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Abstract T The Canadian climatéeatureslong, cold winters and short, mild summekat providesthe opportunityfor Val e 6 s
CreightonMine in Sudbury, ON, Canada tbanage mine cooling requiremertger a 50 year period he intake air for Creighton

Mi neds ventilation system is condit i oMawml Heay ExahangetArea (NHEAFhE v p
NHEA is alargescalevolumecreated by previouspenpit and block cag mining at Creighton thatontainssignificantbroken rock
tonnagewith the ability tostoreambient coolth and heat on a seasonal basis.

Thestudyreported in thigpaperis part of an orgoing collaborative research project condudigd/ale and MIRARCOThe project is
investigating options textend the efficiency ohe NHEA systenandprovide cooler air to deeper levels Gfreighton Mine A three
dimensionakomputationafluid dynamics (CFD) modelis being developed and calibratiat dynamic modeling and simulatiaf the
NHEAGs t her mal physics. T h supportathe iadsessamert af both @pktion amd dydtem biesignwariatidns
toi mprove the NHEAOGs performance.

Keywords: Natural Heat Exchange ArgdlHEA), Computational Fluid Dynamsc(CFD) simulation Creighton Mine
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1. Introduction

The Canadianclimate has allowed Creighton i to manage mine cooling requirements Byploiting an
environmentdy benign option, and eliminating fuel consumption for ventilatiopurposes using the Natural Heat
Exchange AredNHEA) [1].

Creighton Minethe deepest nickel mine in therld, is currently producing & depth ofapproximately2.5 km, and
is projectedto continue productiomvell into thefuture Auto-compression of the downcast ventitgfiairincreases with
depth andis the largest component of mine heat load in Canadian rf2heormally, the air temperature increasss 1
with a 100 m increase in depthnd thereforeincreaseghe requiredcooling capacityrequirementas Creighton Mine
develops deeper

The currenNHEA system has beemanaged over the yeas meetthe needs of the min®revious estimatefsom
CreightonMine have shown that the coolimgpacity of theNHEA as ithas beemperatedn the paswill not be sufficient
to continue miningwithout additional cooling thatan be supplied using refrigeratiptants[2]. Currentefforts aim to
postpor the capital cost of refrigeration plartty assessing modifications to the NHE@stemor its currentoperation
Computationalffluid dynamics (CFD) modeling and analysis of the NHEA is one of the approaches tasewalytthe
NHEA system andubsequentlymproveits performancendprovideadditionalcooling for the deeper levels of Creighton
Mine.

This papelprovidesa concise introduction dhe physics andynamicthermal behaviour of the NHEA at Creighton
Mine and a detailed descriptionf the CFD model of the NHEA systerRrimary guidance for potential engineering
designs to improve the NHEA system are proposed basdtie CFD simulations and histaogicdata recorded at the
NHEA. A brief explanatiorof the targets set for theext step®f this ongoing research woik also provided
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2. Physics and Performance of the Natural Heat Exchange Area (NHEA)

The NHEA is the primary intake for the ventilation system of Creighton Mine and prowidatiral source of air
conditioning. The NHEA is a largscalevolume created during priomining operationghat contains significartiroken
rock tonnage The NHEA is exposed to the environmerttsurfacewith an asymmetric concavace with a maximum
deph of approximatelylO0 m. The NHEA is connected the underground ventilationetworkthrough 96 trench doors
associated with boxholes and slusher trenchgavell as millholes and ore passes from the old mining.athessible
areas of the NHEA ardivided into fourpartitionsknown as Blocks 1, 2, 5 and Blocks 3 and 4 exist as well, but feature
slusher trenchethat are inaccessible. The plan view of the NHEA and the superimposed former mining ard¢laewith
Block divisions are presented Error! Reference source not found. Approximately half of the trench doors are set
closed and the remaining are set oparayearroundbasis The trench doostates (closed or operghangedepending on
the associatedseason.Ambient air is continuously drawn through the broken rock with three main sets of fans
undergroundas illustratedn Error! Reference source not found. The airpulled from the NHEAIs directedcthroughthe
open trench door® a gathering arean the 800 Level Error! Reference source not found.). Surveys haveandicateda
significant amount of air leakage in the NHEA system, which meansa Higificant amount odir is taking an unknown
path to the gathering area (800 Leatdis not controlledthrough the trench doaystem This will be discussedurther
in Section 4.
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Fig. 1: The old workings divided into groups known as Blocks 1, 2, 5 anduberlmposed on the plane view of the NHBA
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Fig. 2: Three main fans located at 1420, 2300 and 2600 Levels continuously pull air through NHEA and the gathering area c
the 800 Level, to the three fresh air systems in green, blue afit] red

