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Abstract

Convectivamixingof free-phaseCQ and brine in salineaquifersis an establishedechnique
to acceleratethe CQ dissolutionprocess.Correctestimationof the convectiononsettime
andrate of CQ dissolutioninto brine are two crucialparametersregardingsafetyissuesas
the timescalefor dissolutioncorrespondso the sametime over which the free-phaseCQ
hasa chanceto leakout from the storagesite. In real practice,undergroundformationsare
heterogeneouswith alayeredstructure,but the convectivemixingin heterogeneougporous
mediahasreceivedlessattention than the homogeneousne. Thisstudy aimsto developa
basic understandingof the role of layered permeability media (layered structure with
variationin permeabilityvertically)on the behaviorof convectivemixingvia well-controlled
laboratory experiments. The effects of layering and layer properties on the rate of
dissolutionof CQ in water and geometriesof the formed convectionfingers are studied
using a precise experimentalsetup with layeredpermeability HeleShaw cell geometry.
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Qualitative(snapshotf convectionfingers)and quantitative data (amountof the dissolved
CQ into water) are collectedsimultaneouslyfor a better understandingof the process.The
behavior of convectionfingers (after the onset of convection)and the effects of model
propertieson this mixingprocessare alsodiscussed.
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1. Introduction

Carbondioxide (CQ) storagein saline aquifers of huge volume has been recognizedas an
effective option for decreasingCQ emissionto the atmosphere.However,leakageof CQ from
these storagesitesis one of the main concerns.The associatedisk to this leakageis reducedby
understandingthe trapping mechanismsf CQ into the brine and by taking suitable measures.
One of these trapping mechanismsis the dissolution of supercritical CQ into underground
formation water, which is consideredasa mediumto long-term trapping mechanismOvera long
period of time, the injected CQ, which has formed a thin layer of free-phase CQ below the
caprock,graduallydiffusesand dissolvesnto brine. The CQ dissolutioninto brine, subsequently
causesan increasein density of the brine-CQ solution, which overliesthe lessdensebrine. This
situation initiates gravitational instability and eventually leads to densitydriven natural
convectionand increasingthe dissolutionrate of free phaseCQ into the brine [1-3]. Density
driven natural convection occurs when the Raylegh dimensionless number Y

y" "0  AO is largerthan 40, approximately[1]. Thetiming of the onset of this instability
and the dissolutionrate acrossthe phasecontact of CQ and brine solution are the two crucial
operationalissuesvhenassessinghe feasibilityof a potential storagesite.

Numericalstudiesfor describingthe convectivemixingprocessand its effectivenesdn storing
CQ into the homogeneousalineaquifersare reported severalyearsago[2-12]. Furthermore the
gravitational instability of a diffusive boundary layer has been described using theoretical
methodologiesin recent yearsto predict the onsettime of convectionand the related unstable
wavelengthin the homogeneousnodels[13-22].

A limited number of experimentalstudiesexiston the effectivenessof the convectivemixing
processn the homogeneousnediaregardingthe storageof CQ in geologicaformations|2, 6, 23
36]. Theoccurrenceof natural corvectionandthe effectivenessof the convectionmechanism(on
the dissolutionof CQinto brine) are investigatedby recordingthe changein pressurein a bulk
media, using a cylindrical PVTcell [25-28, 33], and in a homogeneousporous media, using
cylindricalcore [6, 30, 31], where a fixed volume of CQ is overlayinga columnof distilled water.
Convectivecurrentsand dynamicsof convectivemixingare visualizedat ambient conditionsusing
Schliererand pH indicatortechniques for bulk modulesof gasliquid systemsJike CQ-water [23,
24, 33], and for homogeneoudHele Shawcellswithout porousmedia[2, 30-32, 34, 35] and with
porous media [29-32, 35] by using analog or CQ-water fluids. The initiation, formation, and
growth of smallconvectivefingersand progressof this processasa function of time are discussed
extensively[36]. The essentialparametersof the convectivemixing process,i.e., onset time of
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convection, critical wavelength, shape and growth of fingers over time, and the amount of
dissolvedCQ into water, are measuredqualitatively (by snapshotsof convectivemixing of CQ
andwater) and quantitatively (by amountsof dissolvedCQ into water) in different homogeneous
HeleShawcellgeometrieswith Rayleigmumbersvaryingin the rangeof 700-9500[36].

