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Introduction

Detailed examination of the accepted methods for the design of climate control areas, such as
those at Creighton and Kidd Creek Mines, reveal them to be still fundamentally in mines only
empirical in nature. In these methods, none of the key geometric variables known to affect heat
transfer appear in the design equations, such as the heat exchange area and length or shape of
passages. In contrast, equations used in heat exchanger design, require these geometric
parameters to be defined at the outset. This empirical system of calculation does not meet the
engineering requirements for the design of a similar climate control system in a new location with
different broken and fragmented rock conditions. In terms of the permeability of a mass of rock,
the assumptions about the volume of air contained within the spacings inside of tailings piles,
along with a natural phenomena called barometric pumping (Auer, Rosenberg and Whitney,
1996), is the reason for inaccuracies created by these stationary continuum models. Rather then
adapt an equivalent continuum model for analysis and design, a discrete branch model may

obscure these problems and be more appropriate. However, the information needs are greater.

In order to investigate the relative merits & demerits of the two approaches to analysis of heat
transfer in broken rock, this research will develop methods that will allow the computation of
geometric parameters, such as the heat transfer area, from created broken rock renderings.
These renderings will be produced by means caving and collapse simulations using
geomechanical codes including PFC3D, Fracman and ELFEN. In addition geometric parameter
estimates will be derived by direct mathematical analysis of fractal solids and discrete branch
networks and compared. Evaluation of the respective approaches will require analysis tools
including ventilation or computational fluid dynamic codes. Overall, the research aims to answer

the following questions:

Does determination of geometric heat transfer parameters lead to improvements in modeling and
understanding of heat transfer for real-world applications involving disturbed rocks and soils (e.qg.
ice stopes, geothermal energy, permafrost thaws)?

Which of the approaches explored leads to the best characterization of heat transfer phenomena

in these materials?



Outline of research approach
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Figure 1 Task Orientated Project Schedule Flowsheet

The figure above is the organization flowsheet for the proposed research with estimated days
required to complete each component listed in the top RHS boxes. Main contributions created by
this project are highlighted in red and are focused on the evaluation of heat exchange from the
various forms of created geometry. The flowchart is a series of activities that have four methods
of producing geometries and three methods of evaluation for heat transfer. The first two of four
methods of producing geometry are through traditional geomechanical programs. The first is
using PFC3D simulation, and the second is to use a technique by Vyazmensky et al., 2010 for
geometry creation via FracMan to provide stationary geometry for ELFEN. Both of these
techniques are detailed later. The other two unique methods that have been adopted to create
geometry that simulates broken and fragmented rock are i) Discrete Branch Networks and ii)

Fractal Geometry which are also detailed later in this document.

To evaluate the heat exchange component from the various methods of geometry renderings
created, two main methods will be used. The first is through ventilation network programs such as
Vuma, the second is through a combined CFD/ heat transfer code such as Solidworks or Soliflux

software suited to either discrete branch model or equivalent continuum analysis.



Evaluation of the heat exchange performance will be done by comparing field data with the
modeled scenarios. Performance variables such as temperature or pressure loss will be
monitored dynamically throughout simulations & geometry or resistance to flow adjusted

accordingly, in a history matching formulation.



Geomaterial geometry modeling

Overall there are two general ways to characterize the geometry of broken and fragmented rock.
The first is to investigate it from a perspective as an equivalent continuum of a permeable
geomaterial; the second is to look at the problem as an ensemble of broken rock components

with airways formed from interstitial spaces within them between rocks.
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Figure 2 LHS: Equivalent continuum model, RHS: Disc  rete Branch Model

The various geometries and resultant simulated airway models through broken and fragmented
rock will be rendered in various ways. The first is to use a traditional geomechanical program
such PFC3D (ltasca, 2010), which uses spherical balls to represent rock fragments and simulates
the natural collapsing of a rock mass by applying Newtonian dynamics to the ensemble of balls.
The second technique is to consider fractal solids in such as a Menger Sponge (Rieu and
Sposito, 1991) as analogues of fragmented rock piles. The third is to use a discrete fracture
network modeling program, such as FracMan (FracMan Software, 2010a) with a discrete fracture
mechanics model such as ELFEN. A statistically comparable in-situ geometry is prepared & the
physics of dynamics and fracture mechanics ensure realistic rock piles are rendered. The last
technique to model the geometry will be Discrete Branch Networks (DBM) which will attempt to
classify blocks with set rock distributions within a set area model to be evaluated using software

such as Vuma (Vuma Software, 2010).

Heat Transfer Simulation Tools

The heat and mass transfer differences arising from adoption of different geometry between two
location points of a model with a set mass and under a given flowrate will be calculated in several

ways. The first is through traditional ventilation network evaluation through geometries created



after converting a rendering of geometry. Programs that have traditionally used to calculate the
heat transfer properties component include VUMA (Vuma Software, 2010). A second method
option is to use packages such as i) Multiflux (Danko and Bahrami, 2008) which use Numerical
Transport Code Functionalization (NTCF) which has a different formulation from either DBM or
CFD codes, ii) SolidWorks Premium (Dassault Systémes, 2010) or Soliflux (Brown et al., 2001;
Linklater et al., 2005) both of which use CFD codes. Alternatively, bespoke code procedures may
have to be developed to include some of the psychometric modifiers used in heat transfer
calculations. In this event, procedures will be developed and debugged within the MATLAB
(MathWorks, 2010) environment to demonstrate proof of concept prior to an optimized, compiled

format being prepared, possibly post thesis examination.

Evaluation of effectiveness of heat transfer models

The simulations created by the techniques listed above will be compared to data from obtained
from field sources. The data to be compared will originate from two sources. The input and output
of the location to be examined will be comprised of concurrent time history measurements of
performance variables. The measurements essential for comparison will include pressure,
temperature (dry and optimally wet bulb), and flowrates at the least. Physical parameters will
need to be determined for parameter input to various simulation models. Time series
comparisons (history matching) can then be used to refine specific details of validation for the
model. Characteristics of pressure, flowrate, humidity and temperature can then be used to refine
the unknown or assumed physical geometry parameters of effective perimeter, length, and
surface area of heat exchange between air and geomaterials with the addition of mass transfer

from elements such as precipitation to be inputted later.



Application of the research to current systems

There are both research and practical applications associated with the geometry of heat
exchange as described. The first, the focus for this work, is for use in climate control in mines with
locations that have variable temperatures throughout a year and can then use heat exchange
through broken rock to assist their ventilation systems. The second is for traditional geothermal
applications. The third is for use in ground freezing applications such as in shaft-sinking. A fourth
is for climate change permafrost conditions and a fifth is the application to environmental controls

of tailings piles in particular with Acid Rock Drainage and heap leaching applications.

Surface Intake Climate Control Areas

One of the applications needing to evaluate broken and fragmented rock is the surface intake
climate control system used in the mining industry. The three main sites that have used this
technology include Vale's “NHEA” (Natural Heat Exchange Area) at Creighton Mine, Xstrata’'s
Kidd Creek “Cold Stope Intake” and their now closed Falconbridge Mine. The origins of the
technique are open pit mines that have finished producing are then modified by having the
underground bottom of the pit turned into the equivalent of a mine surface intake. This climate
control method currently deals with the calculation of heat transfer in a strictly empirical version of
an equivalent continuum fashion only, ((Rutherford, 1960); (Western Miner, 1982; Envers, 1986;
Stachulak, 1991, Acuna et al., 2010); (Johnson, 2006); (Sylvestre, 1999) (Hardcastle, et al.,
2008); (Kocsis, 2009); (Golder Associates, 1980) and does not deal with the parameters of area,
circumference, and the length of spacings that create internal airways within the volume of the
rockpile. The techniques used by (Rutherford, 1960) through to (Acuna et. al, 2010) all use some
of the possible heat state parameters from the intake areas, which uses a single volumetric
constant for total heat transfer from the various rocktypes (Sylvestre, 1999, Hardcastle, et al.,
2008) to evaluate an assumed percentage of volume of rock contained within the pits. By using
this method, its accuracy becomes limited and its applicability non-universal. Control is limited to
the data that is collected at a specific site. The design methodology is difficult to generalize and to

transfer prior experience of cold stope performance to the ventilation strategy for a new mine.

Geothermal energy

Worldwide in 2010, about 10,715 MW, of geothermal power is being produced from 67,246 GWy,
across 24 countries (Holm, et al., 2010). In terms of application, hydraulic fracturing of rock
through water is used to help stimulate the heat transfer between the geomaterial and the
geothermal brine used for thermal energy abstraction (M.I.T, 2006). In terms of the mineral
resources industry, (Hamm and Sabet, 2010) have used the FLUENT software (Fluent Inc., 2010)
to conduct heat transfer analysis to evaluate whether flooded coal mines in France can be used
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for district heating purposes. Problems highlighted in that work include the lack of having accurate
results for the surface areas dictating permeability, making the heat transfer calculations
conservative. This current investigation into the heat exchange geometries of broken and
fragmented rock may be able to help assist this design parameter for geothermal application,
especially when ballistic or hydrofracture techniques are used in well stimulation and the in-situ

rock becomes disturbed.