Depending on the seasdhe ventilation air is heated or coolad it is continuously drawthrough the NHEAby the
main fans During winter cold temperaturepropagatdrom surfacehrough the broken rock massvards theopen trench
doorsasa result of heat transfer betweéme incoming air and théroken rockthat is initially warmer than the aiA
similar process occuiia summer with gropagatiorof warm temperatusthrough thecoolerbroken rock masdn other
words, the NHEA is acting as a refrigeration systarsummer and a heating system in winter.

Sensors are installed near the control doors to monitor the air tempearaduteassociatedatais archived by a real
time data historianThe air temperature a given open or closettench door changes graduallg the result of heat
transfer happening in the NHE&Ack massOnce the temperature at a given door surpassesestatdished trigger value,
the door state will be changedanually The triggertemperaturevalue at each trench door has bedatermined
empiricallyand is &unction of depth, block, and season.

Severaluncontrolled &ctors such as air leakage, ice formation in winter and flooding in surraffectthe efficiency
of t he NobirBaAdR.STis pngaing study is aiming to enhance the knowledfythe physics othe NHEA in order
to improvethe performance of the systemd develop engineering options for future consideration

3. Computational Fluid Dynamics (CFD) Modelling and Simulation of NHEA

The fluid dynamics analysis of the NHEA system only focuses on the thermodynamic interactions of the air a
broken rockln this section, theomputationafluid dynamic (CFD) modeling of the NHEA system is presented in detail
and theresults of the simulations are discussed.

3.1. Model Description

3.1.1. Geometry

With reference to the actual geometry of thelEM\ and the size and location of the 96 trench doorstheee
dimensional model of the NHE#vasbuilt utilizing Ansys 17.1i DesignModelelf4]. The geometryvas discretized with
1,831,416etrahedrommesh elementafter mesh independence tesiee meshed geometry of the NHEA is presented in
Fig. 3 and groupsof trench doors (blocks) can be distinguistesthe zoneswith higher meshelement densityThe
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location and number of trench doors for Block 3 and 4 are rough estimates from the old prints of th@eniiensions
of the NHEAare698 m (x-directior), 694 m (y-directior), and333 m (z-directior). The total volume of the model 49
million m3 andthe top surface area of thHEA is 336,000m2.
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N .
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Fig. 3: The Natural Heat Exchange Area (NHEA) and trench doors with reference to the actual NHEA geometry. The geometry is bl
and meshed with Ansys 17.1DesignModelef4]. Each group of trench doaishighlighted with red circles and the block numbers
are labeled.

3.1.2. Boundary Conditions

The model considers transient boundary conditions for the transient heat transfer between amdnenthe
broken rock withlocal thermalequilibrium (LTE). The inlet boundary condition is applied to the concave surface of
the NHEA surfacepit, whichis exposed to the environment and is defined nikbt-Velocity [4] ata constant airflow
of 0.0024 m/s (approximately 800°3s) and a transient dailyaverage ambient temperatuss recorded by
Environment Canad]. The transient temperature was set witherDefined Function(UDF) written inthe C
languageThe outlet boundargonditions are applied to all of the trench domrseach dayand aredefined withan
Outflow of 0 if the door is lbsed and 1 if the door is open utilizing a Journal il The transieh boundary
conditions are defined for a period of 10 years using data from January 2008 to December 2015, repeating 2008 anc
2009 data twicelt should be mentioned that the specified boundary conditions are limited to the availability and
accuracy of thdistorical data recorded at the NHEA.

