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3.1 Background

Recently a methodfor remaoving contaminantgrom soil (several metersunderthe ground)hasbeen
proposedby McMillan-McGee Corp. The processcan be describedas follows. Over a period of
several weeks, electricalenepy is introducedto the contaminatedsoil using a multitude of finite
lengthcylindrical electrodes Currentis forcedto flow throughthe soil by the voltagedifferentialsat
the electrodes Wateris alsopumpedinto the soil via the injection well andout of the groundat the
extractionwell. Thesoilis heatedup by theelectricalcurrentandthe contaminatediquids andvapours
areproducedat the extractionwell. Thetemperaturef the contaminatedoil, duringthe processjs
believedto reachthe maximumvalue(theboiling temperaturef water). Normally, the electrodesre
placedaroundthecontaminategiteandtheextractionwell is locatedin the centreof thecontaminated
region. Thedistancebetweertheelectrodess usuallysevento eightmeters.Thedistancebetweerthe
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extractionwell andanelectrodds aboutfour meters.The diameterof the electrodess 0.2 meterand
theextractionwell is 0.1 meterin diameter

Thereasorfor usingthe electricalcurrentis that“flushing” the soil usingwateraloneis not effec-
tive for removing the contaminantsBy heatingup the soil andvaporizingthe contaminatediquid, it
is anticipatedthat rate of extractionwill increaseaslong asthe recondensatiors not significant. A
major concern therefore,is whetherrecondensatiowill occur Intuitively, one might speculatehat
liquid phasemay dominatenearthe injectionwell. Moving away from the injection site towardsthe
extractionwell, dueto the combinedeffectsof lower pressureandhighertemperaturgfrom heating),
phasechangeoccursanda mixture of vapourandliquid may co-exist. Theremay alsobe a vapour
only region, dependingn thevaluesof temperaturepressureandotherparameterslin thetwo-phase
zone,sincevapourbubblestendto risedueto thebuoyang force,andthetemperaturelecreasealong
theverticalpathof the bubblesout of the heatedegion, it is possiblethatthe bubbleswill recondense
beforereachingthe extractionwell. As aconsequencehe probability existsthatpartof the contami-
nantsstayin thesoil. Obviously, to predicttransitionbetweersingle-phasandtwo-phaseegionsand
to understandhetransporiphenomenoin detail,athermalcapillarytwo-phasdlow modelis needed.
However, to simplify the problem,herewe only considerthe casewhentwo-phaseso-exist in the
entireregion.

Themainobjective of this modellingexerciseis to determinghenecessaryacuumpressurépres-
suredrop from the electrodego the extractionwell) sothatthe chemicalbubblesareremovedat the
extractionwell beforethey risetoo highandcondenséo theliquid state.

3.2 Flow and Temperature Fields

To malke the problemtractable we consideran idealisedsituationwherethe extractionwell andan
electrodeare both placedat the centreof a circle andthe currentaswell asthe mixture of liquid

andvapourareflowing towardsthe centre. The domainof interestbecomes cylindrical region with

the extractionwell andan electrodeat the centre. To further simplify the problem,we assumeadial
symmetryandthe electricalcurrentis in the radial directiononly. Even with thesesimplifications,
the problemat handis still a complicatedoneandin principle a multi-phaseflow modelwill be an
appropriatestartingpoint. However, we take a simplistic approachin this reportby decouplingthe
complicatedprocessnto severalsub-processes.

First of all, sincethe main componentsn the systemare water and water vapour we will not
distinguishvariouscomponent# the systemandtreatit asa one-componergystemwith two phases:
liquid andvapour Secondly we assumehat the two-phaseflow underconsideratiorfalls into the
slug flow regime sincethe flow ratesare relatively low - typically in the rangeof 1072 m3/s. As
aresult,in the horizontaldirectionr, the vapour(generatedy the heating)moveswith the liquid
phase.Thereforewe will notdistinguishthe two phasesanda single-phasenodelwill be usedwith
a commonradial mixture dischage velocity u. Furthermorethe massexchangehappensmainly in
the r directiondueto an appliedpressuredrop betweenthe extraction well and the injection well.
Therefore,conseration of masswill be appliedto the horizontalvelocity componentonly. In the
vertical z directionthe bulk of the liquid phaseis at rest,exceptthe partdisplacedby vapourdueto
buoyangy force. Following [4], ther-componenbf thevelocity is determinedyy the Dargy’s law
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wherek is the effective permeability 1 is the effective viscosity and P is the effective pressureThe
massconsenration (assuminghatthevertical z components small) canbewritten as
5pf 10

W + ;E(Tupf) = 0. (32)

Themixturedensityp; andr-velocity v aredefinedas

pr=ap+ (1 —a)p, pru=apuy +(1—a)pu,

wherea is theliquid volumefraction (saturation)y; andu, aretheliquid andvapourvelocity com-
ponentsn ther-direction,p; andp, aretheliquid andvapourdensities.