Ground freezing

Artificial ground freezing has been used for 150 years and is extensively used in shaft sinking
purposes first proposed by (Poetsch, 1863). One of the current notable uses for freezing is
proposed for Echo Bay Ontario, Ltd. According to Ground Freezing Ltd, a division of the Layne
Christensen Company (2006), to extract minerals while protecting neighboring bodies of water
and preventing inflows of groundwater to the mine excavation, a frozen earth barrier will be
constructed around the perimeter of the proposed Aquarius open pit gold mine in Timmins,
Ontario. The frozen barrier, created by converting the groundwater to ice, has been determined to
be an environmentally compatible technique to prevent massive groundwater inflows into the
mine excavation. Another ground freezing applications that is being examined is from the oil and
gas industry through Shell's research into In-situ Conversion Processes (ICP) (Shen, Mckinzie,
and Arbabi, 2010).

Heap Leach Tailings Pile Control

The control of tailings waste piles for acid rock drainage has utilized several techniques for trying
to model the thermodynamic conditions of broken and fragmented rock. Programs based on a
gas diffusion process and O, availability are common practice. Such techniques may be improved
by upgrading formulations from a porus equivalent continuum into a discrete branch network
rendering complete with estimates of perimeter, surface area and flow length within the waste

rock pile.

For analysis on representations of broken and fragmented rock, many studies from a
geochemical approach have been conducted. Darcy’'s law and Boussinesq approximation for a
permeable system (Arenson et al., 2006) are adopted and implemented in programs such as
GeoStudio Beta 2006 (GeoSlope International Ltd. 2007), for use in solving problems. This style
of approach to the problem has been used by several authors such as Klassen et al., 2007 and
Pham et al., 2008, who conducted research on Rio Tinto’s Diavik mine to model the cooling of a
series of tailings piles. This model was validated with comparisons to results from Nield and
Bejan 1999; Goering 2003; Sun et al. 2005, Goering and Kumar 1996; Lai et al. 2003a; Lai et al.
2003b; and Yu et al. 2004 which applied to the structural degradation of highway embankments.

10



While the elements of the pile itself were good, analysis of the temperatures in the Diavik test pile
showed the importance of the air intake geometry through the side slopes and variable
permeability. Geostudio Beta software uses an equivalent continuum approach to model the
observed volume of rock and does not consider the airspace as voids, just as a permeable

section of rock that is continuous and equivalent in nature.

Within that same field of engineering for control of tailings for ARD, (Wels, Lefebvre, Robertson,
2003) another technique of heat evaluation was used. The numerical simulations of waste rock
piles were carried out with TOUGH AMD developed by Lefebvre (1994, 1995a, 1995b) with the
option of using FIDHELM which was developed by ANSTO (Pantelis, 1993) which has been
widely applied to theoretical as well as field problems, (e.g. Pantelis and Ritchie, 1991; Pantelis,
1993; Kuo and Ritchie, 1999). The TOUGH AMD program (Lefebvre et al (2001a, 2001b)) is
adapted to the modeling of acid rock drainage, especially in waste rocks.

Also from the field of ARD control of tailings of the Diavik minesite, the University of Waterloo
(Blowes et al., 2006) conducted hydrology, geochemistry, temperature, and biogeochemistry
tests of the waste rock piles over time. The main objective was to model the acid rock drainage
problem in tailings piles by examining the oxygen O, content of the waste pile. The concept
underlying the design of the test piles follows from earlier work at the Cluff Lake mine in northern
Saskatchewan (Smith and Beckie, 2003; Nichol et al., 2005; Wagner et al., 2006). To aid in the
design of the instrumentation system within the test piles, and to gain initial insight to the thermal
evolution of the test piles, preliminary modeling was conducted using a modified version of the
two-dimensional finite difference model SULFIDOX (Brown et al., 2001; Linklater et al., 2005).
This model incorporates gas and water transport; kinetically controlled sulfide oxidation (and
associated heat generation); heat transfer, ice formation and melting. Simulations were based on
biotite schist averaging >0.08 wt.% sulphur material, as it is associated with the greatest potential
for heat release and acid generation at this site. This approach also takes a volumetric approach
to the problems of conduction and convection, but the lack of the parameter of internal surface

area and geometric conditions of the tailings pile are neglected.

As highlighted in the above sections, there are diverse arrays of applications that involve broken
and fragmented rock. The above examples are indicative, but not exhaustive of all of the possible
applications. There are several more applications that have researched but are have not yet
produced complete results as the examples above have. Two examples of applications that have
not been fully developed yet include the thawing of permafrost in northern boreal regions such as
Bonan, G.B, 1988 demonstrated, as well as in the oil and gas industry with two phase flow

models used in their extraction processes.
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Parameters of Heat Exchange using Broken Rock:

Heat Transfer

In this investigation of surface area, length, circumference and other geometric properties
relevant to heat exchange, the formulae used in the design of heat exchange will be used to try
and isolate important geometric variables. For heat transfer conduction, convection, and radiation
mechanisms will be considered initially. Mass transfer is another form of heat exchange which will

be considered subsequently.

Conduction For a Single Airway:

In the process of conduction, Fourier's Law for a two dimensional problem is used. In this
equation, heat transfer is proportional to both the orthogonal area, A, through which the heat
travels and the temperature difference, dg , between isotherms. It is also inversely proportional to

the distance, dX, between those isotherms (McPherson, 1986).

The rate of heat transferred, ( is also proportional to- A and inversely proportion to the change
in displacement, dX. The heat transfer  is in (Watts), A = area through which ( passes in

(mz), q = temperature (°C), and X = distance (m). The negative sign is necessary since @
reduces in the direction of heat flow from the geomaterial to the airway. To convert this
relationship into an equation, a constant of proportionalityk , is termed, and the thermal

conductivity of the material and has units of W m™C™.

qg=-ka 29 ®

dx
Conduction is a key premise in this investigation due to the need to try and quantify the amount of
heat transferred from the broken rock to the adjacent air or liquid flow. In terms of this
investigation, this formula will be used with known temperature gradients from experimentation for
isolation of the unknown surface area of the space under consideration for a pile of broken and

fragmented rock.

In three dimensions the formula is as follows:

fg9__. Tq Tq Tq _
ﬂt a ﬂxz + ﬂyz + ﬂzz a(qxx + qyy + qZZ) (2)

where the thermal diffusivity is: & = ——.

Col
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Convection for a Single Airway:

In heat transfer phenomena for the principal application area considered (Cold Stopes), forced
convection is the main component of heat exchange. Forced convection is defined by Newton’s
Law of Cooling but has been modified to include the parameters associated with the laminar,
transitional and turbulent flow regimes (Incropera, DeWitt, 2006). A list of the main components is

now given. The equation for convection can be expressed as:
g=h,AdT (3)
where:

g = heat transferred per unit time (W)

A = heat transfer area of the surface (mz)

hc = convective heat transfer coefficient of the process (W/mZK)

dT = temperature difference between the surface and the bulk fluid (K or °C)

There are three general cases of forced convection, laminar, transitional, and fully turbulent flows.
The areas discussed are different between conduction and convection because conduction area

is of the internal rock area while convection is between the surface of the rock and the airway.

Radiation for a Single Airway:

Area of heat exchange can also be found in the radiation equations of heat transfer. The radiation
heat exchange component is key when trying to evaluate the movement of heat from the
fragmented rock through the air medium to an area downstream. The linearized formula radiative
heat equation is as follows:

q = hg XA x(tl : tz)xFev (4)
where:

g = heat transfer per unit time (W)

h, = radiative heat transfer coefficient (W /m?°C)

A = surface area of the emitting body (mz)

t, and t, = temperature of the two solid surfaces

F., = emissivity and view factor, where:

1
Fev:
1 A

1_1)
a A g

A = Surface area of rock 1 that is being examined

(5)
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A, = Surface area of rock 2 that is being examined

€, = Emissivity of rock 1
€, = Emissivity of rock 2

The hg, remains fairly constant in mining applications at 6 (W /m? C) but can be calculated by:

to+t,
hy=4621+21 2 (6)
5463

Characterizing the Flow Regime

Reynolds Number:

The Reynolds Number is a dimensionless number that is a ratio of the inertial forces over the

viscous shear forces. The Reynolds number uses the density / in (kg/m3), the mean fluid velocity
V in (m/s) of the air in an airway, the airway diameter D or shape factor in (m), and the dynamic

N>s

viscosity 77 in ( ). The characteristics of the flow are either laminar or turbulent

m
characterized by the Reynolds number.
_rVvD
m

Re (7)

where Re€ < 2500 is laminar, 2500£ Re £ 6000 vyields transitional flow , and R€ > 6000 is

turbulent flow.

Prandtl Number:

The Prandtl number Pr is a dimensionless number approximating the ratio of momentum

diffusivity (kinematic viscosity) and thermal diffusivity.

Pr=—"_ 38
r K (8)

where C, = specific heat in (J kg™ K™), and K = thermal conductivity in (W m™ K™). The Prandit

number changes in turbulent flows and commonly for air in laminar flow = 0.7-0.8 and for ideal

turbulent flow = 1, but averages between 0.8 — 0.9.

