in Section 6.3.2. 

3.2.5 Densities of Rock Layers 
The density of each rock layer in this calculation is assumed constant and only the dry bulk rock 
density is used in this calculation. The detailed input for the rock layer densities is provided in 
Section 6.3.2.  

Rationale: Considering the effect of water movement on the rock density is relatively minor, the 
densities for each rock layer are taken as a constant in this calculation to simplify the calculation. 

This assumption is used in Section 6.3.2. 
 

3.2.6 Thermal Conductivity and Specific Heat of Air 

The effect of temperature change on the thermal conductivity and specific heat of air is neglected 
and these parameters are treated as constants.  

Rationale: Considering the impact of temperature change on the thermal conductivity and 
specific heat is very small, the thermal conductivity and specific heat of air are taken as constants 
in this calculation to simplify the calculation. 
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This assumption is used in Section 6.3.1. 
 
 

4. METHODOLOGY 

4.1 QUALITY ASSURANCE 

This calculation was prepared in accordance with EG-PRO-3DP-G04B-00037, Calculations and 
Analyses (Reference 2.1.1). The subsurface ventilation system is classified as not important to 
safety (non-ITS) and does not include SSCs that are important to waste isolation (ITWI) 
(Reference 2.2.1, Section 8.1.2). Therefore, the approved version of this document is designated 
as QA: N/A. 

4.2  USE OF SOFTWARE 

The finite volume computer code used for the calculation is FLUENT Version 6.0.12 (Reference 
2.2.14), which is identified by the Software Tracking Number 10550-6.0.12-00. Usage of 
FLUENT Version 6.0.12 in this calculation constitutes Level 1 software usage, as defined in IT-
PRO-0011 (Reference 2.1.2, Attachment 4). FLUENT Version 6.0.12 is qualified, baselined, and 
listed in the Repository Project Management Automation Plan (Reference 2.1.3, Table 6-1). 
 
Calculations using the FLUENT software were executed on the following Hewlett-Packard (HP) 
j6700 Series workstation running operating system HP-UX 11.00: 
 
Central Processing Unit (CPU) Name: “OPUS”. 
 
The FLUENT evaluations performed in this calculation are fully within the range of the 
validation performed for FLUENT Version 6.0.12 (Reference 2.2.12). Therefore, FLUENT 
Version 6.0.12 is appropriate for the fluid/thermal analysis as performed in this calculation. 
Access to, and use of, the code for this calculation was granted by Software Configuration 
Management in accordance with the appropriate procedures. The details of the FLUENT 
analyses are described in Section 6 and the results are presented in Section 7.1 of this calculation. 
 
The commercially available mesh generator software GAMBIT version 2.1.2 is exempt from the 
requirements of IT-PRO-0011, Software Management (Reference 2.1.2) as it constitutes Level 2 
software. GAMBIT Version 2.1.2 was used for development of the mesh used by the FLUENT 
CFD model (see Section 6.1). GAMBIT version 2.1.2 was executed on the following HP j6700 
Series workstation running operating system HP-UX 11.00:  

CPU Name: “OPUS”. 

The suitability and adequacy of the mesh is based on visual examination and engineering 
judgment. 
 
The commercially available software Microsoft Excel 2003 is exempt from the requirements of 
IT-PRO-0011 (Reference 2.1.2) since it constitutes Level 2 software usage. Excel 2003 was used 
for the calculation in Section 6.4.1. Excel 2003 was executed on a personal computer running the 
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Microsoft Windows XP SP-2 operating system. The calculation results were checked by hand 
calculation. 
 
Commercially available software Tecplot version 10 constitutes Level 2 software usage and is 
exempt from the requirements of IT-PRO-0011 (Reference 2.1.2).  Tecplot version 10 was used 
for plotting the results in Section 6.4.2 and 7.1. Tecplot version 10 was executed on a personal 
computer running the Microsoft Windows XP SP-2 operating system. These plots were checked 
by visual examination. 
 
