Introduction

The McArthur River uranium mine is
located in the Athabasca sandstone re-
gion in the northern part of the province
of Saskatchewan, Canada. It is the
world’s largest, high-grade uranium de-
posit with proven and probable reserves
of more than 473 million pounds U30sg.
[tis majority owned and operated by the
Cameco Corporation.

This paper presents a case study of

the engineering that was carried out in
order to artificially freeze the under-
ground ore body at the mine prior to it
being mined. Full details of the project
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have been previously described by
Newman and Maishman (2000). The
primary focus of the paper is the appli-
cation of an advanced thermal analysis
tool that greatly simplifies the finite ele-
ment modeling required during the de-
sign and monitoring stages of projects
such as that carried out at McArthur
River,

Background

According to Newman and Maishman
(2000), the ore body itself is located 550
meters to 620 meters underground
where the ground-water pressure is ap-

proximately 5500 kPa. Due to the pres-
ence of a hanging wall fault structure,
the ore body is surrounded on three
sides by fairly dry, competent ground.
The other three sides are comprised of
highly fractured sandstone with signifi-
cant amounts of rubble, flowing sand
and clay regions. In order to mine the
ore, it was necessary to create a frozen
wall barrier around the three poor sides
of the ore body. The frozen wall barrier
was designed to permit drainage of wa-
ter in the ore and consequently reduce
water pressures prior to mining. The
wall was also required to provide struc-

tural support of

Athabasca
Sandstone

weak, clay / ore
ground near to

_530m Level Development_

mining cavities.
Figure 1 shows a
cross-section of

" south Freeze Row

the ore body and
neighboring geol-
ogy.

A mechanical
freezing system is
comprised of a
brine cooling and
distribution net-
work plus a series

Dry
Basement

Sand and Gravel i/

s

Rock

640m Level Development

Figure 1. Cross-section of the ore body and neighboring geology (after Newman and Maishman, 2000)
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of brine freeze
pipes installed in
the ground to be
frozen. Typical
ground freezing
applications have
involved drilling
freeze holes from
surface or near
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Figure 2. lllustration of the high and low pressure brine distribution networks

(after Newman and Maishman, 2000)

surface and these activities have been
well documented. In addition, the brine
cooling and distribution network has
typically included an ammonia com-
pressor with ammonia to brine heat
exchangers. The process of installing a
“typical” freezing system at McArthur
River was made more difficult due to
the location of the freeze pipe chamber
underground.

The freezing chamber is located 530
meters below ground, which means that
the brine pressures within the freeze
pipes and associated brine distribution
network would equal 5000 kPa if con-
nected directly to the surface refrigera-
tion plant. This is not practical from a
design or operations perspective. In or-
der to minimize the brine fluid pres-
sures, the underground brine
distribution system was isolated from
the surface brine system using shell and
tube brine-brine heat exchangers.

The illustration in Figure 2 shows the
relative position of the 800 Ton refriger-
ation capacity freeze plant on surface,
the 127 ID brine supply and return lines
installed in the shaft, and one of four
shell and tube heat exchangers on the
530 m level. The low-pressure brine
network on the 530 m level operates
within a 150 kPa to 600 kPa pressure
range at flow rates ranging between 130

m>/hr and 550 m*/hr. The design brine
temperature was -40 degrees Celsius.

In order to determine the actual
growth of the freeze wall it was neces-
sary to install thermocouple strings at
several locations around the freezing re-
gion. The thermocouples were lowered
into a cased hole containing a fine grout
mix prior to the grout setting. Each
string was comprised of twelve sensors
located at five-meter intervals down any
given temperature monitoring hole.
This enabled the temperature decay to
be monitored offset from the freeze
pipes in various types of ground (see
Figure 1 for comparison of ground
types). Ground temperatures were re-
corded every second day. In this case
study, the actual ground temperatures
can be used to verify the new thermal
analysis numerical tool. This is
described below.

Thermal Modeling and Analysis
The TEMP/W two-dimensional finite
element computer program
(GEO-SLOPE, 2002) has been used ex-
tensively by many practicing ground
freezing consultants for design of artifi-
cial ground freezing projects. In the past
it was common to apply the thermal
boundary condition for a freeze pipe by
assuming a fixed temperature decay
function for early stages of freezing fol-

lowed by an assumption that the pipe
surface is as cold, or nearly as cold as
the brine for the remainder of the freez-
ing period.