Nusselt Number:

The Nusselt number is a dimensionless ratio of convective to conductive heat transfer.
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Nu=— 9
U= ()

where hc= convective heat transfer coefficient of the process (W m? K™), L = length of the area

examined (m) and K = conductive heat transfer coefficient (W m™ K™). A Nusselt number close to
1 is associated with laminar flow and a number in the range 100-1000 is generally associated

with turbulent flow.

Stanton Number:

The Stanton number is a dimensionless number that measures the ratio of heat transferred into a

fluid to the thermal capacity of fluid. It is used to characterize heat transfer in forced convection

flows.
h
St=—2= (10)
chr
The Stanton Number can also be defined as:
Nu
St= (11)
RexPr

Laminar and turbulent air flows:

When flows are turbulent, particles exhibit additional transverse motion which enhances the rate
of energy and momentum exchange between them and thus increases the heat transfer and the
friction coefficient (Montecinos and Wallace Jr., 2010). Heat flux, heat capacity, Reynolds number
and viscosity can all change. Navier—Stokes equations for turbulent flow change and the
Reynolds-averaged Navier—Stokes equations become valid and Reynolds stresses can enhance
the heat and mass transfer (Rogers and Mayhew, 1992). In most cases in this research, the flow
regime will be in the turbulent range due to values Reynolds’s number being greater than 6000.

This is proven by calculation using # =1.2, V =1 m/s, D= 0.1 m and /7 = 2e-5. The value for the

Reynolds number for this input is equal to 6000. Any value of higher for velocity or diameter
would automatically make the Reynolds number in the turbulent flow regime due to the other
variables in this calculation are normally considered constant.
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Airflow Field:

Figure 3 Schlieren infrared image of heated air thr  ough past a fan, (Jong and Luxbacher,
2010)

The airflow field is the distribution of velocity profile over an airway as seen in the infrared image
in Figure 3. Turbulent, laminar and transition flow properties have a great influence over how heat
transfer over an area is calculated. According Papakonstantinou, Kiranoudis, and Markatos
(2000) in most civil applications there are two popular methods to predict airflow fields; the first is
the model experiment, and the second is the numerical simulation. This parameter may become
of key use in this investigation. In general, the concept of Reynolds Analogy (M.I.T, 2010) is also
commonly used in computational fluid dynamics.

Atkinson’s Actual Friction Factor K:
The actual friction factor was determined by John J. Atkinson in 1862. It is defined as a

measurement of the resistance to airflow of a duct. Calculation of the Atkinson friction K for both
turbulent and laminar flow is as follows according to Montecinos and Wallace Jr. (2010). First the
Reynolds Number and relative roughness factors must be calculated.

et
="t 12
"=, (12)
Re= VinDr (13)
Vv
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V., = velocity of airflow (m/s), D, = Hydraulic Diameter (m), € = Tunnel wall absolute

roughness (m), and € = dimensionless absolute roughness. vV, = the kinematic viscosity of air is
defined as:

s
;

a

(14)

where /7= absolute viscosity (Pa sl) and /, is the air density. To calculate density at an
elevation different than the air density at the elevation datum (origin 7/ ;) and is done by:
r,=r,09" (15)

where h is in km, and according to relation of a perfect gas:

r, Ty
ry,=ro —— (16)
rO Ta
T, can then be calculated from the following formula that is good in the following conditions:
Pressure <737.6 kPa, 233 K< T, <573 K, T, =273.16 Kand C, =100 K
2336° 10° T,
e a7
1+ & Te

a

Where T, = temperature of the mine air , T, = constant of 0 Celsius in Kelvin and 7, = density

of the airway being examined.
The friction factor, f, = F(Re,g /D,)and can be found from charts (Montecinos and Wallace

Jr. 2010).

The Atkinson Friction Factor is then found by

k=-Lr (18)

a

Steady Flow Energy Equation:

The basis for calculation of several ventilation parameters for an airway comes from the steady
flow energy equation. McPherson’s (2007) interpretation of it is shown in Figure 4 but in the case
of broken and fragmented rock there is no extra fan external work added to the system. The heat
input to the system between points 1 and 2 is shown in red. Isolation of the variables for surface
area, length, and perimeter along with the psychometric modifiers can be done starting from this

total energy equation.
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Figure 4 Diagram of Steady Flow Energy Equation (Mc  Pherson, 2007)

2 2 2
%+(Zy Z,)9+W, = Vdp+Fy, = (H, - H,)- qy %(9 4

1

2 2 2
%4' (Zl - Zz)g +\N12 = Vdp+ F12 = Cp(Tz - Tl)' G y

(20)
1 kg

In these equation U, and U, = velocity at input/exhaust (Figure 5), Z = elevation from point of

2

reference (m), W = work added to the system, J kg™, H = Enthalpy, J kg™, Vdp= flow work in
1

J kg'l, g = heat added to the system J kg'l, T =temperature K, Cp is the heat capacity in J K™

These sets of equations describe the potential, kinetic, work, friction loss, enthalpy and heat

transfer terms for steady (non-transient) flow.

Psychrometric modifiers used in calculation:

One of the problems in terms of assessing heat transfer in real life experiments is the fact that
outside mass of precipitation (water) adds an entirely new set of unknowns and changes the
mass balance of the overall system. Traditional heat transfer calculation techniques can handle
the conduction, convection, and radiation formulas, but the idea of mass transfer as a form of
heat transfer is generally ignored. In terms of cold stope intakes, this energy transfer mechanism
should be addressed for maximum accuracy and realism. The following is a set of equations used
to calculate the heat transferred into an airway from a wet surface according to McPherson
(1986). These equations can be used to determine the mass of material evaporated or
condensed in heat transfer (Figure 5). The diagram contains a schematic illustrating the two main

forms of energy transfer from the medium of rock through a wet surface upon it and airflow

defined as temperature of the wet surface of the rock, Q.
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Rock A

qsen

airflow

Figure 5 Heat Flow Balance of a Wet Surface (McPher son, 2007)

The first component (g , which will heat up the moist air, is defined as the sensible heat, or heat

transferred from the air to the water, or the opposite, by a change of temperature. When water

from the surface either evaporates or condenses, this occurs at constant temperature, the energy
transfer is called the latent heat, ( which will either add or remove moisture from the airway.

Combined, the ratio of the two terms is defined as:

Bowen ratio = 9s (22).

a.

Latent heat of evaporation

The rate of latent heat transfer (ql-) for steady airflow is given by:
- €
q. = LbM W m? (22)
P
In this formula, L = latent heat of evaporation for water (J kg'l) at the wet surface temperature,
€, = saturated vapour pressure at the wet surface temperature (N m?), P = barometric pressure
(N m ?), b = mass transfer coefficient (kg * m %) and € = actual vapour pressure in the

airstream (N m®). The difference in vapour pressures (e, - €) provides the driving force for

continued evaporation. The mass transfer coefficient, £, is a measure of the rate of diffusion of

water molecules from each unit area of liquid surface through the vapour boundary layer. It has
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been determined experimentally that & is directly proportional to the convective heat transfer
coefficient, hc, for any pair of emitting and receiving fluids (Whiller, 1982)
b=z, (24)
The constant, Z is given as:
z=PRC,L, (25)
where P, = psychrometric constant = 0.000644 K™, C_ = specific heat of air = 1005 J kgK™ and

L. = the dimensionless Lewis number = 1.07 for diffusion of water vapour into air. Rounding off

the product gives a value of 0.7, then:
b =0.7h (26)
The vapour pressures are given by the following psychrometric equations:

17279, o2

=6101ex 27
Gs P 2373+q,. @)
and
PC
eze, - P - Ns 2 28
TR (28)

where @ .s = assumed or corrected wet surface temperature (C), €, = saturated vapour
pressure at wet bulb temperature of the main airstream (C), @ , = known dry bulb temperature of
the air (). Latent heat of evaporation at wet bul b temperature,

L = 2501 10° - 2387, (Jkg™) (28).

On the basis of an initially assumed @ s, and known values of @ ., @, and P, a value of q.

can be established and then be used for area calculations. The next component for calculation of

0, uses the strata heat equation across a dry surface where I, = radius of the airway

(McPherson, 1986):

=k—G(\/RT- q,) wWm? (29)
ra

The term (VRT-q,) / 1, is used to produce a dimensionless temperature gradient, G. In the

case of a wet surface, the temperature at that surface will (usually) be lower than that of a dry
surface because of evaporative cooling. This will result in a steeper temperature gradient in the

rock and a higher value of heat flux, q. Gis a function of the Fourier number and Biot number

and does not, therefore, take the additional cooling effect of surface water into account. A method

of quantifying the enhanced flow of strata heat towards the wet surface is to retain the value of
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G but compensate by choosing a value of air temperature lower than that of the normal dry bulb.

This reduced temperature the ‘pseudo base temperature’, @ . The heat flux at the wet surface

then becomes:
A =h.(Gus - G.) wm? (30)
Where h,, is the bulk heat transfer coefficient for a wet surface.