4.3 ANALYSIS METHOD 

This section describes the methodology used in the CFD analysis of the convection, radiation, 
and conduction heat transfer inside the emplacement drift, in the ventilation air, and rock layers. 

The following methodology will be used : 

• Identify input parameters for the ventilation airflow and rock layer information (Section 
6.3); 

• Develop the geometry for the computational domain and establish the finite volume 
mesh for the CFD calculation (Section 6.1); 

• Select the appropriate computational model to account for the fluid flow, conduction, 
and convection heat transfer (Section 6.2); 

• Set-up the boundary and initial conditions for the CFD model with the identified input 
parameters and established computational domain (Section 6.4); 

• Simulate the established model and obtain the cases and data file for different time 
histories; 

• Post-process the numerical results and develop figures and curves for time durations for 
ventilation air and rock layer temperatures. 

5. LIST OF ATTACHMENTS 

   No. of Pages 
Attachment I – FLUENT V6.0.12 Case, Data File and Output Files.  1 

6. BODY OF ANALYSIS 

6.1 FINITE VOLUME REPRESENTATION  

Figure 1 illustrates the schematic of the computational domain for Panel 1 used in this 
calculation. To simplify the problem, a partial emplacement drift length is simulated. The airflow 
results for 100 years from Reference 2.2.2 are used as the input for exhaust airflow 
characteristics going from the emplacement drift into the exhaust main (Assumption 3.2.1). The 
width and length of the computational domain are taken as 150 m and 550 m, respectively. The 
total depth of the rock layers is 548.3 m (1799 ft), which is the sum of total rock layer thickness 
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in Table 2. The width and length used in the computational domain are determined by 
considering the computational time. The detailed boundary conditions applied on this 
computational domain are given in Section 6.4. In this model, all of the emplacement drifts have 
the same elevation and the distance from the emplacement drifts to the ground surface is equal to 
the length of Exhaust Shaft #1. The detailed configurations of Panel 1 are shown in Reference 
2.2.6. The dimensions of Exhaust Shaft #1, the Panel 1 emplacement drifts, the Panel 1 Exhaust 
Main and the Exhaust Shaft #1 access drift can be found in Table 3, Reference 2.2.8.  

Figure 2 illustrates the finite volume meshes for the computational domain used for the 
simulation in FLUENT. These meshes are created in GAMBIT 2.1.2. The fluid flow and heat 
transfer are coupled in this calculation, so the finer mesh size near the inner walls of 
emplacement drifts, the Exhaust Main, and Exhaust Shaft #1 indicate a large airflow velocity 
magnitude gradient.  

Y

X

Z

Emplacement Drift

Exhaust Shaft #1

Exhaust Main

Rock Layer

 
Figure 1. Schematic of Computational Domain 
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Figure 2. Finite Volume System Mesh for the Computational Domain 
6.2 CFD MODEL 

In this calculation both convection and conduction heat transfer processes exist between the 
ventilation air and the rock mass during the preclosure period and are modeled within the 
computational zone. During the emplacement period, convective heat transfer exists inside the 
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exhaust shaft, exhaust main, and emplacement drift due to the temperature differences between 
the inner wall surface and the moving air. Within the rock mass, conductive heat transfer occurs 
due to changes in drift wall temperature. To account for these convection and conduction heat 
transfer processes, the following computational models, discussed below, have been established 
for use with the FLUENT software (Reference 2.2.14). 
 

6.2.1  Turbulence Airflow Modeling 
Considering the Reynolds number for the current ventilation flow rate is very high (Reference 
2.2.2, Section 6.2.1), the turbulence model is developed to characterize the fluctuating velocity 
field. To save computational time, the standard ε−k  turbulence two equation model, in which 
the solution of two separate transport equations allows the turbulent velocity and length scales to 
be independently determined, is used in this calculation (Reference 2.2.2, Section 6.2.1). The 
detailed transport equations for the turbulence kinetic energy ( ) and its rate of dissipation (k ε ) 
are provided in Reference 2.2.2, Equations (3) and (4). 