Recently, TEMP/W has been modi-
fied so that the user is able to apply a
convective heat transfer analysis for the
pipe-ground interface (or any other sur-
face convective heat transfer process).
The amount of convective heat trans-
ferred between the ground and the
chilled brine 1s dependent on the ground
temperature relative to the brine tem-
perature and it subsequently determines
what the new ground temperature will
be. Based on this approach, the ground
will cool at a variable rate and to a mini-
mum value that is determined by the
brine flow parameters and the differ-
ence between brine and ground
temperature.

Convective heat transfer is com-
prised of two mechanisms: energy
transfer due to random molecular mo-
tion (diffusion) and energy transfer due
to the motion of a fluid (advection/con-
vection). In this case study analysis, we
are concerned with convection heat
transfer between fluid in motion in a
pipe and the pipe wall when they are at
different temperatures. Technically, the
convective heat transfer is occurring be-
tween the internal pipe wall and the
fluid but it is acceptable to combine the
conductive heat transfer across the steel
pipe wall with the convective compo-
nent to arrive at a combined convective
heat transfer coefficient.

Regardless of the nature of the con-
vective heat transfer process, the appro-
priate rate equation is

q=h(Ts-Tp R
where q is the unit heat flux (W/m~); his
the combined convective heat transfer
coefficient {Wr’mj“C}: Ty is the pipe’s
external surface temperature (°C); and
Ty is the fluid temperature. In the
TEMP/W program, the user must input
the overall heat transfer coefficient as
well as a fixed temperature or time de-
pendent temperature function for the
fluid. The physical size of the pipe can
also be specified as an option if the ac-
tual pipe geometry is omitted from the
finite element mesh.

The data in Table 1 summarizes the
thermal properties used in the original
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Temperature Comparison for Different Ground Types
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Figure 3. Comparison of computed and predicted ground temperatures for various rock types (measured data after Newman

and Maishman, 2000)

thermal modelling (Newman and
Maishman, 2000) and in the current
analysis.

It should be noted here that no ad-

These results clearly show that the new
convective heat transfer boundary con-
dition option can be applied to artificial
ground freezing if one knows the brine

Table 1. Thermal Properties Used in Analyses

Conductivity (W/ m °C)

Silicitied Sandstone
Clay / Ore

Basement Quartzite

justments to the freeze pipe boundary
condition temperatures were made in
the model when calibrating the thermal
conductivity of the clay / ore ground.
The actual freeze pipe temperature was
computed as a result of the convective
heat being removed by the brine.
Figure 3 is a comparison of com-
puted and measured ground tempera-
tures for three of the main rock types
and initial in-situ ground temperatures.
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fluid temperature and freeze pipe diam-
eter. The overall convective heat trans-
fer coefficient can readily be computed
based on the brine flow rate and other
hydraulic flow properties.

Conclusions

Artificial ground freezing of the high
grade McArthur River uranium ore de-
posit was carried out under extreme
conditions. Due to advances in thermal

finite element analysis, it is now possi-
ble to accurately determine heat losses
from the soil into the mechanical freez-
ing system without having to make an
assumption about the appropriate tem-
perature boundary condition to use in
the analysis.

References

Geo-Slope, 2002. TEMP/W Version 5
Users Manual, Geo-Slope Interna-
tional Ltd., Calgary, Canada.

Newman, Greg and Derek Maishman.
Artificial Ground Freezing of the
McArthur River Uranium Ore De-
posit. Proceedings: International
Conference on Ground Freezing and
Frost Action in Soils. Belgium. Sep-
tember, 2000.

G.P.Newman, P. Eng., GEO-SLOPE
International Ltd., 1400, 633 — 6th.
Avenue SW, Calgary, Alberta T2P 2Y5,
Tel: 403-269-2002,

Fax: 403-266-4851,
http://www.geo-slope.com



BiTech is pleased to publish the ninth annual listing of

PhD Theses in engineering.