While heterogeneity and layered structure are the main characteristicsof real geological
formations, a limited number of studies exist about the gravitational instability of a diffusive
boundarylayerin suchsystems.Similarto homogeneousnodels,the onsetconditionsof natural
convectionin heterogeneousmedia (with simple geometry and boundary conditions) are also
studiedusinglinear stability analysig37, 38]. Effectof varioustypesof heterogeneity e.g.,regular
andirregularbarrier patternsin porousmediaor multilayeredporousmedia,on convectivemixing
are analyzedusing numerical methods. In heterogeneousmodels with the distribution of
horizontalimpermeablebarriers,the onsetof convectionis found to occurmuchsoonerthan the
equivalent anisotropic homogeneousmodel. However, the constant dissolution flux (in the
constantflux regimeandatfter the onsetof the instability)is not sensitiveto barrier propertiesand
depends only on the effectiveaverageproperties|[3, 8, 10, 35, 39]t isalsoreported that the rate
of CQ dissolution in these types of heterogeneousmedia is higher than the equivalent
homogeneousmedia, and the numerical simulationsin equivalenthomogenousporous media
often underestimatethe masstransferrate of CQ into water [11]. In multilayeredporousmedia,
though a top-layer with high permeabilityis more favorablefor fast masstransfer, the natural
convection process occurs with a top-layer of low permeability [40]. In such models with
horizontal parallel layers and vertical variation of permeability, if the top layer has higher
permeability,then the top layer propertiesgovernthe convectivemixingin both strongandweak
heterogeneitymodels.However,it is alsoseenthat the top-layerwith lower permeabilitycanalso
be the governingone in the modelswith weakheterogeneity.Interestinglyit is observedthat in a
model with a strong heterogeneity,the top layerwith lower permeabilityhasmore effect on the
amountof CQ dissolvedin brine than the bottom layer,and the impact of the bottom layerwith
lower permeabilityis increasedwith an increasein the thickness(bottom layer) [3]. Considering
the behaviorof convectivemixing process multilayered modelsare convergedto homogeneous
anisotropicmodek by increasingthe number of layers[41]. The existenceof low permeability
rectangular structures inside a high permeability body results in different free convective
processeat different spatialandtemporalscaleq§42].

Experimentalstudieson convectivemixing of CQ and brine in two-layered porous media by
guantifyingpressuredeclinein a columnof gason top of a porousmediumshowthat existenceof
a high permeabletop layer is more desirable.This configuration causesan immediate start of
convective mixing, but its strength decreaseswhen the fingers penetrate into the low
permeabilitylayer[40]. It is alsoexaminedthat strengtheningthe micro-heterogeneityin porous
media acceleratesthe CQ dissolution [42] and the existence of low permeability layers
(embeddedbetweenrelativelyhigherpermeabilityzones)causessignificantdiffusivemixingin the
low permeabilitylayersthanthe convectivemixing[44].

Despitenumerousanalyticaland numericalstudieson the convectivemixingof CQ and brine,
insufficientexperimentalstudiesexiston the investigationof the acceleratednasstransferrate of
CQ into salineaquifers,especiallyin heterogeneougporousmediawith layeredpermeability. This
work aims to develop a basic understandingof the mechanismof convectiveflow in layered
permeability models,usingexperimentaltools for identifying the behaviorof convectionfingers
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that meet the interface of the layers. For this purpose, the previous experimentalset-up of
convectivemixing studies[36, 43]is upgradedusingtwo-layered HeleShawcells,and different
tests are performed using CQ and water at atmospheric conditions. Recording qualitative
(snapshotsof convectivemixing) and quantitative measurements(pressure,temperature, and
pump volumes)simultaneouslygive a better understanding.The time-lapse movies are made
from the snapshotsthat are collectedduring the experiments,which are suitable for improving
public awareness.Lastly,the experimental results are compared qualitatively with numerical
simulationmodelsperformedby Eclipsel00.

2. ExperimentalSetup and Procedure
2.1 ExperimentalSetup

The experimentalsetup and procedurehave been describedelsewherein detail [36, 43] In
this study,the previouslyusedexpeaimental set-up is upgradedusingtwo-layeredHele Shawcells,
with different permeabilityand height of the top and bottom layer. Figurel showsthe schematic
of the usedset-up consistingof two-layeredpermeabilityHele Shawcells,a DIGIQUART@essure
transducer, a multi-step programmable CHEMYXOEM syringe pump, temperature recording
apparatus(three Pt100 sensorson the syringepump, CQ tank, and on top of the cell, and three
EUROTHER&MO8I), CQ source,imagingsystem,and a PCwith a systemcontroller. The cell
dimensionsare 50cm x 50 cm.

Syringe | Fluid Sample

Pump

CO:
"
ot
= |

| =% —* Disposal I

Hele-Shaw Cell

CO:

U Controle

Figurel Schematiof the experimentalset-up.