By using the pseudo base temperature g, , the formula (30) becomes:
kG .
:r—(\/RT- g,) Wm? (31)
a
Therefore:

kG
q= h(qws - %) = r_(VRT' %) (32)

a

and hence:

_ Guhr, - kG(VRT)

° (hr, - kG) 43

The heat transfer coefficient, hW for the wet surface may be expected to be a little different to that

for a dry surface, h. The radiative emissivity of liquid water will not be the same as for a dry rock
surface. The concentration of water vapour will also affect the thermal conductivity of the air in the
boundary layers. More important, however, an increased air velocity over the wet surface will
result in the thinning and steepening of the vapour pressure boundary layer as well as the velocity
and temperature boundary layers. The effect on the heat transfer coefficient must, therefore, be

expected to be greater than that for a dry surface (McPherson, 1986). In order to avoid the
difficulties associated with attempts to evaluate hW the heat transfer coefficient for the dry surface
h = 3540 Ku is retained, and the convective heat transfer increased by utilizing the pseudo base

temperature instead of the dry bulb temperature for the main airstream. Therefore the heat

conducted from a wet surface is as follows:
qc = h( ws qb) w m—Z (34)

According to McPherson (1986) here is the iterative process for the heat balance on a wet

surface:
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1. Assume a value for the wet surface temperature 8 ys
2. Calculate the heat transfer coefficient, h = 3540Ku , where K = friction factor, u
= velocity in m/s

. Galculate the vapour pressures ¢ and e,,

. Calculate the latent heat transfer, g,

. Calculate the pseudo base temperature, 6,

3

4

5

6. Calculate the strata heat, ¢
7. Calculate the convective heat transfer, ¢,

8. Calculate the residual error in the heat balance ¢=¢—(q, +q,)
9

. Adjust the value of & s by a factor f (&)

10. Iterate until error is near 0 then values are defined

Figure 6 Algorithm for heat balance on a surface

Mass transfer as a mode of heat transfer

Part of the heat exchange process is the formation of ice or water as a result of a change in
moisture content within the control volume of air. One of the ways to back calculate effective
surface area will be to use temperature, pressure, and flowrate data, either independently or as
some combination, for calculation of length, perimeter or effective surface area. McPherson
(1986) details a procedure for calculation of these independent parameters to be used throughout

this investigation.

Change in Moisture Content:
The apparent density, / of the air at inlet is calculated from the known psychrometric conditions.

(R- &)

r.o= kg of dry air/ m® of air 35
728718, +27315) 0 0@ | )

where P = barometric pressure (Pa), € = actual vapour pressure (Pa) and g,= dry bulb

temperature (). The gas constant for dry air is 287.15 J kg™ K™. The mass flow rate, M , of the

dry air component of the air/water vapour mixture is given as:

M =Qr kgs* (36)
Where Q is the known rate of airflow (m® s™) at the inlet. The value of M , the mass of dry air,
remains constant throughout the airway. The water vapour produced by evaporation from the

airway surface is given by:
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Dc(rock) = q—LL kg s™ (37)
where:
_ (.- €
q. = 2praXLO.7hT (38)

and
L = 2501 10° - 2387, (39)
over an airway length X . hc is the convective heat transfer coefficient for any pair of emitting
and receiving fluids of water to air (Whiller, 1982), r, is the distance from the center of the airway
to surface area contact, and g, is the temperature of the wet surface. Therefore:
¢, =c¢, +Dc (40)
Where €, = moisture content of the inlet (kg of moisture / kg dry air), €, = moisture content at

outlet, and Dc is the heat inputted from the broken and fragmented rock.

Change in Dry Bulb Temperature:

The following is a procedure from McPherson (1986) which enables calculation of the difference
in dry bulb temperature between 2 points in an airway, an intermediate step in determining the

mass transfer. The sensible heat transfer (Figure 5) comprises:
Gens = (0o + Gu) /M kg (41)
where (, = heat input from dry surface, (,= heat input from wet surface
The specific heat of the moist air is:
— Cp +cC

C
T 1+e

P Jkgtk? (42)

Where Cp = specific heat of dry air (1005 J kg™* K™), va = Specific heat of water vapour
(1884 J kg™ K™). The increase in enthalpy associated with the addition of sensible heat is:

H,- H, = Cpm( a2~ Qal)‘] kg™ (43)
Where @,, = dry bulb temperature at inlet and g, = dry bulb temperature at exhaust. Combining

this with the steady flow energy equation (20) leads to:

2 2

Cpm(qaZ - qal) = % + (Zl - Zz)g * Qsens (44)

23



Change in Pressure:
The variation in absolute pressure of the air is caused by (1) the conversion of mechanical energy

into heat resulting in a frictional pressure drop, and (2) changes in elevation (Z1 - 22)

Starting from the Steady Flow Energy Equation:

2 2 2
VdP = KL%) +(z,- 2,)9- F, Jikg (45)

1

The loss of mechanical energy is:
D
F,= P Jikg  (46)
rm
Where D p is the frictional pressure drop (N m'z) and 7, (kg m™?is the mean density.

The value of Dp is calculated through Atkinson’s equation or experimental data from a source

can be used to back calculation of surface area by rearranging:

_KLCV? _ KLC@®?
A A

Where K = Atkinson friction factor (kg m'3), L = length of airway (m), C = effective perimeter

Dp Nm? (47)

(m), V = mean velocity (m s'l), A = cross sectional area (mz).

The integral term is evaluated assuming polytropic flow along the increment, giving:

=}
2 |r'l/|:,1

VAP=R (s, - Gu)———— (49)

| ‘7&/
' : qal

The variable gas constant R, can be calculated by:

Rm = M (49)

1+c¢
Where ¢ is the moisture content, where R, =gas constant for air (287.15 J kgt °c™) and R =

gas constant for water vapour (461.7 J kg 1 'l).

By substituting the integral flow work term from equation (45) into equation (48), the variable P,

is left as the only unknown and thus able to be calculated.
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Material properties and parameters involving rock

This section lists and defines material properties and parameters for rock and rock masses that
will be relevant to the work to be completed in this study. The first group of parameters are
specifically relevant to heat transfer within, or, to and from rock. The second set is typical of the
data on in-situ rock properties that would be required for a geomechanical analysis of stability of
an underground or surface excavation. This may seem puzzling until one appreciates that for this
work, in-situ rock and rock mass geometry and material properties simply represent a starting
point for the geometric description. Rather than describe broken rock piles directly, this work will
describe the in-situ character of the rock and use the physics embedded in geomechanical codes
to transform the in-situ rock mass to the broken rock rendering through excavation simulations.

The tools that will be adopted to achieve this are the main topic of the next section.

For the assessment of thermal performance of broken rock piles, to the best of this author's
knowledge, such an approach to the geometric description of broken rock has not been reported

in the literature, and thus will represent a significant contribution of the PhD thesis.

The lists presented have been compiled from the requirements of FracMan and PFC3D (the
geomechanical codes that will assimilate the in-situ input data) and parameters for the evaluation
of heat exchange either with Vuma (for Discrete Branch Models) or SolidWorks/ Soliflux (for CFD
analysis of either Discrete Branch Models or Equivalent Continuum models). Other codes could

be adopted as the research proceeds, so these lists should not be considered exhaustive.
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1. For the heat exchange component model
Density — the rock density must be known for the heat transfer by radiation.

Diffusivity — This is defined as the thermal conductivity over the volumetric heat capacity
of a fluid or air. This is a measure how the heat or energy is being distributed with time or distance.

Effective surface area — Factor in almost all equations and determination is project objective.
To calculate accurately heat exchange this component needs to be refined to a value close to reality.

Effusivity — This is defined as the square root of a material’s thermal conductivity multiplied by its’
volumetric heat capacity.

Gas permeability — effects the transport of gases through sorption or condensation, diffusion and
desorption or evaporation of the airways. Gas permeability is different than liquid permeability
due to gas compressibility

Porosity — affects the surface area, conductivity and emissivity. This is a measure of the void spaces
which are a component of the area of heat exchange.

Roughness — This factor is effecte by Reynolds Number and varies according to the flow. It is used
for determination of laminar, transitional, or turbulent flows in Moody Chart Calculations.

Tortuosity — This is defined as the integral of square of derivative of curvature, divided by the
length of a curve.

2. For the geometry creation component geomechanical properties include:

Homogeneousness — This factor defines the uniformity or fracturing of the volume of inspection.
This criterion changes how the interspatial areas between rocks will form.

Rock Dilation — This factor is a characteristic to the amount of expansion or opening of a
fracture within a soil or rock mass model.

Discontinuity distribution — This factor helps to determine how the fractures will separate and open
up with hydrostatic pressure. This is how the interspatial airways of interest are created.

Density — In geomechanics, the density of the rock is important for how the stresses upon it will
fracture the rock.

Fracture Energy — The amount of energy being forced upon a fracture. When this energy is
greater than the crack resistance, growth or movement of the fracture can take place.

Geology — The general geology of the rock is important for characterizing the materials of interest
for variable selection.

In-situ stress — The initial in-situ stress is used for calculation of fracture formation and crushing
of a block model to be used for analysis of heat exchange.

Internal Cohesion — This is a measurement of the strength of internal bonds of rock or soil materials.
This characteristic is used in strength and fracturing equations.
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The higher the internal friction the more energy required to break or move the rock.