A detailed description of this model also can be found in the FLUENT User’s Guide (Reference 
2.2.15, User’s Guide, Section 10.4.1). 
 

6.2.2 Buoyancy-driven Convection 
Buoyancy-driven convection (i.e., gravitational effects) is based on an ideal gas equation, which 
is defined in the following equation (Reference 2.2.2, Section 6.2.2): 

T
M
R

pP

w

op +=ρ                                                                    (1) 

where 
 ρ  = density (kg/m3) 

opP = operating pressure (Pa) 
p = local relative pressure predicted by FLUENT (Pa) 
R = universal gas constant (8.3145 J/mol-K) 

wM = molecular weight of the gas (kg/mol) 
T  = temperature (K). 

This directly couples the momentum equation to the energy equation at every location in the air 
domain to explicitly account for the effects of temperature change on the air density. A detailed 
description of this model can be found in the FLUENT User’s Guide (Reference 2.2.15, User’s 
Guide, Section 7.2.6). 
 
 
6.3 PHYSICAL AND THERMAL PROPERTIES 

6.3.1 Ventilation Air  
The physical and thermal properties of air at an inlet temperature of 22.82 oC (Reference 2.2.16, 
File:/Base Case Analysis Rev01.xls/Input) are listed in Table 1.  The data are based on input data 
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for the Analytical Ventilation Calculation for the Base Case Analysis with a 1.45 kW/m Initial 
Line Load (Reference 2.2.16, File:/Base Case Analysis Rev01.xls/Input). In Table 1, the air 
density is only used to calculate the mass flow rate at the emplacement drift outlet. The thermal 
conductivity and specific heat of air are treated as constant (Assumption 3.2.6). The operating 
pressure used here is an approximation of the atmosphere pressure at the elevation of repository. 
In the calculation, the air is treated as an ideal gas to include the natural convection effect. Since 
the air temperature at the emplacement drift outlet is a function of time, the density of air 
temperature will change with time.  

Table 1. Physical and Thermal Properties for Air 
Parameters At 22.82 oC (73.08 oF) 
Density (kg/m3) 1.15  
Thermal Conductivity (W/m-K) 0.026 
Specific Heat (J/kg-K) 1007.132 
Dynamic Viscosity of Air (kg/m-s) 1.846×10-5

Operating Pressure (Pa) 89170 
Source: Reference 2.2.16, File:/Base Case Analysis Rev01.xls/Input. 

 

6.3.2 Rock Pillar  
Yucca Mountain is composed of a layered rock stratigraphy, which, for this calculation, is 
assumed to be the same as the G-1 borehole (Assumption 3.2.3).  In this calculation, only the 
rock layers above the Tacbt layer are considered (Assumption 3.2.4).  The rock units are 
distinguished by their physical properties noted in Table 2 through Table 4.  Table 2 provides the 
thickness of the rock layers used in this calculation with a total rock thickness calculated as 
548.3 m.  

Table 2. Rock Layer Thickness (Based on G-1 Borehole Data) 

Abbreviation 
Geologic 

Framework Model 
Unit 

Thickness 
(ft) Thickness (m) 

Qa Alluvium 60 18.3 
Tmr 0 0.0 
Tpk 

Crystal-Rich  
Tiva/Post-Tiva 0 0.0 

Tpc_un Crystal-Rich Tiva/Post-
Tiva, Tpcp, TpcLD 0 0.0 

Tpcpv3 Tpcpv3 0 0.0 
Tpcpv2 Tpcpv2 0 0.0 
Tpcpv1 Tpcpv1 0 0.0 
Tpbt4 Tpbt4 0 0.0 
Tpy Yucca 42 12.8 

Tpbt3 Tpbt3_dc 33 10.1 
Tpp Pah 100 30.5 

Tpbt2 Tpbt2 30 9.1 
Tptrv3 Tptrv3 0 0.0 
Tptrv2 Tptrv2 5 1.5 
Tptrv1 Tptrv1 10 3.0 
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Tptrn Tptrn 158 48.2 
Tptrl Tptrl 19 5.8 
Tptf Tptf 0 0.0 