Two sheetsof glasswith dimensiors of 50 cm x 40 cm and 50 cm x 10 cm are attachedalong
their length (by glue)to producethe two-layeredpermeabilitycells. Thesetwo sheetsshouldbe
placedat two different levels (representingtwo different gaps)for gluing. Afterward, another
sheetof glasssfixed againstthis one,and shimsof different thicknessesre placedon the sidesin
different layers.Smallshimswith the samethicknessasthoseat the sidesare placedbetweentwo
glasssheetsat different locationsto ensure a uniform gap in different locations. The cell is
tightenedfrom four sidesandcenterwith smalldiagonalforcesof the samemagnitude.

Atank is attachedto the bottom of the cellto uniformly fill the cell by water, and a stainless
steeltank is connectedto the top to provide CQ (source)overlayingthe water in the cell. After

Paged/21



ACR2021; 3(1), doi:10.219264cr.2101012

eachtest, the cellis cleanedusinga mixture of distilled water and methanol. The permeability of
eachlayercanbe calculatedusingEquation(1),
. Q
0 -
(UNS
wherek andd are permeability(m?) and gap(m) of eachlayer, respectively.
Theset-up is automatedby maintaininga constantpressure(aroundatmosphericpressure)of
the free-phaseCQ, on top of the water, to prevent movementof the top boundarywith more
accuracy.Thisis achievedby checkingthe CQ pressureat the top of the water by the pressure
transducerand controllingthe syringepump basedon this pressure At eachtime step, whenCQ
startsto dissolveinto the water, its pressuredecreasegradually.At this time, the syringepump
injectsCQ until reachingthe initial pressureand maintainsa steadypressure.
Imagesof the processare capturedat every 10 sec,20 sec,1 min, and 2 min usinga Canon

EOSLDsMark Il camera,connectedto a PCanda videoof the convectionfingermovementin the
cellismade.Atable light is positionedbehindthe cellto createhigh-qualityimages.

2.2 FluidCompositionand Properties

Thefluids usedin these experimentsare a solution of 0.025wt.% bromocresolgreen (Sigma
Aldrich, Inc.) and distilled and deionizedwater and CQ gasat the ambient condition. The small
amount of bromocresolgreendoes not affect the properties of water. At low pH, the indicator
coloris yellow, and at high pH, the coloris blue. Table 1 presentsthe thermodynamicproperties
of the fluids usedin the experimentq36, 43]

Tablel Propertiesof the usedfluids.

Parameters Value
Temperature, T (°C) 23
PressureP (bar) 1
Solution TDYwt%) 0.025
SolutionDensity,” (kg/m?3) 997.665
Densityof CQ SaturatedSolution (kg/m?3) 998.042
DensityDifference,n “(kg/m?3) 0.377
Solubility of CQ in Solution, G (kg/m3) 1.472
SolutionViscosity,us (kg/m.s) 9.326E04
Diffusion Coefficientof Solution, Ds (m?/s) 1.886E09

2.3 Specificationof the Two-layeredCells

Four two-layered permeability Hele Shawcells, with the specificationsgivenin Table 2, are
used for understandingthe effects of vertical variation of permeability and layer thickness(in
salineaquifers)on the behaviorof convectivemixingof CQ andwater. d, k, h, and R, are the gap,
permeability,height,and Rayleiglmumber of the layers,and subscriptsl and 2 representthe top
and bottom layers,respectively.Thecellsare oriented vertically,and their consideredwidth and
height for analysisare 0.50 m and 0.25m, respectively(upper half of the cells) Thecalculations
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and analysesare performed for various durations before convectionfingerstouch the bottom
boundary,and the experimentalcells correspondto infinite depth aquiferswith the gaswater
contactsituatedat z=0.

Table2 LayeredpermeabilityHeleShawcellmodels

Model dx ki hy Ra d> ko ho Ra
Name (mm) (D) (m) (mm) (D) (m)

L1 0.25 5266 0.06 656 0.50 21065 0.15 6564

L2 0.25 5266 0.03 328 0.50 21065 0.15 6564

L3 0.50 21065 0.06 2626 0.25 5266 0.15 1641

L4 0.50 21065 0.03 1313 0.25 5266 0.15 1641

The behavior of convective mixing and dissolution of CQ into the water in the layered
permeabilitycellsare comparedwith the resultsof the verticalhomogeneousells(with the gaps
of 0.25mm (cellH2) and 0.50 mm (cell H5) with permeabilitiesof 5266 Darcyand 21065Darcy,
respectively)36].