Water content — This factor is used for calculation of hydrostatic pressures which create
the fracturing geometry of the model set.

Absorption — Determines the amount of water a rock can absorb and changes how stress
form the geometry of the model.

Hardness — Rock mass characterization criterion that influences fracturing.

Abrasivity — Used to measure the wear on the rock from other rocks and is a rock mass
characterization variable.

Durability — Characterization parameter used in determination of weathering degradation.
Point Load Strength Index - Indirect method to determine unconfined compressive strength.

Uniaxial Compressive Strength - UCS is a rock property most often used to characterize the
mechanical behavior of rock.

Shear strength — Major component in numerically modeling how rocks fracture and are broken
due to stress. When shear stress is greater than shear strength fracturing of the rock occurs.

Young’s modulus - Young’'s modulus of the intact rock or deformation modulus of rock mass is used
by all models for stress and deformation analyses such as PFC3D and FracMan.
It is a unit of stress over strain.

Poisson’s ratio — This is a ratio comparing the amount of deformation of two planes of a rock. This is
a key parameter in elastic modeling and is a measure of expansion over compression due to stress.

Shear Stress — The amount of stress reacting perpendicular to the normal stress on the rockmass.

Internal Friction — This is a characteristic of internal resistance to movement with a soil or rock mass.

Unit weight - Indirect indication of weathering and soundness, and is used to estimate vertical stress.

Figure 7 Geomaterials Parameter List
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Geometric representation of broken rock piles

This section provides a brief on the geomechanical codes that are anticipated to be used in the
PhD research. The function of these tools will be to transform an in-situ, undisturbed condition of
a body of rock into a disturbed, collapsed or tipped realisation of a broken rock pile. Three main
codes are to be used: i) FracMan ii) PFC3D iii) ELFEN.

FracMan — Discrete fracture models

FracMan is a program that is used for geometric characterization of heterogeneous and fractured
rock masses in situ (FracMan Software, 2010a) as seen in the Figure 8 example from Elmo,
2009. Originally, FracMan’s purpose was to model groundwater flows within an in-situ rockmass.
In this investigation, the program would be used to help create a realistic in-situ starting condition
for simulations with other geomechanical codes, leading to realizations of broken and fragmented

rock piles.

Figure 8 FracMan Software used in Initial In-Situ C  onditions (Elmo, 2009)

The in-situ rock mass geometry modelled by FracMan can be used to condition the simulation
starting conditions for either PFC3D or ELFEN.

Particle Flow Code

The particle flow code that will be used to simulate tipping of broken rock is PFC3D, produced by

Itasca (2010). PFC3D is a discontinuum code that represents rock masses as an ensemble of
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spheres that are deformable, have deformable contacts with and can bond with other spheres in
the ensemble. The ensemble is subject to Newtonian dynamics, initial loading and confinement
conditions and boundary conditions. The interactions between spheres are used to represent
exhibit large-strain and/or flow of solid material. Figure 9 illustrates the set up of a simple PFC3D

simulation that models the flow and build up of a pile of broken rock through a draw point.

\\\\\\

Figure 9 PFC3D model of rock flow through a drawpoi  nt (Itasca, 2010)

According to Itasca (2010), PFC3D, materials may be modeled as either bonded (cemented) or
unbonded (granular) assemblies of particles within the code. Spherical particles are used by
default as seen in Figures 9 and 10. More complex particle shape (i.e: rock block shape) may be
defined in a PFC3D model through use of the built-in clump logic as in Figure 9 to simulate blocks
of rocks contact points.

Figure 10 PFC3D Particle clumping to form represent ations of rock blocks in PFC3D
(Itasca, 2010)
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For this work, FracMan will be used to create the boundaries within which the PFC3D particles
will be numerically seeded and grown to occupy the in-situ volume as fully as possible. The
PFC3D solver will then be used to simulate the fracture, flow and/or collapse of the rock mass to
its rest position. Figure 11 shows a rendering of the equilibrium forces in a PFC3D model when all

blocks within the model have come to rest in a block cave mine simulation.

Figure 11 Contact force magnitudes and directions b etween particles in a PFC3D

simulation of a block cave mine (Itasca, 2010)

ELFEN

ELFEN is a hybrid finite element / discrete element geomechanical code. Individual in-situ rock
blocks can be modelled within ELFEN by importing FracMan fracture geometry and meshing the
discrete elements around this. The blocks themselves are further discretized with internal finite
element meshes to allow the application of shear and tensile fracture logic that, upon over
stressing, will cause the blocks to be re-meshed to account for the new fracture or block surfaces.
ELFEN is thus suited to simulating degradation of in-situ rock mass condition to a disturbed
condition created by means of rock excavations. New blocks created as the degrading,
continually re-meshed numerical model evolves, can be subject to full Newtonian dynamics that
has been demonstrated to produce credible realisations of at rest broken rock piles. An example
starting condition is shown in Figure 12 and an example of output of the program is presented in

Figure 13.
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Figure 12 Conceptual model of subsidence problem to be simulated with ELFEN

a).

Figure 13 Progressive degradation and subsidence of a rock mass subjected to
undermining modelled in ELFEN with starting in-situ geometry produced by FracMAN. a)
After initial undermining. b) Transitional conditio n and c) at rest condition showing
contours of vertical displacement (Vyazmensky et al ., 2010)
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Fractal solids:

As an alternative to renderings of broken rock piles from geomechanical codes, fractal solids will
also be investigated as analogues for cold / ice stope systems. Fractal solids have been used to
analyze the soil porosity and soil water properties (Rieu and Sposito, 1991) and the idea that they
may be able to be applied to the properties of broken and fragmented hard rock applications has
been reported before (Bagde et al., 2002). Two of these fractal shapes are of particular interest,

the Menger Sponge (Figure 14) and the Sierpinski Dodecahedron (Figure 15).
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Figure 14 Menger Sponge produced using m-code in MA  TLAB
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Figure 15 Sierpinski Dodecahedron (Idea Bookmarks, 2010)

The successive replications of self similar or self affine forms can be used to refine surface area
by an iterative process until this converges on the true area of the heat exchange (lwaniec and
Martin, 2002). Previous work using CFD code by Vyver, Dirker, and Meyer, 2003 used a 2-D case
of a Koch Island Fractal to represent a convective heat transfer surface to numerically determine

heat transfer parameters, such as the Nusselt number (Figure 16).

Figure 16 Quadratic Koch Island Fractal Used for Nu sselt Calculation by CFD (Vyver,
Dirker, and Meyer, 2003)
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In this investigation, models of airflow through defined solids will be run to establish their efficacy

as broken rock heat transfer analogues, using the history matching approach described earlier.

Next Steps after Geomechanical / Fractal Modelling

It is important to note that for this work, Figures 11, 12, 14 or 15 represents a starting point for the
analysis of heat transfer through broken rock piles with credible digital realisations of geometry
that can be interrogated to quantify exactly geometric properties and parameters such as:
porosity, area available for heat transfer by convection, area available for heat transfer by

radiation.

The central proposition offered by this PhD thesis work is that by importing these broken rock
geometries into other numerical modelling programs, further properties of the broken rock mass
can be determined exactly. For example, a numerical model of a permeability test using a sample
of the geometry of the broken rock pile in Figure 12 should produce a credible value for the
permeability of that broken rock medium. A numerical model of a heat transfer simulation in the
cold stope of, for example, Falconbridge Mine, should produce exact values for heat transferred
and stored between the flowing air and the rock blocks. The truth or proof or otherwise of these

statements is to be the main work of the thesis.

Simulation results of the type shown in Figures 9, 11 and 13c will be sought from 3" party authors
as input to the current PhD programme of work. It is not the intent of this thesis to engage in
geomechanical numerical modelling other than to ensure full familiarity of the way that the codes
work and the data structures used to hold the geometric information on these renderings. The

rendering in Figure 14 has already been produced by this author.
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Discrete Branch Models:

An alternative way the geometry and therefore physical parameters of surface area, length, and
perimeter can possibly be represented could be through Discrete Branch Networks or (DBM’s).
For example, for an open pit, the approach is to create an equivalent airway system of branches
by using a large number of small airways in parallel. The fluid properties of each airway branch
could be determined, for example, according to the pore space distributions and connectivity of
the broken rock pile. Howes and Horton, 2005, stated that for Kidd Creek’s Cold Stope, only 1%
of void space within that pile of broken and fragmented rock is adequate enough cross sectional

area to provide the cooling capacity required.

DBM would used to try to see if they can be used to mimic the performance of blocks or portions
of ground that are within a heat exchange system of broken rock. The fractal solids discussed
previously can be treated similarly through a replacement of void in the solid with a branch. The
advantage of these porous solid-to-network tactics is that the solutions times for network heat
transfer analysis may be substantially shorter than those of full CFD. The Generalised Fluid
System Simulation Program (GFSSP) of Majumdar et al., 2007 will be one transient,
compressible, multiphase, multi-species, conjugate thermal network modelling tool that will be

investigated for its fitness for purpose in modelling mine ventilation networks for this work.

