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3.1 Background

Recently, a methodfor removing contaminantsfrom soil (severalmetersundertheground)hasbeen
proposedby McMillan-McGee Corp. The processcan be describedas follows. Over a period of
several weeks,electricalenergy is introducedto the contaminatedsoil using a multitude of finite
lengthcylindrical electrodes.Currentis forcedto flow throughthesoil by thevoltagedifferentialsat
theelectrodes.Wateris alsopumpedinto thesoil via the injectionwell andout of thegroundat the
extractionwell. Thesoil is heatedupby theelectricalcurrentandthecontaminatedliquidsandvapours
areproducedat theextractionwell. The temperatureof thecontaminatedsoil, during theprocess,is
believedto reachthemaximumvalue(theboiling temperatureof water).Normally, theelectrodesare
placedaroundthecontaminatedsiteandtheextractionwell is locatedin thecentreof thecontaminated
region. Thedistancebetweentheelectrodesis usuallysevento eightmeters.Thedistancebetweenthe
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50 CHAPTER3. IN-SITU THERMAL REMEDIATION OFCONTAMIN ATED SOIL

extractionwell andanelectrodeis aboutfour meters.Thediameterof theelectrodesis 0.2meterand
theextractionwell is 0.1meterin diameter.

Thereasonfor usingtheelectricalcurrentis that“flushing” thesoil usingwateraloneis noteffec-
tive for removing thecontaminants.By heatingup thesoil andvaporizingthecontaminatedliquid, it
is anticipatedthat rateof extractionwill increaseaslong asthe recondensationis not significant. A
majorconcern,therefore,is whetherrecondensationwill occur. Intuitively, onemight speculatethat
liquid phasemaydominatenearthe injectionwell. Moving away from the injectionsite towardsthe
extractionwell, dueto thecombinedeffectsof lowerpressureandhighertemperature(from heating),
phasechangeoccursanda mixture of vapourandliquid mayco-exist. Theremayalsobea vapour-
only region,dependingon thevaluesof temperature,pressure,andotherparameters.In thetwo-phase
zone,sincevapourbubblestendto risedueto thebuoyancy force,andthetemperaturedecreasesalong
theverticalpathof thebubblesoutof theheatedregion, it is possiblethatthebubbleswill recondense
beforereachingtheextractionwell. As a consequence,theprobabilityexiststhatpartof thecontami-
nantsstayin thesoil. Obviously, to predicttransitionbetweensingle-phaseandtwo-phaseregionsand
to understandthetransportphenomenonin detail,a thermalcapillarytwo-phaseflow modelis needed.
However, to simplify the problem,herewe only considerthe casewhentwo-phasesco-exist in the
entireregion.

Themainobjectiveof thismodellingexerciseis to determinethenecessaryvacuumpressure(pres-
suredrop from theelectrodesto theextractionwell) so that thechemicalbubblesareremovedat the
extractionwell beforethey risetoo highandcondenseto theliquid state.

3.2 Flow and TemperatureFields

To make the problemtractable,we consideran idealisedsituationwherethe extractionwell andan
electrodeare both placedat the centreof a circle and the currentas well as the mixture of liquid
andvapourareflowing towardsthecentre.Thedomainof interestbecomesa cylindrical region with
theextractionwell andanelectrodeat thecentre.To furthersimplify theproblem,we assumeradial
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
complicatedprocessinto severalsub-processes.