2.4 ExperimentalProcedure

After filling the cell with water (with a pH of around 5.4) from the bottom, an equilibrium
temperatureis obtained betweenthe environment,cell, and table light behindthe cell. Theinlet
valve (through which CQ entersthe cell) and the outlet valve (throughwhich CQ/air exits from
the cell)are openedsimultaneousliyto purgethe cellwith CQ andremovethe air abovethe water.
After few secondgto be surethat the air insidethe lines,CQ tanks,and cellhasbeenremoved),
the inlet and outlet valvesare closedsimultaneouslyandthe CQ pump and pressuretransducer
valvesare opened.CQ isinjectedinto the cellto maintaina constantpressure.

3. Resultsand Analysis
3.1 Analytical Approach

Theexperimentaldata consistof the quantitative (the amountof CQ dissolvednto the water)
and the qualitative data (the captured imagesfrom the HeleShawcells during the tests). The
selectedsnapshotdrom the Hele Shawcell are processedandtheir colorsare replacedto clearly
visualizethe changesin the dissolvedCQ. In these snapshotsthe blue color is pure water in
equilibriumwith air (pH of 5.4). Thered color on top of the water showsthe gaseougphaseCQ,
andthe red color in the water representswater with maximumdissolvedCQ (pH of about 3.9).
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Theother colorsin betweenrepresentwater with dissolvedCQ and acidity rangingbetween3.9
to 5.4.

Theamount of dissolvedCQ in water is calculatedby calculatingthe number of molesof in-
situ gasphaseCQ presentin the pump (first term), the tank (secondterm), andthe cellabovethe
water surface(third term) at eachtime duration, and subtracing them from the valuesobtained
at the previoustime durationto obtain the numberof molesof the dissolvedCQ in water at each
time interval:

92 P 0 0 0 0 0 W 0 0 W
i YO Y O 6 Y Y b Y HY G
Inthesecalculationsijt is assumedhat:
) 0w W, w w,0 0O 0 0O L, Y Y, & & .,

Subscriptsp, t, ¢, and s indicate pump, tank, cell (abovethe water surfacein the cell), and
system,respectivelyn this set-up andfor this equation,tank (t) representsall lines,connections,
valves,and stainlesssteel tank attachedon top of the cell, and its volume () is calculatedas
4.25E05 m*[36, 43] V. is the cell volume above the water surface(that is full of CQ) and is
calculatedby measuringthe water levelin the cell before eachtest. Variousdata (measuredat
eachtime interval of 10 s) are as follows: CQ pressurein the system(0 ), that is read by the
pressuretransducerand is fixed at a constantvalue,the pump volume (V,), that representsthe
volume of CQinjected by the pump, the pump temperature (Tp) and cell temperature (Tc), that
arereadat eachtime interval, by Pt100 sensorsattachedto them. After calculatingthe numberof
molesof the dissolvedCQ into the water at eachtime interval usingEquation2, anddetermining
the cumulativemole of dissolvedCQ into the water, the calculatedvaluesare transformedfrom
mole to kg/m? unit by consideringhe molecularweight of CQ andthe crosssectionalareaof the
contact surface. The calculated cumulative dissolved CQ in kg/m? (experimental value) is
comparablewith the diffusionequation(theoreticalvalue)asstatedin Equation3,

-0 ¢t $n o

Where M(t) representsthe total amount of dissolvedCQ per crosssectionalareaat time span
t. The observedtime of deviation of the experimental valuesfrom the theoretical values is
attributed to the quantitative onset time of convection. The suitable region for the diffusion
equationcanbe selectedby examiningthe graphof cumulativedissolvedCQ vs.the squareroot
of time, and the theoretical value (obtained from the diffusion equation) can be fitted on the
experimentalvalues(obtained from the experimentalvaluesof dissolvedCQ) by minimizingthe
root meansquaredifferences.Thequantitative onsettime for convectionor the time of deviation
of experimentaldata from the theoretical data canbe comparedwith the qualitative onsettime
for convectionfrom the capturedimagesafter observingthe first instabilities. The qualitative
averagevalue of the critical wavelength of convection fingers, observed after the onset of
convection,is computedby selectinga centered horizontalsegment(to removethe edgeeffect)
of the CQ-water interface and dividingthis distanceby the number of convectionfingersin this
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segment. The onset time of convection and the critical wavelength of convection fingers
(calculated from the experiments conducted in the homogeneouscell) are transferred to
dimensionlesgorms usinga length scaleand a time scaleas givenin Equations4 and 5, and the
valuescanbe comparedwith the numericallypredictedvalues[14, 15, 18, 19, 21, 22, 4]