The temperaturef the soll, liquid andvapourmixtureis determinedoy the enegy conseration
aw orT or 10 or

S + prefug . = o (ma) +o|E*> - LM, (3.3)

whereco|E|? is the Jouleheatingof the soil with antheelectricalresistivity o andelectricfield £. The
term LM representshe heatlostin the formationof the bubbleswith L is the latentheatof vapour
ization of thefluid and M the massrateof vapourization.The soil fluid mixtureis characterizedy a
heatcapacitypc andthermalconductvity . Notethatwe have assumedhatthereis no temperature
variationin thevertical z direction.

Now, we usedimensionahnalysisto furthersimplify (3.1)-(3.3),by keepingthe dominantterms.
With thisin mind we make the following assignments:

P:P0+AP15, r=ar, t=p1, u%ﬂ

wherethe quantitieswith hatsaredimensionlessindthe collection{ AP, z, 3} arerepresentatie val-
ues.Underthis assignmenthe expressiorfor the pressurdoecomes

Representate valuesfor thevariousquantitiescanbefoundin Table3.1. Typical ordersof magnitude
in Slunits[8] arez ~ 10, 3 ~ 10°, k ~ 1072, u ~ 107 and AP ~ 10° yielding BkAP/(uz?) ~
10? > 1. Consequentlyhe temporalvariationsof 5, canbeignoredto first approximationgiving a

pressurdield expressiof?
19 (.. 0P\
7 or (Tpf &ﬁ) =0 (3.4)

Turningto the expressiorfor thethermalenegy we make the furtherassignmenthat

T =T, + ATT.

12For the purpose®f the dimensionaknalysisthe relative permeabilityhasbeentakenasa constant.
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Theexpressiorfor thetemperaturdbecomes

pc B =0.

8f+pfcfu8r_x2r5’r or AT6+AT

oT of Bkl (ﬁ:ﬁ) o|E? . LM
The first two termshave coeficientsof pc ~ 10° andpsc; ~ 10°. Sincethe thermalconductvity
k ~ 10, the coeficient of the third term hasa magnitudeof 8x/x? ~ 10* < 10° indicatingthat
diffusion of the temperaturdield can be ignoredto first order For the last two termswe use|8]
AT ~ 10%, o|E|* ~ 103, L ~ 105 and M ~ 107 giving o| E|?3/AT ~ 105 and LM 3/AT ~ 10°
andto first orderthetemperaturdield satisfies

3T+ 0T  o|E]?
5 TP aE T AT

We should mentionthat the phase-changeerm may becomeimportantwhen the massrate M in-
creasesln thatcase thetemperature@ndthe flow fieldswill be coupledandnumericalor asymptotic
methodshave to beused.

Droppingthehatnotationandassuming; is spatiallyuniformallow oneto expresg3.4)and(3.5)

as
10 oP
5 (%) -0 59

2
pegy T pseru gT = U@ B. (3.7)

Finally, we usethe motion of a long gasbubble inside a small channelto describethe relative
vapourrising velocity in the vertical z directiondueto buoyang force. This problemwasfirst inves-
tigatedby Taylor [11] andstudiedsubsequentlpy mary researcherasa modelto gaininsightsinto
slugmulti-phaseflows (in oil andgasrecovery)[2, 7, 9, 10,12].

For low viscosityand high surfacetensionsystemssuchasthe watervapourtwo phaseflows in
a moderate-sizedirculartube, Tung and Parlange[12] proposedhatthe terminalvelocity v, of the
rising bubbleis givenby the phenomenologicadxpression

pe 8 =0. (3.5)

o2 1/3

= /0.272gd — 0. 472A i d > dyin = 0.936 L](Ap)Q] (3.8)
whered is thediameterof thetube,~ is the surfacetensioncoeficientandAp = p; — p, is thedensity
differenceof the liquid andvapour Note that for a sufficiently smalltube,d = d,.;,, this formula
predictsthe vapourslugvelocity becomeszero.