These network geometry configurations can also be converted to a conventional ventilation
network models and Vuma is a mine ventilation code capable of modelling fairly complete
transient, compressible, psychrometric thermal performance simulations in networks geometries,

that will also be explored.

After creating these networks, in either GFSSP or Vuma, or another code identified during the
course of the research, using measurements from field or experimental sources at Creighton
Mine, a feedback loop of relaxation of network input parameters through performance history
matching can be implemented in code to refine estimation of the effective surface area,

perimeter, and length of internal airways, etc. of broken rock heat exchangers.

An example of the solid-to-network process will now be shown. For context, geometry will be
created such as Figure 15 through means such as the FracMan — ELFEN combination technique
already explained. One question to be asked during this investigation is what size of the analysis
area of the broken rock, is a reasonable representation of the section of broken rock as a whole.
In Figures 18 and 19 the FracMan rendering-to-network concept options are shown. Figures 19

and 20 show the concept of the spacings between rocks in the portion of the finished ELFEN
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rendering and how they would be used to create a direct network airway simulation using Vuma.
A similar technique will be used in the PFC3D renderings. Figure 21 shows the direct DBM

version of geometry discussed above to be used directly in Vuma simulation.

Figure 17 Broken rock rendering from FracMan-ELFEN process (Figure 13a) showing

sample area

Figure 18: Diagram illustrating the porous solid-to -network concept highlighting the
branches connecting nodes at interstitial pore spac es in the broken rock pile. Red
branches constitute the Discrete Branch Model netwo rk format for the broken rock heat

exchanger.
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Evaluation of approaches explored:

Strategy:

To evaluate and compare how the various geometric renderings perform there will be several
parameters which will need to be evaluated in airflow heat transfer modelling. Dry and wet bulb
temperatures of the air flow (either independently or both if possible) will be monitored for all of
the models at locations corresponding to physical observation points, to compare the different
geometry configurations. Air stream pressure drops and flow rates within the system will also be
closely monitored. Mass and heat transfer calculations considering latent and sensible heats, as
well as conduction, convection, and radiation mechanisms will also be compared. Porosity and
permeability components will be quantified where possible and aggregate performance compared

across the disparate range of modelling approaches to be adopted in this work (DFM / CFD).

Data Requirements

Data on physical observations will be available from Vale’'s NHEA system or investigations on

tailings piles such as with the Diavik mine site.

Discrete Branch Models:

Outline of geometry of the heat exchange system (something like conceptual model of Figure
12).

Pressure, psychrometric, dry and wet bulb temperature and flow rate histories from at least 2
locations for performance history comparison with heat transfer curve calculations.

All geomaterial properties such diffusivity, porosity, and emissivity, and roughness should be
calculable. (Reference material may be used for assumed values).

Intake weather conditions around the mining operation.

Equivalent Continuum Models / CFD Models:

Input data for the various CFD codes for the geomaterial variables can be obtained from
experiment. Experimental validation of in-situ air pressure, water content and soil suction have
been carried out various authors (e.g. Nichol, Smith and Beckie, 2000; Rowlett and Barbour,
2000). When a surface barometer is used for an outside experiment, the in-situ air pressure
measurements indicate the magnitude by which a rock pile responds to outside changes in air
pressure, which can then be used to constrain a rock pile's effective air permeability (Weeks,
1978; Bennett, Garvie and Ritchie, 1993; Hockley et al, 2000). The water content which is used to
calculate the degree of saturation, directly relates to the effective permeability and global heat

capacity of the pile and the gas diffusivity in air. This, along with in-situ measurements of soil
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suction can indicate whether fluid flow was concentrated in the coarse or fine materials, which
provides an additional constraint on permeability. Permeability of the liquid phase can be
measured in observation boreholes if the base was saturated; otherwise, infiltration tests can be
used (Swanson et al, 2000). Air permeability can be measured via gas pumping or injection tests.
In some cases the air permeability of waste rock can also be determined by monitoring the
response of internal air pressure in response to atmospheric pressure changes (Weeks, 1978).
These are effectively the parameters required for input into computer programs such as TOUGH
and TOUGH?2.
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Heat Transfer Evaluation Tools:

Computational Fluid Dynamics Codes:

The term Computational Fluid Dynamics or CFD describes computer codes used for flows of
gases and liquids, heat and mass transfer, moving bodies, multiphase physics, chemical reaction,
fluid-structure interaction and acoustics through computer modelling, (Ansys Inc., 2010). In this
case CFD code would be used to evaluate the ventilation and heat exchange performance of
geometries created by the PFC3D, ELFEN and Fractal Solid broken rock renderings. The
approaches will be compared with experimental data for an attempt to assess their efficacy. The
ability to characterize this broken and fragmented rock with one or more of these methods for
heat exchange calculations would lead to a completely new approach for the engineering design
of cold stope systems and other mine engineering applications involving the heat transfer in

broken rock piles.

SolidWorks CFD Code:

Figure 19: SolidWorks Simulation of temperature dis  tribution along a heat sink (Desktop

Engineering, 2007)

SolidWorks Flow Simulation Software is an example 3D solid modelling and CFD program that
includes conduction, convection, and radiation heat transfer analysis features, as well as the

ability to model transient flow. Example output from the flow simulation is shown in Figure 19. For
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the current investigation, modelling complete volumes of broken rock will not be possible; an
entire full scale investigation may be out of the practical abilities of the software. Partial analysis
of limited domains (e.g. Figure 17) of broken rock piles, with representative geometry (from
PFC3D, ELFEN or Fractal) may be possible and will form part of this investigation for evaluation

of heat transfer / performance of a relatively small value of broken rock.

VUMA- Network:

VUMA-network solves airflow and temperature distributions iteratively throughout a ventilation
circuit and cooling network with the interface shown in Figure 23. The solution algorithm assumes
compressible air (Vuma Software, 2010). Input from the PFC, ELFEN and Fractal Solids
approaches can be fully evaluated within VUMA after conversion with the solid-to-network
procedure.

Figure 20 Example of Vuma Network (Vuma Software, 2 010)

Input data for nodes consists of the X, Y and Z co-ordinates, Barometric pressure (BP), Virgin
Rock Temperature (VRT), and air dry and wet bulb temperatures. Factors influencing heat flow
from the surrounding rock are the geomaterial properties of density, conductivity, specific heat

capacity, age of the excavation, and the surrounding virgin rock temperature.
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Conclusions:

Figure 21 Outline of Research Project

As seen in the flowsheet above and from the document, a procedure for how to conduct the
research into the creation of geometric renderings of broken and fragmented rock, along with the
evaluation of performance parameters of heat transfer from those realistic renderings, has been
shown. As described in this document, there will be four types of geometric rendering styles
examined (DBM, PFC3D, ELFEN, and Fractal Solids), and two main forms of heat transfer
performance evaluations investigated (Solidworks and Vuma with the third possible program,
GFSSP being added or replacing Vuma). Applications of the research can be made to various
fields dealing with the reality of broken and fragmented rock (Cold Stopes, Geothermal Energy
Production, Oil and Gas extraction, Permafrost Melting, Shaft Sinking and Acid Rock Drainage).
One of the consequences of attempting a DBM style model may be an entirely new way of
examining broken and fragmented rock and their heat transfer characteristics. As an effect of the
Solidworks and Fractal Solid research, the traditional equivalent continuum models used by
researchers today may also be improved by being able to better classify volumes of rock for their
models. Overall this research, by comparing these evaluations described, a valuable engineering

insight into the universal design of cold stope intakes may become closer to being reality.

41



Research Supervisor:

Dr. Dean Millar will be lead technical supervisor with an additional committee of Dr. Helen Shang,

Dr. Martin Hudyma and Dr. Lorrie Fava.
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Task Durations and Project Management:

Project Schedule

Figure 24 Project Schedule
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ltemized Task List

The estimated end date is October of 2013 for final assessment purposes.

44



References

Acuia, E, Tousignant, A., Bilal, N., Fava, L., Goforth, D., O'Connor,D., Allen, C., 2010. A
combined ventilation and thermodynamic model for dry surfaces to predict and optimize the
NHEA cooling and heating capacity for Creighton mine. In: 13" United States/North American
Mine Ventilation Symposium, 2010. Hardcastle & McKinnon (Eds.)

ANSYS Inc., 2010. What is Computational Fluid Dynamics (CFD). [online] Available at <
http://www.fluent.com/solutions/whatcfd.htm> [Accessed 6 September, 2010]

Arenson, L.U., Sego, D.C., and Newman, G. 2006. The use of a convective heat flow model in
road designs for northern regions. In: Climate Change Technology Conference. Ottawa, Ontario,
Canada. 10-12 May, 2006

Armstead, H. C. H. ,Tester J.W, 1987. Heat mining: a new source of energy. E. & F.N. Spon,
London.

Auer, L.H, Rosenberg, N.D, Birdsell, K.H, Whitney, E.M, 1996. The effect of barometric pumping
on contaminant transport. Journal of Contaminant Hydrology 24: pp 145-166.