O Py QQ T
"Y 0jO OPAY "QQ v

Anothercritical parameteris the dissolutionflux (after the onsetof convectionin the constant
flux regime),whichis alsocalculatedfor eachtest usingexperimentalmeasurements

3.2 ExperimentalResultsand Analyses

Fourtests are carried out using heterogeneouscells (two-layeredcells with different heights
and permeabilities) asshownin Table2. Thetests of the heterogeneoussystemwith a 0.25mm
gapin the first layer (testsL1and L2)are comparedwith a verticallyhomogeneousystemwith a
uniform gapof 0.25mm (test H2) and the tests of the heterogeneoussystemwith 0.50mm gapin
the first layer (tests L3 and L4), are comparedwith a vertically homogeneoussystemwith a
uniform gap of 0.50 mm (test H5). Comprehensiveresults of convective mixing in the
homogeneouscells are presentedelsewhere[36]. The quantitative measurementsof dissolved
CQ in water are accuratelymadeonly in the layeredpermeabilitycell L3,and in the others, only
imagesare analyzedand qualitative data are acquired. The videoscreatedfrom the imagesare
speededup with the scalesof 1/1600 and 1/3200 and have been uploadedto the following URL
addresdor publicawarenesof the process:
https://www.youtube.com/playlist?list=PLfLgKEdPkuBP1I01JDrmUJOXnSCJOIBJD

3.2.1LowPermeablelopLayer

Snapshotsof convective mixing of CQ and water, and the changesin the dissolved
concentrationof CQ in water, over a certain time duration in the layered permeability cell L1
(whenalow permeabilitylayerwith a gapof 0.25mm is on top of a highpermeabilitylayerwith a
gapof 0.50mm) are shownin Figure2. Thisfigure alsocompareshe convectivemixingprocessof
the layeredpermeabilitycell L1 with the homogeneouscell H2 (with a gapof 0.25mm). Thefirst
shapshotgFigure2a) showthe cellsat the initial state (i.e., before the introduction of CQ). After
the introduction of CQ on top of the cell (i.e., abovethe water), CQ startsto dissolveinto the
water by diffusion, andthe color of the top layersof water changesrom blue (with a pHof 5.4)to
yellow (with a pH of lessthan 5.4), becauseof changesin the acidity level of water by the
dissolvedCQ. When the thicknessof this diffusive layer increasedsufficiently, gravitational
instability occurs,and convectivemixingcommencesat this time (onsettime for convection).The
calculatedonsettime of convection(tc) in thesetwo systemsare foundto be 897 secand970sec
usingquantitative and qualitative measurementsrespectively Theaveragesizeof the convection
fingers (the qualitative critical wavelengthof convectionfingers, <) is found to be 0.01178m
approximately.Consideringhe length scale(L = 9.14E05 m) and time scale(T = 4.43sec)in the
homogeneousellH2,the dimensionlesyaluesof time correspondingo the onsetof convection
(to) calculated from quantitative and qualitative data are found to be 202.45 and 218.93,
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respectivelyandthe criticalwavelengthof convectionfingers(<) is 128.83[36]. Bycomparingthe
shapshotsof the tests carriedout in the layered-permeability cell and homogeneouscell at the
sametime, it is observedthat tests of both cells display almost similar behavior before the
convectionfinger touchesthe secondlayer (in the layeredcell) at around 21591 sec(Figure 2b
and 2¢). Thismeansthat the top layerof the layeredpermeabilitycellis the dominantlayer,which
affectsthe behaviorof convectionfingers,like the onsettime of convection,critical wavelength,
size,and growth of convectionfingers after convectionstarts and in the constant flux regime
(before the bottom layer comes in contact with the convection fingers). Even though the
convectionfingersin the H2 cell proceeddownward with time, the convectionfingersin the L1
cell do not penetrate the high permeablebottom layer. After the convectionfingerstouch the
interface (betweentwo layers)at around 21591 secin the L1 cell, they mergetogether to form
fingersof higherwavelengthgFigure2d, 2e, and 2f). No further downward penetrationof fingers
isobserved.