Tptpul Tptpul 144 43.9 
RHH RHHtop 113 34.4 

Tptpmn Tptpmn 101 30.8 
Tptpll Tptpll 384 117.0 
Tptpln Tptpln 88 26.8 
Tptpv3 Tptpv3 55 16.8 
Tptpv2 Tptpv2 18 5.5 
Tptpv1 Tptpv1 43 13.1 
Tpbt1 Tpbt1 22 6.7 
Tac Calico 311 94.8 

Tacbt Calicobt 63 19.2 
Total Thickness (by summation) 548.3 

Source: The data is derived from the G-1 borehole data (Reference 2.2.17, File:/Data_Grids_Faults/data/ 
contacts00el.dat) and Reference 2.2.9, Table 7. The abbreviations and Geologic Framework Model units are listed in 
Geologic Framework Model (GFM2000) (Reference 2.2.10, Table 6-2). 
 
Table 3 provides the density and thermal conductivity for the various rock layers. Here, the 
density of each rock layer is assumed as constant (Assumption 3.2.5). The dry bulk density is 
used in this calculation (Assumption 3.2.5). 

Table 3. Density and Thermal Conductivity of Rock Layers 

Abbreviation 
Geologic 

Framework 
Model Unit 

Dry Bulk 
Density 
(kg/m3) 

Wet Thermal 
Conductivity 

(T < 95oC) (W/m-K) 

Dry Thermal 
Conductivity  

(T ≥ 95 oC) (W/m-K) 
Qa1 Alluvium 2190 1.81 1.3 
Tmr 2190 1.81 1.3 
Tpk 

Crystal-Rich 
Tiva/Post-Tiva 2190 1.81 1.3 

Tpc_un 

Crystal-Rich 
Tiva/Post-
Tiva, Tpcp, 

TpcLD 

2190 1.81 1.3 

Tpcpv3 Tpcpv3 2310 0.8 0.69 
Tpcpv2 Tpcpv2 1460 1.06 0.49 
Tpcpv1 Tpcpv1 1460 1.06 0.49 
Tpbt4 Tpbt4 1460 1.06 0.49 
Tpy Yucca 1460 1.06 0.49 

Tpbt3 Tpbt3_dc 1460 1.06 0.49 
Tpp Pah 1460 1.06 0.49 

Tpbt2 Tpbt2 1460 1.06 0.49 
Tptrv3 Tptrv3 1460 1.06 0.49 
Tptrv2 Tptrv2 1460 1.06 0.49 
Tptrv1 Tptrv1 2310 0.8 0.69 
Tptrn Tptrn 2190 1.81 1.3 
Tptrl Tptrl 2190 1.81 1.3 
Tptf Tptf 2190 1.81 1.3 

Tptpul Tptpul 2032.9 1.7590 1.1559 
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RHH RHHtop 2032.9 1.7590 1.1559 
Tptpmn Tptpmn 2291.9 2.0600 1.3882 
Tptpll Tptpll 2112.9 1.8692 1.2420 
Tptpln Tptpln 2280.6 2.1062 1.4446 
Tptpv3 Tptpv3 2310 0.8 0.69 
Tptpv2 Tptpv2 1460 1.06 0.49 
Tptpv1 Tptpv1 1460 1.06 0.49 
Tpbt1 Tpbt1 1460 1.06 0.49 
Tac Calico 1670 1.26 0.6 

Tacbt Calicobt 1670 1.26 0.6 
Source:. The unshaded data are taken from the dry bulk density of Reference 2.2.9, Table 8. The shaded thermal 
conductivity data are taken from Reference 2.2.18 (File:/Repository Unit Mean Kthermal.xls/Summary). The shaded 
density data are the dry density from Reference 2.2.19 (File:/ Summary of Thermal Properties_revised.xls/*Results). 
The abbreviations and Geologic Framework Model units can be found in Reference 2.2.10, Table 6-2. 
Note: 1See Assumption 3.1.1. 
Table 4 summarizes the specific heat for the rock layers at different temperatures.  