The volume of the broken rock the NHEA is defined as a porous zone wiétporosity of 0.2 based on the
estimatedbulking factor of 25 to 30% from the previous mining acidgiat the sitgd6]. The porous zone resistance
(inverse of the porous zone permeabilis/plefinedto be75 m? based on the measured values of airflow and pressure
at different locationsvithin the NHEA. The porous zonés assumed to baitially homogenouswhich might be a
subject of change in further development of the CFD modalble 1 reports the thermephysical properties of the
material content afheporous zone
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Tablel: Thermophysical properties of the model

Property Value
thermalconductivity 2W/m.K
specific heatcapacity 80CJ/Kg.K

Rock density 300(Kg/m®
permeability of porous zone 0.013:m"
porosity 20%
thermalconductivity 0.024:W/m.K
Air specific heatcapacity 1006.4:J/Kg.K
density 1.205Kg/m’

3.2. Numerical Methodology

The model was solved by Ansys 171.1FLUENT usingthe Semilmplicit Pressure Linked Equations (SIMPLE
algorithm seconebrder upwinddiscretizationand the Algebraic MultrGrid (AMG) method[4]. Thesimulations ran for a
period of 10 years with 3,653 time steps, 20 iterations per time stegp88d00 seconds stegize (one day)The 10 year
periodof the simulation is definedith trial and error tassure that the simulation results are not affectatidoarbitrary
initialization of the modelEach simulation took 7 days to run om4bit PC running Windows Ayith 32 GB RAM aml
anl nt el E G4770& EPUI@73.5 GHz processor.

3.3. Results: Validation and Discussions

In this work, the simulation results are validated based offigliemeasuredemperatures at each of the 96 trench
doorsand the ambient air temperatufer the year 2015The measuretemperatures at the trench doasswell as the
ambient air temperatufellow a sinusoidawavelike behaviour yearound The trench doofgemperature curves attae
ambient temperature curvlavethe same frequency but dérent phase and amplitude. this regard, each temperature
curvehas beemharacteriseavith a value of phase and temperattaege The validation of the simulated temperatures at
the outles for the year 2015 is initiated by compagithe characterists of the simulated temperature curvpbhaseshift
from ambient air temperature curve, and the temperature ciagacteristicsat each outletvith measured temperature
curves at thecorrespondingtrench door. It is found that witthe definedthermephysical properties and boundary
conditions, the model results are in good agreement witfigdldemeasurements.nE £mperature range at dlle outlets
matches withthe temperature range #tar corresponding trench doors. Howevdhe phaseshft match between
simulated and measured temperature cuiwvashieved abnly 70 out 0f96 trench doorsThis might be due to inaccurate
data for trench door locations addition tosimplified boundary conditions angbrous zone properties. Despiteséethe
currentCFD model is capable of accounting for the fundamental thermodyshbatiaviour of the NHEA.

Fig. 4 presentsan abstractdemonstration of the CFD simulatioesults. The tree graphsn Fig. 5 compare the
simulatedand the measurgémperature for the year 20\ear 10 of the simulation)at threeoutlet locationsclose to the
surface, miebepth of the NHEA and bottom of the NHEA. The location of each grajpidisatedwith a red arrow in the
NHEA geometry presented Fig. 6. Thesimulated temperature at the NHEA model outfgtdlack show an acceptable
match with themeasured temperature at the corresponding trench @iooes), both in terms ofemperature rangend the
shift fromthe ambient air temperature on the surf@edlue). The shift betweetheambient air temperature graph ahd
trench door temperature graph, as weltheereduction in the temperaturangeis confirmationof the heaexchange that
occurshbetween rock and aiin the porous zone.