Layered permeability cell L1 (a) Homogeneous cell H2 (a)

Lavered permeability cell L1 (b)

Layered permeability cell L1 (¢) Homogeneous cell H2 (¢)

Layered permeability cell L1 (d)

N 1T LR

Homogeneous cell H2 (d)

Layered permeability cell L1 (e)

Homogeneous cell H2 (f)

Figure2 Snapshotof convectivemixingof CQ and water in layeredpermeabilitycell
L1and homogeneousellH2;(a)t =0 sec,(b)t =3391sec,(c)t =21591sec,(d)t =
39853sec,(e)t =58034sec,(f)t =76274sec.
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The changesin the dissolvedconcentrationof CQ in water over a time duration in layered
permeability cell L2 and homogenouscell H2 are shownin Figure 3, where a low permeability
layer (with a gapof 0.25mm) is on top of a high permeabilitylayer (with a gapof 0.50mm). The
water heightin this cellis lessthan the L1cell. A comparisonof the snapshotsof the cell L2with
the cellH2 (at the sametime) from Figure3 showssimilarresults.While the behaviorof L2and H2
cellsare identicalinitially (after startingthe test), the convectionfingersin the cellL2do not enter
into the bottom layer (with higherpermeabilityand pore volume)until 76269sec(that is the final
recorded time). They grow and their wavelength increaseswhen they touch the interface
(betweentwo layers) However the convectionfingersof the H2 cellgrow andmovedownward

Layered permeability cell L2 (a)

Homogeneous cell H2 (a)

Layered permeability cell L2 (¢ Homogeneous cell H2 (¢

Layered permeability cell L2 (d

Layered permeability cell L2 (e

Layered permeability cell L2 Homogeneous cell H2

Figure3 Snapshotof convectivemixingof CQ and water in layeredpermeabilitycell
L2and homogeneousellH2; (a)t =0 sec,(b) t =3405sec,(c)t =21669sec,(d)t =
39788sec,(e)t =58029sec,(f) t =76269sec
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By comparingthe layered permeabilitycellsL1 and L2, it can be stated that the behavior of
convectionfingersformed in the top layer (of lower permeability)when they touch the interface
is not dependenton the sizeof the fingers(width and length). Theconvectionfinger wavelength
increaseswithout any advancemeninto the bottom layer becausethere is no sufficient massof
CQ presenton top of the bottom layerto continuethe convectiveflow andthe fingeringprocess
in that layer. In this condition, the diffusion mechanismdominatesthe convectionflow. These
resultsare consistentwith previousnumericalsimulationresults[3], which haveconcludedthat in
a layeredpermeabilitycell, the propertiesof the top layer (of lower permeability)only dominate
the whole procesdill the end.

3.2.2HighPermeableTopLayer

The changesin the dissolvedconcentrationof CQ in water, over a certain time period, in a
layeredpermeabilitycell L3,are displayedin Figure4, when a high permeabilitylayer (with a gap
of 0.50mm)is on top of alow permeabilitylayer (with a gapof 0.25mm). Moreover,the behavior
of convectionfingersin this cell and the homogeneousell H5 (with the gapof 0.50 mm) is also
compared(at the sametime) in Figure4, which showsthat the behaviorof both cellsis almost
similar before the convectionfingerstouch the secondlayerin the L3cell, e.g.,at about 771 sec
and6341sec(Figures4b and 4c¢). Similaronsettime of convectionthe criticalwavelength shape,
position, and growth of convectionfingerswith time, are observedin both L3and H5 cells. The
onset time values of convection (tc') in these two cells calculated using quantitative and
gualitative measurementsare found to be 489 secand 230 sec, respectively,which are much
lower than the calculatedtime valuesfor the previoustests (wherethe low permeablelayerwas
on the top). The qualitative critical wavelengthof the convectionfingers(the) (<’) is 0.00514m,
whichislower than the valuefound in the previoustests(0.01178m). Consideringhe lengthscale
(L=2.29E05 m) and time scale(T = 0.2769sec)in the homogeneouscell H5, the dimensionless
onsettime valuesfor convection(tc) calculatedfrom the quantitative and qualitative data (tc) are
1765.88and 830.58 respectively,and the critical wavelengthof convectionfingers(<) is 224.86
[36]. Whenthe convectionfingersof the L3 celltouch the bottom layer (of lesspermeabilityand
pore volume), the downward movement speed of convection fingers decreasesthan cell H5
(Figure4c). Thentheseconvectionfingers(formedin the top layerof higherpermeability)start to
merge and then penetrate the bottom layer with higher wavelengths Althoughthe convection
fingersin the H5 cellreachthe bottom boundaryof the cellafter 22965sec(Figure4f), the fingers
in this layeredcell canreachonly till the middle of the cell at this time (Figure4f).
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Layered permeability cell L3 (a) Homogeneous cell HS (a)

Layered permeability cell L3 (b) Homogeneous cell H5 (b)

Layered permeability cell L3 (¢)
“ N ({\( B
g 3

Homogeneous cell HS (¢)

1 : V\ 0 G lbo‘\)\)‘u\) QP L“~ ’
) § .