First of all, sincethe main componentsin the systemare water andwater vapour, we will not
distinguishvariouscomponentsin thesystemandtreatit asaone-componentsystemwith two phases:
liquid andvapour. Secondly, we assumethat the two-phaseflow underconsiderationfalls into the
slug flow regime sincethe flow ratesare relatively low - typically in the rangeof _�] � N mP /s. As
a result, in the horizontaldirection D , the vapour(generatedby the heating)moveswith the liquid
phase.Therefore,we will not distinguishthetwo phasesanda single-phasemodelwill beusedwith
a commonradial mixture discharge velocity E . Furthermore,the massexchangehappensmainly in
the D directiondue to an appliedpressuredrop betweenthe extractionwell and the injection well.
Therefore,conservation of masswill be appliedto the horizontalvelocity componentonly. In the
vertical F directionthebulk of the liquid phaseis at rest,exceptthepartdisplacedby vapourdueto
buoyancy force.Following [4], the D -componentof thevelocity is determinedby theDarcy’s law
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where Î is theeffective permeability, ³ is theeffective viscosity, and
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is theeffective pressure.The
massconservation(assumingthatthevertical F componentis small)canbewrittenas
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ThemixturedensityG � andD -velocity E aredefinedas
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where $ is the liquid volumefraction(saturation),E�N and E�P arethe liquid andvapourvelocity com-
ponentsin the D -direction,G�N andG�P aretheliquid andvapourdensities.

The temperatureof thesoil, liquid andvapourmixture is determinedby theenergy conservation
law
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where¶V½ÃÌ«½ N is theJouleheatingof thesoil with antheelectricalresistivity ¶ andelectricfield Ì . The
term TWU representstheheatlost in theformationof thebubbleswith T is the latentheatof vapour-
izationof thefluid and U themassrateof vapourization.Thesoil fluid mixtureis characterizedby a
heatcapacityG�È andthermalconductivity S . Notethatwe have assumedthat thereis no temperature
variationin thevertical F direction.

Now, we usedimensionalanalysisto furthersimplify (3.1)-(3.3),by keepingthedominantterms.
With this in mind wemake thefollowing assignments:á
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Representativevaluesfor thevariousquantitiescanbefoundin Table3.1.Typicalordersof magnitude
in SI units [8] are "�· _�] , %|· _�] v , Îñ· _�] � S , ³p·b_�] � P and X
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pressurefield expression12
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Turningto theexpressionfor thethermalenergy we make thefurtherassignmentthat

RuHYR � nYXbR
Z
R�Q

12For thepurposesof thedimensionalanalysistherelativepermeabilityhasbeentakenasa constant.
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Theexpressionfor thetemperaturebecomes
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The first two termshave coefficientsof G�È · _�] w and G � È � · _�] w . Sincethe thermalconductivity

S · _�] , the coefficient of the third term hasa magnitudeof % S qd" N · _�] gce fdgih indicating that
diffusion of the temperaturefield can be ignoredto first order. For the last two termswe use[8]XbRkj flgim , nWoqpro m j fdgis , Ttj fdgih and U j flgvuxw giving nyo�pro mBz|{ XbRkj fdgih and TWU z|{ XbRkj flgi}
andto first orderthetemperaturefield satisfies
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We shouldmentionthat the phase-changeterm may becomeimportantwhen the massrate U in-
creases.In thatcase,thetemperatureandtheflow fieldswill becoupledandnumericalor asymptotic
methodshave to beused.

DroppingthehatnotationandassumingG�� is spatiallyuniformallow oneto express(3.4)and(3.5)
as
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Finally, we usethe motion of a long gasbubble insidea small channelto describethe relative
vapourrising velocity in thevertical F directiondueto buoyancy force. This problemwasfirst inves-
tigatedby Taylor [11] andstudiedsubsequentlyby many researchersasa modelto gain insightsinto
slugmulti-phaseflows (in oil andgasrecovery) [2, 7, 9, 10,12].

For low viscosityandhigh surfacetensionsystemssuchasthe water-vapourtwo phaseflows in
a moderate-sizedcircular tube,TungandParlange[12] proposedthat the terminalvelocity �x� of the
rising bubbleis givenby thephenomenologicalexpression

�x� � gH�#��������� � gH�#�������XbG � � ���[�������b��gH�#����  � m� J XbG L m
¡£¢ s

(3.8)

where� is thediameterof thetube,� is thesurfacetensioncoefficientand XbG � G�¤ � G�P is thedensity
differenceof the liquid andvapour. Note that for a sufficiently small tube, ���¥�!�_��� , this formula
predictsthevapourslugvelocitybecomeszero.