Ankara University

Department of Geological Engineering,

06100, Tandogan / Ankara-Turkey
Ayhan Kocbhay
Investigation of Characteristics and
Alteration Degree of Basalts Out-
cropped Around Osmancik-Corum
(Turkey) Vicinity

University of California, Berkeley

440 Davis Hall

Berkeley, Ca. 94720
Annie Kammerer
Undrained Response of Monterey
0/30 Sand Under Multidirectional
Cyclic Simple Shear Loading Con-
ditions

University of California, Los Angeles —

UCLA

Civil and Environmental Engineering

Department

6678 Boelter Hall, Los Angeles, CA

90095-1593
Chu-Chung Hsu
Dynamic and Cyclic Behavior of
Soils over the Wide Range of Shear
Strains in NGl-type Simple Shear
Testing Devices

Clarkson University

Dept. of Civil and Environmental

Engineering

Potsdam, NY 13699
Antonio E. Abrantes
Three-Dimensional Stress-Strain
Behavior of Cohesionless Material
Subjected to High Strain Rate

Georgia Institute of Technology

790 Atlantic Dr, Atlanta, GA 30332-0355
Scott L. Deaton
An Integrated Digital System for
Earthquake Damage Reconnais-
sance

University of lllinois at

Urbana-Champaign

1210 Newmark CE Lab

205 N. Mathews Avenue

Urbana, lllinois 61801-2352
Halil Ceylan
Analysis and Design of Concrete
Pavement Systems Using Artificial
Neural Networks

Indian Institute of Ecology and
Environment

A-15, Paryavaran Complex, Saket
Maidangarhi Marg, New Delhi-110017,
India
Vijay K. Chaudhry
Elimination of Hepatitis A and E Vi-
ruses by Restoration of Hydrologi-
cal Cycle by Using Dental Model
Université Laval
Département de Geénie Civil, Pavillon
Pouliot, G1K 7P4 Québec, Canada
Jean Vaunat
Contributions a 1'élaboration d’un
systeme a base de connaissance pour
la prévision des risques liés aux
mouvements de terrains
North Carolina State University
Department of Civil Engineering,
Raleigh, NC 27695-7908
Md Sahadat Hossain
Mechanics of Compressibility and
Strength of Solid Waste in
Bioreactor Landfills
Jianjun Leng
Characteristics and Behavior of
Geogrid-Reinforced Aggregate un-
der Cyclic Load
Queen’s University
Dept. of Civil Engineering, Ellis Hall,
Kingston Ontario, Canada, K7L 3N6
Graeme D. Skinner
Geosynthetic Reinforced Soil Walls
Constructed on Yielding Founda-
tions
University of Saskatchewan
Department of Civil and Geological En-
gineering, 57 Campus Drive,
Saskatoon, SK, S7N 5A9,
Hung Q. Vu
Uncoupled and Coupled Solutions
of Volume Change Problems in Ex-
pansive Soils
University of Sherbrooke
Rock Mechanics Laboratory, Civil
Engineering Department,
2500, Boul. Universite
Sherbrooke, Québec
J1H 1Z3 Canada
Danielle Palardy
Contribution to the Development of
a Knowledge Based System for
Grouting in Cracked Medium (in
French)

Stéphanie Perret
Influence of the Saturation Degree
of Fine to Medium Sands on Their
Injection by Microfine Ce-
ment-based Grouts
Texas A & M University
Department of Civil Engineering
College Station, Texas 77843-3136,
USA
Ya Li
Bridge Pier Scour and Contraction
Scour in Cohesive Soils on The Ba-
sis of Flume Tests
University of Toronto
Department of Civil Engineering
35 St. George Street, Toronto,
Ontario M5S 1A4
Mohammad-Hossein
Mohammad-Bidhendi
A Double-Shearing Constitutive
Model and Application to Particu-
late Material Modeling
University of Western Ontario
Dept. of Civil and Environmental Engi-
neering, London, Ontario N6A 5B9
Mohamed Abdel-Meguid
Selected Three-dimensional
Aspects of Tunneling
Amir Mehdi Halabian
Dynamic Behaviour of Tall Slender
Structures on Flexible Foundations
Subjected to Extreme Events
Silvana Micic
Electrokinetic Improvement of Off-
shore Foundations
Eltayeb Eltahir Mohamedelhassan
Soil Improvement Using
Electrokinetic and Vacuum Tech-
niques
Yasser El Sayed Ibrahim El Sayed
Mostafa
Response of Fixed Offshore Plat-
forms to Environmental Loads
Paul Simms
Methods for Estimating the Unsatu-
rated Hydraulic Conductivity and
Volume Change in Compacted
Clayey Soils
Yisong Yang
Wind Induced Countercurrent Flow
in Shallow Water
University of Wisconsin-Madison
Dept. of Civil and Environmental
Engineering
Madison, WI 53706
Md Sazzad Bin-Shafique
Leaching of Heavy Metals from Fly
Ash Stabilized Soils

Geotechnical News,

June 2003 63