MMME 1505



0.00

Fig. 4: Validation of the simulation resultdreegraphs compare the simulation result and the measuretbdatleced
NHEA outlets in thdinal year of simulation (2015 he simulated temperature at the NHEA model outlets are in black, the measured
temperature at the corresponding trench doors are in red and the ambient air temperature on the surface is in blue

Fig. S5presens the emperature contours in a cross sectibthe NHEA and airflow trajectories across the entire
NHEA for December 2015. As the air travels deeper, with longer trajecttreesir temperature at the trench doors
and within the porous zone moderates to a relatively constant temperature (apjetgxdenayearround. In contrast,
closer to the surfacéemperature follows a wadike behaviour ands closer to the ambient air behaviour. This can be
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produced with Ansys 1711 PostProcessing [4].

MMME 1506



4. Opportunities to ImprovetheNHEAGs per for mance

According tothe qualitative analysis of the NAEpresented in Fig. 4, temperature variasiah deeper parts of the
NHEA arealmost negligible andre typicallysteady. This can battributedto havingfewer trench doors in the bottom of
the NHEA. Trench doors are the outlets of the systemthadar@t forthe path oleastresistance for the diow. A study
of the old Creighton opepit mine design maps can guittee selection opotential locations in the bottom of the fhat
could connect to the underground ventilatisystem topull more air from the bottom of th&urfacepit. This could be
beneficial in the winter seasobecause pulling more air from the bottom of gystemis expected tgpromote the
propagation of the mass of cold temperature to deegueés of the NHEA. Thigould potentially provide larger cooling
capacityduring the summemonths

The airflow survey conducted at the NHEA trench daamdon the 800 Levelcollecting aredasconfirmed that there
is agreat amount of leakage in the systavhich results inuncontrolledair enteing the 800 Levelcollecting arealt is
expected thabcatingand sealinghe sources of the leakageviiil provide the ability to lowethe average tempetag of
the ar onthe collecting area (800elvel)for deliveryto the deeper levels of the mine.

5. Future Work

The currentcomputationalfluid dynamics CFD model is capable of reproducing characteristics of the NHEA
qualitatively, which leads to a better understanding of the sysfemuantitative calibrated modéd essential for the
confidentevaluation of engineering optiorts improve NHEA performanceand provide cooler aito deeper levels of
CreightonMine. This can be achieved by manipulating the thepimgsical properties of the CFD model amgblacing
simplified assumptions byore realistiaepresentations.

The next step towards a fully calibrated CFD model iadoount foran inhomogeneous porous zone for the NHEA
massof broken rockvolume Determining the porosity and resistance parameters atetitflocations of the porous zone
requires avery detailed airflow and pressure survey at the NHiRich is howbeing conducted. Suchsurvey should
alsobe accompanielly a searchof the historicalmining techniques thatreatedhe operpit areaat CreightonMine. The
calibrated model caprovide guidancein the assessent ofthe expectegerformance of th&NHEA after changes are
applied andin determinng whether enough coolingapacitycan be achieved.

6. Conclusions and Summary

The NHEA at V MineidSudb@y, @tarig Bdnada is a valuabésset which provides natural cooling
and heating for Creightodli n e 6 s ng a&irn This bystami is being studied for performance improvesierihcrease
its cooling capacity @ideeper levels of the mine come into operation. The physics and thermal behaviour of tharBIHEA
described in this papeln addition,a CFD model of the NHEA system for qualitative analysis was presehteather field
tests forsupplementarknowledgeof dynamic thermal behaviour of the systamebeing undertakerThe calibratedCFD
model and histor@l data recorded at the NHEAIl provide theprincipal guidance for potential enginedrmodifications
to the systento enhancehe NHEA
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