Ontheotherhand,experimentainvestigationsn micro non-circularchannelave shovn thatthe
elongationabubblesalwaysrise evenfor a channelwith effective diameterassmallas0.866x 103
meter[1]. More recently numericalsimulationof long gasbubblesrising throughmicro channels
with triangularand rectangularcrosssectionfilled with stagnationliquid hasbeencarriedout [7].
The terminal velocity of the rising bubble asa function of the effective diameteris givenin a non-
dimensionaform as

Ca= ¢,E0™ + ¢,E0™ (3.9)
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Ca=c1 Eo% + c2 Eo®?
2 Triangle: ¢1=5.8x 10%,c2=22x10",d1=1.02, d2=2.22

Square: ¢1=6.7x 10, c2=2.3x10°, d1 = 1.03, d2 = 2.61
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Figure3.1: lllustratedis the capillary numberasa function of the Edtvos numberfor channelawith a
triangular(solid) andsquargdotted)crosssection.

wherethe capillarynumberCaandthe E6tvosnumberEo aredefinedas

Apgd?
Ca= " Eo= =297
Y Y

The parameters; andd; arefit using numericalresults. Figure 3.1 illustratesthis relationshipfor
channelsvith atriangularandrectangularcrosssection.

3.2.1 Pressue

Now let us considerthe following equationfor the pressurelistribution in the system,assuminghat
therelative permeabilityis a constanbnehasequation(3.6)

o (,0PY _,
or or )

P(rw):P’w: P(Te):Pey

with boundaryconditions

wherer,, is the radiusof the domain(wherethe injection well is placed)andr, is the radiusof the
extractionwell, P, is the pressureat the extractionwell and P, is the pressureat the electrode.The
solutionto this equations

nr—1
P(r) = (Py— P)m———“ 4+ P.. (3.10)

Inr, —Inr,
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3.2.2 Velocity

We have two equationsfor velocity distribution: lateral velocity and vertical velocity. Let us first
considerequatiorfor lateralvelocity field:

k dP
W dr
Usingexpression3.10)we find
U= k Po—F 1 (3.12)

pwlnr, —Inrer’

For the vertical componenbf the vapourvelocity, we usethe dimensionalform of (3.9), which
gives

v, = ~Ca= L (¢;EQ" + c,Eq™). (3.13)
2] 2]

Fromwhichwe canobtainthe (average)dischagevelocity in the verticaldirection

v, =70(1 —a)vy, = TFV (3.14)

whereV,, = Apgd?/(3u,;) is a representatie terminalvelocity of the rising vapourbubbles,and
is thetortuosityfactorof the bubblein the porousmediarelative to the terminalvelocity of a vapour
bubblein straightverticalchannelwith diameterd. Thefactor

F=¢(l—a)

Ml (Cl Eod1 + CQEOdQ) (315)

whereg is the porosityof the medium

3.2.3 Temperature

Assumingconstanelectricalcurrentinsidetheelectrodel;, themagnitudeof theelectricalfield in the
porousmediumcanbewrittenasE = I;/(2rro H) whereH is theheightof theelectrode Theenegy
equation(3.7) canbewrittenin theform

or b0T «a
o Tror e (3.10)
with initial andboundaryconditions
T(r,0) = To(r),
{ T(rot) =T, (3.17)

with 7o(r) =T, for 0 < r < r. andwhere

oy 10317 p— 9 P
 dom2H2pc’ T 2nH pc
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Here we have replacedu by the volume flow rate ¢ usingthe relationshipg = —27rHwu. Unlike
pressurethe temperatureof the systemis time dependent.In orderto solve (3.16)-(3.17)we use
methodof characteristicsvhich givesus:

a T
I [ ) + Ty (VrZ—200), > \/r2+ 20t
T(r,t) ’ ('T2_2bt) : | (3.18)
r,t) = .
%ln <1> + T, r < /T2 + 20t
Te

3.3 Transport of Contaminants

Let C, andC; bethe massconcentratiorof the contaminantn the vapourandliquid phase.Thetotal
amountof contaminants conseredandsatisfies

0
a (Cv + Cl) +V- (ﬁvcv + ﬁlCl) =0
with @; = (u;, v;) beingtheradialandverticalcomponent®f the velocity vectorof eitherthe vapour
(¢ =w) orliquid (i = [) phase.
Fastreactionassumptioryields
C,=KC,

where
K = P x 10~A+B/(T+0)

with [8] A = 7.098, B = 1238.71 andC = 217. HereT and P are temperatureand pressure,
respectiely. Eliminating C; givesthe expression

%(1+K) Cy+ OV - (il + Kiiy) + (il, + Kii)) VC, = 0. (3.19)

Thereforeassuminghat K is independentf time, we have

a CU — — ﬁu + Kﬁl
el : K CA— = (. .
8th+1+ V- (d, + ul)+< K )VCU 0 (3.20)
Solvingby the methodof characteristicsye have
dC’U OU — — o
o T1o KV (U, + Ki) =0 (3.21)

wherethe characteristibasecurvesaredeterminedy thetwo ODEs

dr B U, + Ky
a  1+K '’
dz v, + Ky

dt 1+ K
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Fromthesewe have J %
r Uy + KU
_—= 3.22
dz v, + Ky ( )

Fromtheflow andtemperaturenodelwe have

q
= Uy = — y =0, v — Fvoo
Uy u Dy v , v T

whereq is thevolumeflow rateatthe extractionwell, F' is givenby (3.15)andr is afree parameter

Assumethata parcelof contaminanat the baseof the injectionelectrode(z = 0, r = r,,) moves
towardsthe extractionelectrodelocatedat r = r. < r,. Accordingto equation(3.22) the vertical
displacemenbf this parcelis givenby the monotonicallyincreasingunction

2nHv, [™ &
z= . /T—1+Kdg.