Table 4. Specific Heat of Rock Layers 

Specific Heat (J/kg-K) 
Abbreviation 

Geologic 
Framework 
Model Unit T < 95oC 95oC ≤ T ≤ 114oC T  > 114oC 

Qa1 Alluvium 913 2958 990 
Tmr1 913 2958 990 

Tpk1

Crystal-Rich 
Tiva/Post-

Tiva 913 2958 990 

Tpc_un 

Crystal-Rich 
Tiva/Post-
Tiva, Tpcp, 

TpcLD 

913 2958 990 

Tpcpv3 Tpcpv3 1245 8393 1000 

Tpcpv2 Tpcpv2 1245 8393 1000 
Tpcpv1 Tpcpv1 1291 9116 1000 
Tpbt4 Tpbt4 1291 9116 1000 
Tpy Yucca 1291 9116 1000 

Tpbt3 Tpbt3_dc 1291 9116 1000 
Tpp Pah 1291 9116 1000 

Tpbt2 Tpbt2 1291 9116 1000 
Tptrv3 Tptrv3 1291 9116 1000 
Tptrv2 Tptrv2 1291 9116 1000 
Tptrv1 Tptrv1 894 1815 990 
Tptrn Tptrn 891 2740 990 
Tptrl Tptrl 891 2740 990 
Tptf Tptf 891 2740 990 

Tptpul Tptpul 1107.8 8110 930 
RHH RHHtop 1107.8 8110 930 

Tptpmn Tptpmn 1079.6 6322 930 
Tptpll Tptpll 1107.8 7840 930 
Tptpln Tptpln 1078.8 6340 930 
Tptpv3 Tptpv3 907 1736 1020 
Tptpv2 Tptpv2 1095 5082 1020 
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Tptpv1 Tptpv1 1245 6438 1120 
Tpbt1 Tpbt1 1245 6438 1120 
Tac Calico 1403 9804 1120 

Tacbt Calicobt 1247 7622 1070 
Source: Reference 2.2.9, Table 9, unless shaded which is from Reference 2.2.19 (File:/ Summary of Thermal 
Properties_revised.xls/*Results). The abbreviations and Geologic Framework Model units are listed in Geologic 
Framework Model (GFM2000) (Reference 2.2.10, Table 6-2). 
Note: 1See Assumption 3.1.1. 
 
6.4 INITIAL AND BOUNDARY CONDITIONS 

6.4.1 Rock Mass 
The initial ground surface temperature is taken as 19°C (Reference 2.2.5, Section 6.9). In this 
model, a convective boundary condition is used for the ground surface. The natural convection 
heat transfer coefficient at the ground surface is used according to the correlation for air at 
normal temperatures and atmospheric pressure for a horizontal plate (Assumption 3.2.2) 
(Reference 2.2.13, Equation 4.4.12f):  

3/122.0 Thc Δ=                                                                   (2) 
where 
 = surface heat transfer (BTU/hr·ftch 2·°F)  
 TΔ = temperature difference between ground surface and surroundings (°F).  
Equation (2) can be expressed in SI units using the conversion factor for BTU/hr·ft2·°F to 
W/m2·K as: 

3/13/1 52.1176.0/)8.1(22.0 TThc Δ=Δ=                                            (3) 

which has units of W/m2·K, with ΔT in either degrees Kelvin or Celsius. 

In this calculation, the bottom surface is treated as constant temperature condition. The adiabatic 
boundary conditions are applied to the side surfaces of the rock layers. Table 5 provides the rock 
in-situ thermal gradient. The initial rock temperature of each layer is calculated by using the in-
situ thermal gradient. 