Bagde, M.N, Raina, A.K., Chakraborty, A.K., Jethwa, J.L., 2002. Rock mass characterization by
fractal dimension. Engineering Geology 63: pp. 141-155

Blowes, D, Moncur, M, Smith, L,Sego, D, Bennet, J, Garvie, A, Linklater, C, Gould, G, Reinson, J.
David Blowes, 2006. Construction Of Two Large-Scale Waste Rock Piles In A Continuous
Permafrost Region. In: 7"International Conference on Acid Rock Drainage ICARD — Abstracts
March 26-30, 2006

Bonin, G, 1988. A Computer Model Of The Solar Radiation, Soil Moisture, And Soil Thermal
Regimes In Boreal Forests. Ecological Modelling, 45 (1989): pp. 275-306

Brouchkov, A, Fukuda, M, 2002. Preliminary Measurements on Methane Content in Permafrost,
Central Yakutia, and some Experimental Data. Permafrost Periglacial Proceses, Volume 13: pp.
187-197.

Brouchkov, A, Fukuda, M, Iwahana, G, Kobayashi, Y, Konstantinov, P, 2005. Thermal
Conductivity of Soils in the Active Layer of Eastern Siberia. Permafrost and Periglacial
Processes. 16: pp. 217-222 (2005)

Brown, P.L., Crawford, J., Irannejad, P., Miskelly, P.C., Noél, M.M., Pantelis, G., Plotnikoff, W.W.,
Sinclair, D.J., and Stepanyants, Y.A. 2001. SULFIDOX: Version 1.1. A tool for modelling the
temporal and spatial behaviour of heaps containing sulfidic minerals. ANSTO Technical Report,
ANSTO/ED/TNO01-03.

Cassidy, R, Morrow, P.J, McCloskey, J, 2005. A machine vision system for quantifying velocity
fields in complex rock models. Machine Vision and Applications (2006) 16(6): pp 343—355

45



Danko, G, Bahrami, D., 2008. Application of MULTIFLUX for air, heat and moisture flow
simulations. In: 12" U.S./North American Mine Ventilation Symposium 2008 — Wallace (ed),
Reno, Nevada, U.S.A., June 9-11, 2008.

Dassault Systéemes SolidWorks Corp., 2010b. SolidWorks Flow Simulation. [online] Available at
<http://lwww.solidworks.com/sw/products/cfd-flow-analysis-software.htm> [Accessed 22
September 2010]

Dassault Systemes, 2010a. SolidWorks Premium. [online] Available at
<http://www.solidworks.com/sw/products/mechanical-engineering-cad-software.htm> [Accessed
16 September 2010]

Desktop Engineering, Waterman P.J, 2007. Thermal Analysis 101: Meeting the Challenge.
Desktop Engineering, [online] (Last Updated September 4, 2007) Available at:
<http://www.deskeng.com/articles/aaafca.htm> [Accessed on 4 October 2010]

Elmo, D, Stead, D, 2009. An Integrated Numerical Modelling—Discrete Fracture Network
Approach Applied to the Characterisation of Rock Mass Strength of Naturally Fractured Pillars.
Rock Mechechanics Rock Engineering 43: pp. 3-19

Envers, P, Controlled Air Through Efficient System at Inco. Canadian Mining Journal, July 1986,
pgs 12-14.

Fluent, Inc. 2010. Fluent for Catia 5.0 Brochure. J[online] Available at
<http://lwww.ansys.com/assets/brochures/Fluent_for_Catia-5.0_12.pdf > [Accessed 6 September
2010]

Fracman Software, 2010a. FracMan Software. [online] Available at <http://fracman.golder.com/ >
[Accessed 6 September 2010]

Fracman Software, 2010b. MAFIC Software Information. [online] Available at
<http://fracman.golder.com/software/mafic.asp> [Accessed 6 September 2010]

Fridleifsson, | B., Bertani, R, Huenges, E, Lund, J W., Ragnarsson, A, Rybach, L, 2008. The
possible role and contribution of geothermal energy to the mitigation of climate change. In: O.
Hohmeyer and T. Trittin, ed., IPCC Scoping Meeting on Renewable Energy Sources. Luebeck,
Germany, 20-25 January 2008, pgs 59-80.

GeoSlope International Ltd. 2007. GeoStudio 2007, Calgary, AB, Canada.

Goering, D.J., 2003. Passively cooled railway embankments for use in permafrost areas. Journal
of Cold Regions Engineering, 17(3):pp 119-133.

Goering, D.J., and Kumar, P., 1996. Winter-time convection in open-graded embankments. Cold
Regions Science and Technology, 24(1): pp 57-74.

Golder Associates, Consulting Geotechnical Engineers, 1980. A study to determine ventilation
and refrigeration requirement and costs in deep Canadian mines

Hamm, V, Sabet, B.B., 2010. Modeling of fluid flow and heat transfer to assess the geothermal
potential of a flooded coal mine in Lorraine, France. Geothermics 39 (2010): pp 177-186

46



Hardcastle, S.G, Kocsis, C, Li, G, Hortin, K, 2008. Analyzing ventilation requirements and the
utilization efficiency of the Kidd Creek mine ventilation system. In: Wallace (ed), 12" U.S./North
American Mine Ventilation Symposium 2008, Reno, Nevada, U.S.A., June 9-11, 2008.

Holm, A, Blodgett, L, Jennejohn, D, Gawell, K, 2010. Geothermal Energy: International Market
Update. Geothermal Energy Association [online] Available at
<http://www.geoenergy.org/pdf/reports/GEA_International _Market Report_Final_May 2010.pdf>
[Accessed 20 September 2010]

Howes, M.J, Hortin, K, 2005. Surface Cooling at Kidd Creek Mine. In: Eighth International Mine
Ventilation Congress, Brisbane, Queensland, Australia, July 8, 2005.

Idea Bookmarks, 2010. 3D FractalSolids Mel. [online] Available at
http://ideabookmarks.blogspot.com/2008/08/3dfractalsolids-mel.htmI> [Accessed 20 September
2010] in the 21st Century. [online] Available at
<http://www1.eere.energy.gov/geothermal/egs_technology.html>

Incropera, F P., DeWitt, D P., 2006. Fundamentals of Heat and Mass Transfer (6th Edition) Wiley.
pp. 490, 515.

Internet Encyclopedia of Science, 2010. Menger Sponge. [online] Available at <
http://www.daviddarling.info/encyclopedia/M/Menger_sponge.html> [Accessed 20 September
2010]

ltasca International Inc. 2010. Overview of PFC3D. [online] Available at
<http://lwww.itascacg.com/pfc3d/overview.php > [Accessed 7 September 2010]

Iwaniec, T, Martin, G, 2002. Geometric Function Theory and Non-linear Analysis, Oxford
University Press, USA, ISBN: 0198509294 | 568 pages

Johnson, O.S., 2006. Thermo- and psychrometric properties of intake air passing through
fragmented strata. In: Proc. 11™ U.S./North American Mine Ventilation Symposium, pp 29- 34,
Taylor & Francis Group Plc.

Jong, E.C, Luxbacher, K.D, 2010, Application of Schlieren techniques for improved understanding
of underground mine ventilation. In: 13" United States/North American Mine Ventilation
Symposium, 2010. Hardcastle & McKinnon (Eds.)

Klassen, R, Arenson, L, Sego, D, Bigga, K, 2007. Heat Convection Modeling In Waste Rock
Piles. [online] Available at
<http://bgcengineering.com/publications/list?filterO=**ALL**&filter1=0030> [Accessed 20
November 2010]

Kocsis, K-C, 2009, New Ventilation Design Criteria For Underground Metal Mines Based Upon
The “Life-cycle” Airflow Demand Schedule, Doctor Of Philosophy Thesis, The University of British
Columbia

Kuo, E Y and Ritchie, A I M, 1999. The impact of convection on the overall oxidation rate in
sulfidic waste rock dumps In: Proceedings Mining and the Environment 11,1999 (Eds: D Goldsack,
N Belzile, P Yearwood and G Hall), pp 211-220.

47



Lai, Y.M., Li, J.J., Niu, F.J., and Yu, W.B. 2003a. Nonlinear thermal analysis for Qing-Tibet
railway embankments in cold regions. Journal of Cold Regions Engineering, 17(4):pp 171-184.

Lai, Y.M., Zhang, L.X., Zhang, S.J., and Mi, L. 2003b. Cooling effect of ripped-stone
embankments on Qing-Tibet railway under climatic warming. Chinese Science Bulletin, 48(6): pp
598-604.

Layne Christensen Company, 2010. Aquarius Project — Artifical Ground Freezing. [online]
Available at <http://www.groundfreezing.com/aquarius_project.html> [Accessed 7 September
2010]

Lefebvre, R and Gelinas, P, 1995. Numerical modeling of AMD production in waste rock dumps.
In: Proceedings Mining and the Environment 1995, pp 869-878.

Lefebvre, R, 1994. Characterization and modeling of acid mine drainage in waste rock pile, PhD
thesis, Laval University, Quebec (in French).

Lefebvre, R, 1995. Modeling acid mine drainage in waste rock dumps, in Proceedings of the
TOUGH Waorskhop '95, (Ed: K. Pruess), pp. 239-244.