If we let h be the heightabove the contaminantegion which hasbeenheatedup by the electrodes
thenthe parcelwill be successfullyextractedprovidedit reaches = r. beforez = h. Let z, = z(r.)
denotethe heightof this characteristiavhenit reachegshe extractionwell » = r.. By assuminghat
thefactor1 + K doesnot vary significantlyovertheinterval r. < r < r,, theconditionthatz, < h
canbecornvertedinto alower boundon the volumetricflux of

S T FHV,,(r2 —1r?)
1= "R+ K)

With H =5m,h=1m,r, =5m,r, =0m, Ap = 103 kg/m?, ;; = 1073 Pas,andr = 0.01, for a
meanthroatsizeof d = 10~2 m, weobtainF = 1.7 x 10~* for amediumwith squarechannelsBased
on thesevalues,we cancomputethe valueof ¢ = 6.8 x 10~* m?3/s. The calculationwasdonebased
on the parametewralueslisted in Table3.1. We notethatthereis no physicalbasisfor choosingthis
value. However, viewing the possibility that bubblesmay gettrappedin a particularporousmedium,
it is notunreasonabl® expectthatit will take amuchlongertime for the bubblesto travel vertically.

3.4 Conclusionsand Recommendations

In this reportwe have proposeda simple modelfor estimatingthe transportof contaminantsising
thermalremediation.Basedon the model,the minimum extractionrate of fluid is calculatedandits
valueis within the practicalrange. However, mary questiongemainunansweredFor example,we
have notaddressethe effect of temperaturevariationin the verticaldirectionandnearthe edgeof the
heatedzone.We have not attemptedo examinethe effect of possiblecondensatiomearthe cold/low
pressureegion. Finally, we have not consideredhe possibility that bubblesmay be trappedin the
isolatedporespaceandthe effectsof heatingandthe accumulatiorof vapourbubbleson the sail.

We shouldalsomentionthatwe have not tried to identify transitionsbetweerliquid-only, vapour
only andtwo-phaseegionsandthe transportatiorof contaminantsn the liquid andvapouronly re-
gions. However, this may not be ascritical asotherissuessinceit is relatively simplerto determine
thevelocity of theliquid or gasin the one-phaseegion.
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Data Symbol Value
OperatingProperties

Maximum Temperature Trnax 100°C

Initial Temperature Twin  20°C

Initial Pressure Py 101.325kPa

Target Thickness H 5m

ElectrodelLength L, 5m

ElectrodeSpacing Ze 10m

ExtractionWell Spacing L 10m

PhysicalProperties

Initial Permeability® k 10.0mD

Viscosity"* L 1.0cP

SurfaceTensionof Water® y 0.0717N m=!

ProducingPressurérop AP  500kPa

Total HeatCapacity pc 2.8 x 10 Jm—3K~!

Table3.1: Input Datafor the samplecalculations.

57

Evidently further improvementsare neededbeforethe model can be usedfor predictionandto
answertheotherissuegaised.In particular aproperflow andtemperaturenodelmustbe derivedand
referencd5] shouldprovide a goodstartingpoint wherethermaltwo-phasdlow in porousmediais
discussedSecondlythe effectsof the phasechanggvapourizatiorandcondensation);apillary pres-
sureandtheexistenceof vapouronly regions,which have beenneglected maybeimportantin certain
domainsgspeciallyneartheboundaryof theheatedzonewherethechangeof soil temperaturés more
significant. Modelsanalyzingcondensatiomndvapourizationn porousmediahave beenstudiedfor
otherapplicationsvhich maybehelpful, seefor example[3] andreferencesherein.Finally, the effect
of differenttypesof porousmediaandtheimpactof heatingandvapourbubblesmaybeimportantas
well. Modelsof gaspenetratingelasticmediahave beenstudied[6], which maybeusefulif fracturing
of themedianeeddgo be considered.

131 Dargy =9.87 x 1012 m?.

141 centipoise= 1 x 103 kgm~'s™ ' =1 x 10~3 Pas.

153t 25°C.
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