Table 5. Rock In-Situ Thermal Gradient 
Depth (m) Gradient (°C/m) 

0-150 0.020 
150-400 0.018 
400-600 0.030 

      Source: Reference 2.2.5, Table 6-28 

Using the Table 5 data and ground surface rock temperature, the bottom boundary surface 
temperature for the whole  rock column is calculated as:  

949.3003.0)400(018.0)150400(02.0150 =×−+×−+×+= tgroundbottom DTT oC               (4)        
where  
  = rock temperature at bottom boundary surface (bottomT oC) 
  = ground surface rock temperature (19groundT oC) 
  = thickness of rock mass (548.3 m) tD
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6.4.2 Ventilation Air 
The ventilation airflow rate used in this calculation is 15 m3/s (17.25 kg/s, calculated using the 
air density in Table 1) (Reference 2.2.16, File:/Base Case Analysis Rev01.xls/Input). The 100 
years temperature variation of ventilation airflow at the exhaust-main end of the emplacement 
drift is taken directly from Reference 2.2.2 (Attachment I, airtemperature.out) (Assumption 
3.2.1). Figure 3 illustrates the time history for the input ventilation air temperature at the 
emplacement drift outlet. As shown in Figure 3, the peak temperature for input air temperatures 
is around 370 K and occurs at the 5th year. 
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Source: Reference 2.2.2, Attachment I, airtemperature.out 
Figure 3. Time History for the Input Ventilation Air Temperature at the Emplacement Drift Outlet 

7. RESULTS AND CONCLUSIONS 

7.1 RESULTS 

The heat transfer process in and around the emplacement drift with an emplaced thermal line 
load of 2.0 kW/m during the preclosure period are simulated in Reference 2.2.2, Section 7. The 
ventilation airflow at the emplacement drift outlet from the simulation results in Reference 2.2.2 
(Attachment I, File:/ airtemperature.out) is used as the input for this calculation. After the 
ventilation airflow passes the emplacement drift, the airflow travels through the Panel 1 Exhaust 
Main to the exhaust shaft access drift, and then up Exhaust Shaft #1 into the main fans. During 
ventilation airflow travel inside the Exhaust Main and Exhaust Shaft #1, there exist two kinds of 
heat transfer processes. Heat transfer between the ventilation airflow and the inner wall of the 
Exhaust Main and Exhaust Shaft #1 is dominated by convection. Inside the repository rock mass, 
heat is transferred by conduction. 

Figure 4 illustrates the slice view of rock mass temperature distribution for selected time 
intervals. As shown in the figures, the temperature of the inner wall of the Exhaust Main and 
Exhaust Shaft #1 is increased by the hot ventilation airflow during the first year (Figure 4a).  
Considering that the thermal conductivity of rock mass is quite small (Table 3), only the region 
close the inner wall of exhaust main and shaft are heated up. As repository operation time 
increases, the region affected by the hot ventilation airflow becomes gradually larger while the 
peak temperature of the rock mass becomes smaller due to decreasing input ventilation airflow 
temperature.  
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Figure 5 shows the temperature rise near Exhaust Shaft #1 for different repository years. As 
shown in the curves, the region of rock mass near Exhaust Shaft #1 affected by the hot exhaust 
airflow becomes gradually larger as time increases. Table 5 shows the time history of 
temperature change at Exhaust Shaft #1 outlet. The highest temperature change, which is around 
15.8 K, occurs in the first month of the preclosure period due to the large temperature difference 
between the rock mass and the ventilation airflow. As time increases, the rock mass is heated up 
gradually and the temperature difference between the rock mass and the ventilation airflow 
decreases. In general, the temperature change between the emplacement drift outlet and the 
Exhaust Shaft #1 outlet decreases gradually. 