Lefebvre, R, Hockley, D, Smolensky, J, and Gelinas, P, 2001a. Multiphase transfer processes in
waste rock piles producing acid mine drainage 1: Conceptual model and system characterization,
Journal of Contaminant Hydrology, 52:137-164.

Lefebvre, R, Hockley, D, Smolensky, J, and Lamontagne, A, 2001b. Multiphase transfer
processes in waste rock piles producing acid mine drainage 2: Applications of numerical
simulation, Journal of Contaminant Hydrology, 52: pp 165-186.

Lefebvre, R., Lamontagne, A, Wels, C., and Robertson, A, MacG, 2002. ARD Production and
Water Vapor Transport at the Questa Mine. In: Proceedings of the Ninth International Conference
on Tailings and Mine Waste, Tailings and Mine Waste '02, pp. 479-488.

Linklater, C.M., Sinclair, D.L., and Brown, P.L. 2005. Coupled chemistry and transport modelling
of sulfidic waste rock dumps at the Aitic mine site Sweden. In: 23" Annual Meetings of the
American Society of Mining and Reclamation 3134 Montavesta Rd. Lexington, KY 40502, March
26-30, 2006

Lund, J W.; Freeston, D H.; Boyd, T L., 2005. World-Wide Direct Uses of Geothermal Energy. In:
Proceedings World Geothermal Congress 2005, Antalya, Turkey, 24-29 April 2005

Majumdar, A., Steadman, T., Moore, R., 2007. Generalised Fluid System Simulation Program
(GFSSP) Version 5 User Manual. Technical Report of George C. Marshall Space Flight Center,
Engineering Directorate, Propulsion Department, Thermal & Combustion Analysis Branch,
NASA/Marshall Space Flight Center. Available at: <http:/gfssp.msfc.nasa.gov/links.html>,
accessed [15th December 2010].

Massachusetts Institute of Technology, 2006. The Future of Geothermal Energy - Impact of
Enhanced Geothermal Systems (EGS) on the United States

48



Massachusetts Institute of Technology, 2010. The Reynolds Analogy. [online] Available at
<http://web.mit.edu/16.unified/www/FALL/thermodynamics/notes/node122.html> [Accessed 21
September 2010]

Mathworks, 2010. MATLAB - The Language Of Technical Computing. [online] Available at
http://www.mathworks.com/products/matlab/ [Accessed 16 September 2010]

McPherson, M J., 1986. The analysis and simulation of heat flow into underground airways.
International Journal of Mining and Geological Engineering, pgs. 165-196

McPherson, M J., 2007. Subsurface Ventilation and Environmental Engineering. Springer

Mindat, 2010. Falconbridge Mine, Sudbury District, Ontario, Canada. [online] Available at
<http://www.mindat.org/loc-11127.htmI> [Accessed 20 September 2010]

Mine Ventilation Services, Inc. (MVS), 2010. ClimSIM Product Summary. [online] Available at
<http://www.mvsengineering.com/index.cfm?fuseaction=catalog_mod&category_id=3> [Accessed
5 September 2010]

Mining Heritage, 2004. Introduction: The Great Mines. [online] Available at
<http://www.timminschamber.on.ca/documents/Mining_English.pdf> [Accessed 20 September
2010]

Montecinos, C., Wallace Jr., K, 2010. Equivalent roughness for pressure drop calculations in
mine ventilation. In: 13" United States/North American Mine Ventilation Symposium, 2010.
Hardcastle & McKinnon (Eds.)

Nichol, C., Smith, L., and R. Beckie. 2005. Field scale experiments of unsaturated flow and solute
transport in a heterogeneous porous medium. Water Resources 41. pp. 275-293.

Nield, D.A., and Bejan, A., 1999. Convection in porous media. Springer, New York.

Nitao, J J., Earth Sciences Department Lawrence Livermore National Laboratory, 1996.
Reference Manual for the NUFT Flow and Transport Code, Version 1.0

Pantelis, G and Ritchie, A | M, 1991. Macroscopic transport mechanisms as rate-limiting factor in
dump leaching of pyritic ores. Applied Mathematical Modeling, 15:136-143.

Pantelis, G, 1993. FIDHELM: Description of model and users guide. Australian Nuclear Science
and Technology Organisation Report ANSTO/M123.

Papakonstantinou, K.A., Kiranoudis, C.T., Markatos, N.C., 2000. Numerical simulation of airflow
field in single-sided ventilated buildings. Energy and Buildings 33 (2000), pp. 41-48

Payette, S, Delwaide, A, Caccianiga, M, Beauchemin, M, 2004. Accelerated thawing of subarctic
peatland permafrost over the last 50 years. Geophysical Research Letters, Vol. 31.

49



Pham, H, N,Sego, D.C, Arenson, L, Blowes, B, Smith, L, 2008. Convective heat transfer in waste
rock piles under permafrost environment [online] Available at <
http://www.bgcengineering.com/files/publications/LA-2008-CGS> [Accessed 20 November 2010]

Poetsch, F.H, 1863. F.H. Poetsch patent for a freezing process to the Abteufung (Shaft Sinking)
of pits in the Bergbouter (Mining Industry)

Rieu, M., and Sposito, G, 1991. Fractal fragmentation, soil porosity, and soil water properties. I.
Theory. Soil Science Society of America Journal 55: pp 1231-1238.

Rogers, G and Mayhew, Y, 1992. Engineering Thermodynamics: Work and Heat Transfer. 4"
edition, USA: Prentice Hall PTR

Rutherford, J.G, 1960. Heating Mine Supply Air. Precambrian, Col. 33, pp 17-

Shen, C, Mckinzie, B, Arbabi, S, 2010. A Reservoir Simulation Model for Ground Freezing
Process. Presented at the SPE Annual Technical Conference and Exhibition held in Florence,
Italy, 19-22 September 2010. [online] Available at
<http://lwww.spe.org/atce/2010/pages/schedule/tech_program/documents/spel324181.pdf>
[Accessed 20 November 2010]

Smith, L. and R. Beckie. 2003. Hydrologic and geochemical transport processes in mine waste
rock, Ch 3. p. 51-72. In Jambor, J.L., Blowes, D.W, Ritchie, A.l.M. (eds.), Environmental Aspects
of Mine Wastes. Mineral. Association Canada Short Course Vol. 31.

St.  Louis, Missouri. [online] Available at <http://www.asmr.us/Publications/Conference
Proceedings/2006/> [Accessed 21 November 2010]

Stachulak, J.S., 1991. Ventilation Strategy and Unique Air Conditioning at Inco Limited, CIM
Bulletin, Vol. 84, No. 950, pp. 41-55.

Sun, B.X., Xu, X.Z., Lai, Y.M., and Fang, M.X., 2005. Evaluation of fractured rock layer heights in
ballast railway embankment based on cooling effect of natural convection in cold regions. Cold
Regions Science and Technology, 42(2): pp 120-144.

Swanson, D A, Savci, F, Danzinger, G, Williamson, A, and Barnes, C, 2000. Unsaturated
hydrologic assessment of waste rock stockpiles in semi-arid climates, In: Proceedings Fifth
International Conference on Acid Rock Drainage, pp. 1273-1282, Society for Mining, Metallurgy,
and Exploration, Inc:. Littleton

Sylvestre, M J-G, December, 1999. Heating And Ventilation Study Of INCO’S Creighton Mine,
Department of Mining and Metallurgical Engineering McGill University, Montreal, Master’s thesis

VUMA website, 2010. Vuma- Network Software. [online] Available at
<http://www.vuma.co.za/Network.htm > [Accessed 5 September 2010]

Vyazmensky, A., EImo, D., Stead, D., Rance, J.R, 2008. Combined finite-discrete element
modelling of surface subsidence associated with block caving mining. MassMin 2008. Lulea,
Sweden, pp. 857-866.

50



Vyver, H.V.D, Dirker, J, Meyer, J.P, 2003. Validation of a CFD Model of a three-dimensional
Tube-in-Tube Heat Exchanger. Third International Conference on CFD in the Minerals and
Process Industries. CSIRO, Melbourne, Australia 10-12 December, 2003.

Wagner, K., Smith, L., and R. Beckie. 2006. Hydrogeochemical characterization of effluent from
mine waste rock, Cluff Lake Saskatchewan. 7th ICARD Proceedings

Weeks, E P, 1978. Field determination of vertical permeability to air in the unsaturated zone, U.S.
Geological Survey Professional Paper 1051.

Wels, C, Lefebvre, R, Robertson, A, 2003. Control of Air Flow in Waste Rock Dumps [online]
Available at <http://www.infomine.com/publications/docs/E-
Book%2003%20Air%20in%20Dumps.pdf> [Accessed 20 November 2010]

Western Miner, Volume 55 #7, July 1982

Whiller, A., 1982. Elementary Thermodynamics. In Environmental Engineering in South African
Mines. Mine Ventilation Society of South Africa, pp. 465-94.

Yu, W.B., Lai, Y.M., Zhang, X.F., Zhang, S.J., and Xiao, J.Z. 2004. Laboratory investigation on
cooling effect of coarse rock layer and fine rock layer in permafrost regions. Cold Regions
Science and Technology, 38(1):pp 31-42.

51