Layered permeability cell L3 (d)

SNLATLT

Homogeneous cell HS (d)

\‘\‘}if’lni:

Layered permeability cell L3 (e

ATy LI

Homogeneous cell HS (e

Homogeneous cell HS (f)

rg"w ; ) ¥

Figure4 Snapshot®f convectivemixingof CQ and water in layeredpermeabilitycell
L3andhomogeneousellH5;(a)t =0sec,(b)t =771sec,(c)t =6341sec,(d)t =11881
sec,(e)t =17500sec,(f)t =22965sec.
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Figure 5 compares cumulative dissolved CQ in the layered permeability cell L3 with
homogeneouscellsH2 and H5 with gapsof 0.25 mm and 0.50 mm, respectively.lt canbe seen
that the rate of dissolutionof CQ in the L3cellisthe sameasthe rate of dissolutionin the H5cell
with the gapof 0.50mm until 12693sec(U 5.986E10 kg/s),andit seemsthat the top layerwith
higher permeabilityis dominant until this time, while the convectionfingers have touched the
bottom layerat around6341sec.After 12693sec,the rate of dissolutionof CQ into the water in
the L3cell (with ki/k> of 4) is reducedby 50%(to 3.152E10 kg/s) due to the effect of the bottom
layer (of lower permeability).However,it is still more than twice the dissolutionrate of CQ in the
H2 cell (1.265E10 kg/s) with the sameproperties of the bottom layer. It causesa considerable
difference between the amount of dissolvedCQ into the water in L3 and H2 cells (cumulative
dissolvedCQ of 1.9E5, 1.5E5, and 5.4E6 kg till 30000 sec in the cells H5, L3, and H2,
respectively)lt canbe seenasthat the final cumulativedissolvedCQ in the L3cell is more than
the H5cell,asat the final recordedtime, the convectionfingersreachthe bottom boundaryof the
H5cell, but the convectionfingersreachonly till the interface (almostmiddle of the cell) of the L3
cellat that time. Thiscomparisonrevealsthe impactof the high-permeabletop layer of a layered
cell on increasingthe rate of CQ dissolutioninto the water and approachingthe rate of CQ
dissolutionof the layeredpermeabilitycellto the homogeneousellH5.
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Figure5 Comparingthe cumulativeamount of dissolvedCQ in layered permeability
cellL3with homogeneougellsH2and H5.

Figure 6 presentsthe changesin the dissolvedconcentrationof CQ in water over time in
layeredpermeabilitycell L4,when a high permeabilitylayer (with a gapof 0.50mm) is on top of a
low permeabilitylayer (with a gapof 0.25mm). Theheight of water in this test is lower than the
layeredpermeabilitycell L3. By comparingtheseimageswith the homogeneousell H5 (with the
gapof 0.50 mm) in this figure at the sametime periods,it is observedthat cell L4 showssimilar
results to the cell L3 (mentioned in the previous section). The behaviors of layered and
homogeneougellsare identicaluntil the convectionfingerstouchthe bottom layerat around780
sec (Figure6b). After the convectionfingerstouch the bottom layer of lower permeability and
pore volume in the L4 cell, the downward movement speed of convectionfingers decreases,
comparedto the H5cell. Theconvectionfingersformedin the top layer(with higherpermeability)
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grow, andthey penetratethe bottom layerwith higherwavelengthsThisresult confirmsthat the
behaviorof convectionfingerswhenthey touchthe layerinterfaceis independentof the height of
the top layer (with highpermeability)and dimension(width andlength) of the fingers

Layered permeability cell L4 (a) Homogeneous cell HS (a)

Layered permeability cell L4 (b) Homogeneous cell HS (b)

Layered permeability cell L4 (c) Homogeneous cell HS (c)
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Figure6 Snapshotof convectivemixingof CQ and water in layeredpermeabilitycell
L4andhomogeneousellH5;(a)t =0sec,(b)t =780sec,(c)t =6340sec,(d)t =11879
sec,(e)t =17519sec,(f)t =22979sec.
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A previousnumericalsimulationstudy hasconfirmedthis behaviorof the convectionfingersfor
layeredpermeabilitymodelswith strongheterogeneity(e.g.,with a permeabilityratio of 6.0).In
contrast,in layeredpermeabilitymodelswith weak heterogeneity(e.g.,with a permeabilityratio
of 2), the top layerpropertiesdominatethe whole procesq3]. While in this work, it is shownthat
convectionfingers form fingers of higher wavelengthand penetrate the bottom layer of low
permeability, another simulationstudy hasdemonstratedthat the convectionfingersdisappeain
the bottom layerof low permeability,and reducethe convectioneffect [40].