         
(a) 1 year                                              (b) 20 years 

        
(c) 50 years                                               (d) 100 years 

Figure 4. Slice View of Rock Mass Temperature (K) Distribution for Selected Time Intervals 
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(a) 1 year 
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(b) 10 years 
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(c) 20 years 
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(e) 100 years 

Figure 5. Temperature Rise Near the Exhaust Shaft #1 for Different Repository Years 
 

Table 6. Time History of Temperature Change at Exhaust Shaft #1 Outlet 

Months 
(Note 1) 

Average 
Temperature At End 
of Emplacement Drift 

(K) 

Average 
Temperature at 

Outlet of Exhaust 
Shaft #1 (K) 

Temperature 
Change (K) 

(Note 2) 

1 362.3 346.5 15.8 
2 364.0 352.3 11.7 
3 364.8 354.5 10.3 
4 365.0 355.6 9.4 
5 366.1 357.0 9.1 
6 366.2 357.6 8.6 
7 366.7 358.3 8.4 
8 366.8 358.7 8.1 
9 366.9 359.0 7.9 

10 367.0 359.3 7.7 
11 367.1 359.6 7.5 
12 367.3 359.9 7.4 

Years    
2 368.9 362.4 6.5 
3 369.9 363.8 6.1 
4 370.5 364.7 5.8 
5 370.3 365.4 4.9 
6 369.2 365.6 3.6 
7 367.9 364.6 3.3 
8 366.8 363.7 3.1 
9 365.7 362.8 2.9 

10 364.6 361.8 2.8 
11 363.5 360.8 2.7 
12 362.5 360.0 2.5 
13 361.5 359.1 2.4 
14 360.5 358.2 2.3 
15 359.4 357.3 2.1 
16 358.6 356.5 2.1 
17 357.7 355.6 2.1 
18 356.7 354.8 1.9 
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19 355.8 354.0 1.8 
20 354.9 353.2 1.7 
21 354.1 352.4 1.7 
22 353.2 351.6 1.6 
23 352.4 350.8 1.6 
24 351.5 350.0 1.5 
25 350.6 349.2 1.4 
26 349.9 348.4 1.5 
27 349.1 347.7 1.4 
28 348.3 347.0 1.3 
29 347.6 346.3 1.3 
30 346.9 345.7 1.2 
31 346.1 345.0 1.1 
32 345.4 344.3 1.1 
33 344.8 343.7 1.1 
34 344.1 343.1 1.0 
35 343.4 342.5 0.9 
36 342.8 341.9 0.9 
37 342.1 341.2 0.9 
38 341.5 340.7 0.8 
39 340.9 340.1 0.8 
40 340.3 339.6 0.7 
41 339.7 339.0 0.7 
42 339.2 338.5 0.7 
43 338.6 338.0 0.6 
44 338.2 337.5 0.7 
45 337.6 337.0 0.6 
46 337.0 336.5 0.5 
47 336.5 336.0 0.5 
48 336.2 335.5 0.7 
49 335.6 335.1 0.5 
50 335.2 334.7 0.5 
51 334.8 334.2 0.6 
52 334.2 333.8 0.4 
53 333.8 333.4 0.4 
54 333.4 332.9 0.5 
55 332.9 332.6 0.3 
56 332.6 332.2 0.4 
57 332.2 331.7 0.4 
58 331.8 331.4 0.4 
59 331.4 331.0 0.4 
60 331.0 330.6 0.4 
61 330.6 330.3 0.3 
62 330.2 329.9 0.3 
63 329.8 329.5 0.3 
64 329.5 329.2 0.3 
65 329.1 328.8 0.3 
66 328.7 328.4 0.3 
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67 328.4 328.1 0.3 
68 328.0 327.8 0.3 
69 327.7 327.4 0.3 
70 327.4 327.1 0.3 
71 327.0 326.8 0.2 
72 326.7 326.5 0.2 
73 326.4 326.2 0.2 
74 326.1 325.9 0.2 
75 325.8 325.6 0.2 
76 325.5 325.3 0.2 
77 325.2 325.0 0.2 
78 324.9 324.7 0.2 
79 324.6 324.5 0.2 
80 324.4 324.2 0.2 
81 324.1 323.9 0.2 
82 323.8 323.6 0.2 
83 323.6 323.4 0.2 
84 323.3 323.1 0.2 
85 323.1 322.9 0.2 
86 322.8 322.7 0.2 
87 322.6 322.4 0.2 
88 322.4 322.2 0.2 
89 322.1 322.0 0.2 
90 321.9 321.8 0.2 
91 321.7 321.5 0.2 
92 321.5 321.3 0.2 
93 321.3 321.1 0.2 
94 321.1 320.9 0.2 
95 320.9 320.7 0.2 
96 320.7 320.5 0.2 
97 320.5 320.3 0.2 
98 320.3 320.2 0.1 
99 320.1 320.0 0.1 
100 319.9 319.8 0.1 