On theotherhand,experimentalinvestigationsin micronon-circularchannelshaveshown thatthe
elongationalbubblesalwaysrise even for a channelwith effective diameterassmall as0.866¦ flg uxs
meter[1]. More recently, numericalsimulationof long gasbubblesrising throughmicro channels
with triangularand rectangularcrosssectionfilled with stagnationliquid hasbeencarriedout [7].
The terminalvelocity of the rising bubbleasa function of the effective diameteris given in a non-
dimensionalform as

Ca � ~ ¡ Eo§�¨ � ~�m Eo§l© (3.9)
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Figure3.1: Illustratedis thecapillarynumberasa functionof theEötvösnumberfor channelswith a
triangular(solid)andsquare(dotted)crosssection.

wherethecapillarynumberCaandtheEötvösnumberEoaredefinedas

Ca �«ª �x�
�
� Eo �¬¯® ���!m

�
�

The parameters~�° and � ° arefit usingnumericalresults. Figure3.1 illustratesthis relationshipfor
channelswith a triangularandrectangularcrosssection.

3.2.1 Pressure

Now let usconsiderthefollowing equationfor thepressuredistribution in thesystem,assumingthat
therelativepermeabilityis aconstantonehasequation(3.6)

�
�H± ± �)��H± ��g

with boundaryconditions �=²6±�³µ´ � ��³ � �1²#±!¶·´ � ��¶ �
where

±�³
is the radiusof the domain(wherethe injection well is placed)and

±�¶
is the radiusof the

extractionwell,
��³

is thepressureat theextractionwell and
��¶

is thepressureat theelectrode.The
solutionto this equationis

�1²#±¸´ � ²
��³
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¹¼» ±!³ � ¹¼»

±�¶ � ��¶ � (3.10)
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3.2.2 Velocity

We have two equationsfor velocity distribution: lateral velocity andvertical velocity. Let us first
considerequationfor lateralvelocity field:

¾ � �
¿
ª
� �
� ± � (3.11)

Usingexpression(3.10)wefind
¾ � �

¿
ª

��³
�
��¶

¹½» ±�³ � ¹½»
±�¶ f± � (3.12)

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

�x� � �
ª ¤ Ca � �

ª ¤ ~ ¡ Eo§ ¨ � ~Àm Eo§ © � (3.13)

Fromwhichwecanobtainthe(average)dischargevelocity in theverticaldirection

�xÁ �ÃÂµÄ ² f �OÅ
´ �x� �ÆÂµÇÉÈ�Ê (3.14)

where È�Ê<� ¬b® ���!m!{ ² � ª ¤ ´ is a representative terminalvelocity of the rising vapourbubbles,and Â
is thetortuosityfactorof thebubblein theporousmediarelative to theterminalvelocity of a vapour
bubblein straightverticalchannelwith diameter� . Thefactor

Ç��MÄ ² f �YÅ
´ �
ª ¤ È�Ê ~ ¡ Eo§�¨ � ~Àm Eo§l© (3.15)

where Ä is theporosityof themedium

3.2.3 Temperature

AssumingconstantelectricalcurrentinsidetheelectrodeË�Ì , themagnitudeof theelectricalfield in the
porousmediumcanbewrittenas p � ËBÌ { ² ��Í ± n_Î ´ whereÎ is theheightof theelectrode.Theenergy
equation(3.7)canbewritten in theform

��Ï
��Ð �kÑ±

��Ï
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with initial andboundaryconditions

Ï=²6± �dg ´ � Ï�Ó�²#±¸´ �Ï=²6±�¶ � Ð·´ � Ï_¶ (3.17)

with
Ï�Ó�²6±^´ � Ï_¶ for g�Ô ±ÖÕY±�¶ andwhere
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Here we have replaced¾ by the volumeflow rate × using the relationship × � � ��Í
± Î ¾ . Unlike

pressure,the temperatureof the systemis time dependent.In order to solve (3.16)-(3.17)we use
methodof characteristicswhich givesus:

Ï=²#± � Ð·´ �
Ò
Ñ ¹¼»

±
Ø ± m � � Ñ

Ð � Ï�Óv² Ø ± m � � Ñ
Ðd´ � ± � ± m¶ � � Ñ Ð

Ò
Ñ ¹¼»

±
±�¶ � Ï_¶ � ± Ô ± m¶ � � Ñ Ð �

(3.18)

3.3 Transport of Contaminants

Let ÙyÁ and Ùy¤ bethemassconcentrationof thecontaminantin thevapourandliquid phase.Thetotal
amountof contaminantis conservedandsatisfies�

�HÐ ² ÙyÁ � Ùy¤ ´ �ÛÚ[Ü ²�Ý¾ Á!ÙyÁ � Ý¾ ¤ÞÙy¤ ´ ��g

with
Ý¾ ° �àß ¾ ° � ��°�á beingtheradialandverticalcomponentsof thevelocity vectorof eitherthevapour²#â � � ´ or liquid

²#â �[ã ´ phase.
Fastreactionassumptionyields

Ùy¤ ��ä ÙyÁ
where äå� � ¦ fdg u�æ_ç�è ¢·é�ê ç�ëíì
with [8] î � �H�#g���ï , ð � fd����ïH�#��f and Ù � ��fd� . Here

Ï
and

�
are temperatureand pressure,

respectively. Eliminating Ùy¤ givestheexpression
�
��Ð ² f � ä ´ ÙyÁ � ÙyÁ ÚñÜ ²iÝ¾ Á � ä Ý¾ ¤ ´ � ²�Ý¾ Á � ä Ý¾ ¤ ´ Ú ÙyÁ �MgH� (3.19)

Therefore,assumingthat ä is independentof time,wehave

�
��Ð ÙyÁ � ÙyÁf � ä Ú[Ü ²iÝ¾ Á � ä Ý¾ ¤ ´ �

Ý¾ Á � ä Ý¾ ¤f � ä Ú ÙyÁ ��gH� (3.20)

Solvingby themethodof characteristics,we have

� ÙyÁ� Ð � ÙyÁf � ä Ú[Ü ²�Ý¾ Á � ä Ý¾ ¤ ´ ��g (3.21)

wherethecharacteristicbasecurvesaredeterminedby thetwo ODEs

� ±
� Ð � ¾ Á � ä ¾ ¤f � ä �
�vò
� Ð � �xÁ � ä �x¤f � ä �
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Fromthesewe have � ±
��ò �

¾ Á � ä ¾ ¤
��Á � ä �x¤ � (3.22)

Fromtheflow andtemperaturemodelwehave

¾ ¤ � ¾ Á � �
×

��Í ± Î � �x¤ ��g�� �xÁ �YÂ_ÇóÈ�Ê

where × is thevolumeflow rateat theextractionwell, Ç is givenby (3.15)andÂ is a freeparameter.
Assumethata parcelof contaminantat thebaseof theinjectionelectrode( òa�ôg , ± � ±�³ ) moves

towardsthe extractionelectrodelocatedat
± � ±�¶ Ô ±!³

. Accordingto equation(3.22) the vertical
displacementof thisparcelis givenby themonotonicallyincreasingfunction

òÉ� ��Í Î1�xÁ×
õ�ö
õ

÷
f � ä � ÷ �

If we let ø be the heightabove the contaminantregion which hasbeenheatedup by the electrodes
thentheparcelwill besuccessfullyextractedprovidedit reaches

± � ±�¶ before ò�� ø . Let ò ¶ �ùò ²6±�¶·´
denotetheheightof this characteristicwhenit reachestheextractionwell