3.3NumericalSimulationModels

Eclipsel00 flow simulator (blackoil) is usedto visualizethe behaviorof convectionfingersin
the layered permeability models when they reach the bottom layer [48]. A more detailed
guantitative study of this problem is presentedbefore [3]. Similarto the experimentaltests, the
simulation models are of two-phaseflow, two-dimensional,and are initialized with a gas cap
containingfree-phaseCQ with constantpressureon top and an aquifer with water below. This
CQ phasecausesmaximumCQ concentrationon top of the aquifer after the first time-step due
to the dissolutionof CQ into the water by diffusion. Darcyand Fick'slaws are consideredasthe
governingequationsin the simulationmodels,and the boundaryconditionsin simulationmodels
areidenticalto thosein the experiments.Thethermodynamicpropertiesof the usedfluidsin the
experimentsare givenin Table 1. The size and other features of the simulation models and
experimentalmodelsare the same.In the simulationmodels,the porosity is consideredas one,
andthe permeabilitiesare changeda bit to havean equallengthscale(L)andtime scale(T)in the
simulationand experimentalmodels Thegrid sizesare very fine, and the critical wavelengthof
the perturbations,which most easilygivesrise to instability, canbe consideredasan indicationof
an appropriate grid size of the modelsin a numericalsimulation. The horizontal grid block size
with 1/20 of critical wavelength,obtainedfrom linear stability analysis(by consideringthe higher
permeabilityvalue),is a suitablesizefor simulationof this behavior[3, 10]. Theverticalgrid block
sizeequalsthe horizontalgrid block size,and the samegrid blockresolutionis consideredin both
layers.Thetime stepsare fine enoughto capturethe onsettime of convectionwith highaccuracy.
Thesimulationresultsin this sectionare basedon perturbationintroducedby numericalround-off
errors in the finite-difference flow simulations, and the convective mixing starts when one
introducesa perturbation from the pure diffusion profile of CQ into the water (belowthe phase
contact).

Figure7 comparesthe convectionfinger behaviorin the experimentaland simulatedlayered
permeability models L1 and L3, when they encounter the bottom layer. The results of the
simulatedmodel L1 are consistentwith the experimentalresults of cell L1, which show similar
behaviorof the convectionfingers,where the convectionfingers(formed in the top layer of low
permeability) merge and form fingersof higher wavelengthsafter reachingthe bottom layer of
high permeability.In the simulatedmodel, the fingerspenetratethe bottom layerat somepoints
with smallerwavelengths,but the penetrated fingers do not continue to grow downward and
vanish.While in the experimentaltests, penetrationin the bottom layer by fingersis not observed.
In the simulatedmodel L3,where the top layeris of higher permeability,the finger wavelengths
are seento increaseafter convectionfingerstouch the bottom layer of lower permeability. The
convectionfingers are found to penetrate the bottom layer when their wavelengthincreases
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enough Similarresultsare observedin the experimentallayeredpermeability cell L3also,which
concludeghat simulatedand experimentalresultsare consistentwith eachother.

Figure 7 Comparisonof convection fingersin experimentaland simulation layered
permeabilitymodelsL1andL3.

4. Conclusions

Forinvestigatingthe effect of layer properties (thicknessand permeability)on the convective
mixing processand dissolutionof CQ into the water, four tests with two-layered permeability
HeleShawcells(heterogeneousystem)were carriedout, and the behaviorof convectionfingers
was analyzed and compared with the test results of homogeneouscells. The observed
experimentalresultswere consistentwith the numericallysimulatedresults. Theachievedresults
areconcludedbelow:

1. Inthe dissolutionof CQ into the water in two-layered permeability geometries,the top
layer controls the onsettime of convection,critical wavelengthof convectionfingers,and early
dissolutionflux of CQ into water.

2. In early times, the behaviorof convectionfingers and the rate of CQ dissolutionin the
layeredpermeabilitycellsis similarto the homogeneousellswith the samepropertiesof the top
layerin the layeredpermeabilitycells However the propertiesof the bottom layercanaffect the
whole mixingprocess.

3. In the caseof a low permeability top layer, the convection fingers merge, and their
wavelengthancreaseafter touchingthe bottom layer. However the fingersdo not penetratethe
bottom layer and continue the convectiveflow further due to insufficientmassof CQ on top of
the bottom layer,andthe diffusionmechanisndominatesthe convectiveflow.

4. Inthe caseof a high permeabilitytop layer,the convectionfingersformed in the top layer
form fingers of higher wavelengthsafter touching the bottom layer and then penetrate the
bottom layer.
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