Note 1: One month is approximated as 30 days. 
Note 2: Temperature change is calculated by taking the average temperature at the end of the 
emplacement drift minus the average temperature at the outlet of Exhaust Shaft #1. 

7.2 SUMMARY AND CONCLUSIONS 

The CFD modeling of the heat transfer processes for the exhaust airflow in Panel 1 determined 
the temperature change as the airflow travels from the emplacement drifts through the Panel 1 
Exhaust Main, and up the Exhaust Shaft #1 to the main fans during the first 100 years of the 
preclosure period. The combination of convection and conduction heat transfer processes has 
been simulated using the qualified commercial software FLUENT V6.0.12. The time histories of 
the temperature change of the exhaust airflow at the Exhaust Shaft #1 outlet have been obtained. 
Temperature rise in the region near the Exhaust Shaft #1 for different repository years has been 
analyzed. Figures and illustrations are available to provide thermal input for the main exhaust fan 
design and the ground support analysis. 
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ATTACHMENT I – FLUENT V6.0.12 CASE, DATA FILE AND OUTPUT FILES

CD attachment contains the following case, data and output files: 
 
09/30/2008  07:41 AM            38,462   curve.lpk 
11/14/2008  09:32 AM             3,823   curve.sty 
08/06/2008  08:28 AM        80,686,992  exhaust_shaft_panel_1_updated.msh 
08/06/2008  08:31 AM        54,525,952  geometry_Panel_1.dbs 
09/25/2008  11:39 AM               836   heat_coef.c 
11/01/2008  04:30 AM            70,485   inlet.out 
10/31/2008  12:46 PM            25,883   inlet.txt 
11/01/2008  04:30 AM            70,521   outlet.out 
09/25/2008  11:11 PM        49,302,458  Panel_1_updated_0048.cas 
09/25/2008  11:12 PM        46,567,115  Panel_1_updated_0048.dat 
09/26/2008  01:45 AM        49,302,461  Panel_1_updated_0240.cas 
09/26/2008  01:46 AM        46,633,478  Panel_1_updated_0240.dat 
09/26/2008  04:08 AM        49,302,461  Panel_1_updated_0480.cas 
09/26/2008  04:09 AM        46,602,734  Panel_1_updated_0480.dat 
09/26/2008  08:41 AM        49,302,461  Panel_1_updated_0960.cas 
09/26/2008  08:41 AM        46,611,638  Panel_1_updated_0960.dat 
09/26/2008  07:41 PM        49,302,462  Panel_1_updated_2400.cas 
09/26/2008  07:42 PM        46,644,903  Panel_1_updated_2400.dat 
11/01/2008  04:30 AM        49,333,777  pannel_1_updated_4800.cas 
11/01/2008  04:30 AM        46,611,303  pannel_1_updated_4800.dat 
11/14/2008  09:05 AM             4,088   udfconfig.h 
11/14/2008  10:30 AM            48,399   untitled.lpk 
11/14/2008  09:16 AM             9,648   year_100_temp_shaft.dat 
09/29/2008  08:21 AM             9,548   year_10_temp_shaft.dat 
09/29/2008  08:03 AM             9,632   year_1_temp_shaft.dat 
09/29/2008  08:22 AM             9,691   year_20_temp_shaft.dat 
09/29/2008  08:22 AM             9,681   year_50_temp_shaft.dat 
09/29/2008  08:04 AM             9,710   year_5_temp_shaft.dat 
              30 File(s)    929,212,986 bytes 
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