± � ±�¶
. By assumingthat

thefactor f � ä doesnot vary significantlyover the interval
±�¶ÉÕñ±\Õñ±�³

theconditionthat ò ¶ÉÕ ø
canbeconvertedinto a lowerboundon thevolumetricflux of

× � Í_Â_Ç Î È�Ê ²6± m³ �
± m¶ ´

ø ² f � ä ´ �

With Î �[ú m, ø �kf m,
±�³ �ñú m,

±!¶ �[g m, ¬b® �ûfdg s kg/ms , ª ¤ �kflg uxs Pa s,and Âü�ñgH�#g�f , for a
meanthroatsizeof ����fdgHuxs m, weobtain ÇM�ýf��#� ¦ fdgvuxw for amediumwith squarechannels.Based
on thesevalues,we cancomputethevalueof × �ý H�½ï ¦ fdgHuxw ms /s. Thecalculationwasdonebased
on theparametervalueslisted in Table3.1. We notethat thereis no physicalbasisfor choosingthis
value. However, viewing thepossibility thatbubblesmayget trappedin a particularporousmedium,
it is notunreasonableto expectthatit will takeamuchlongertime for thebubblesto travel vertically.

3.4 Conclusionsand Recommendations

In this reportwe have proposeda simplemodel for estimatingthe transportof contaminantsusing
thermalremediation.Basedon themodel,theminimum extractionrateof fluid is calculatedandits
valueis within thepracticalrange.However, many questionsremainunanswered.For example,we
havenotaddressedtheeffectof temperaturevariationin theverticaldirectionandneartheedgeof the
heatedzone.We have not attemptedto examinetheeffect of possiblecondensationnearthecold/low
pressureregion. Finally, we have not consideredthe possibility that bubblesmay be trappedin the
isolatedporespaceandtheeffectsof heatingandtheaccumulationof vapourbubbleson thesoil.

We shouldalsomentionthatwe havenot tried to identify transitionsbetweenliquid-only, vapour-
only andtwo-phaseregionsandthe transportationof contaminantsin the liquid andvapouronly re-
gions. However, this maynot beascritical asotherissuessinceit is relatively simplerto determine
thevelocityof theliquid or gasin theone-phaseregion.
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Data Symbol Value

OperatingProperties
MaximumTemperature

Ï �_þ3ÿ fdg�g�� C
Initial Temperature

Ï ����� ��g�� C
Initial Pressure

�)Ó
101.325kPa

TargetThickness Î 5 m
ElectrodeLength

� ¶
5 m

ElectrodeSpacing � ¶ 10 m
ExtractionWell Spacing ��� 10 m

PhysicalProperties
Initial Permeability13 ¿

10.0mD
Viscosity14 ª 1.0cP
SurfaceTensionof Water15 � 0.0717N mu ¡
ProducingPressureDrop ¬ � 500kPa
TotalHeatCapacity ® ~ �H�#ï ¦ fdgih J muxs K u ¡

Table3.1: InputDatafor thesamplecalculations.

Evidently further improvementsareneededbeforethe modelcanbe usedfor predictionand to
answertheotherissuesraised.In particular, aproperflow andtemperaturemodelmustbederivedand
reference[5] shouldprovide a goodstartingpoint wherethermaltwo-phaseflow in porousmediais
discussed.Secondly, theeffectsof thephasechange(vapourizationandcondensation),capillarypres-
sureandtheexistenceof vapouronly regions,whichhavebeenneglected,maybeimportantin certain
domains,especiallyneartheboundaryof theheatedzonewherethechangeof soil temperatureis more
significant.Modelsanalyzingcondensationandvapourizationin porousmediahave beenstudiedfor
otherapplicationswhichmaybehelpful,seefor example[3] andreferencestherein.Finally, theeffect
of differenttypesof porousmediaandtheimpactof heatingandvapourbubblesmaybeimportantas
well. Modelsof gaspenetratingelasticmediahavebeenstudied[6], whichmaybeusefulif fracturing
of themedianeedsto beconsidered.

131 Darcy = �	� 
������������� m� .
141 centipoise= ���������� kg m ��� s����� ���������� Pa s.
15at !#"�$ C.
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