Highlights (for review)

Highlights

e A fully coupled model was proposed for the migration of VOCsin unsaturated
landfill liners.

e Finite deformation of soil was considered in the new model.

e The transport of gas phase VOCs was found to dominate the migration
progress.

e The temperature gradient can accelerate the breakthrough of VOCs in an
unsaturated liner.

e The mechanical consolidation slowed down the motion of the VOCs.
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31 1« Abstract

34 15 A fully coupled thermal-hydraulic—mechanical-chemicBHWC) model was
15 proposed to describe the migration of volatile organic aonbations (VOCSs) in
37 17 unsaturated landfill liners. The vertical soil stress, taiyi pressure, air pressure,
18 temperature increase, and solute concentration wereaselas the primary vari-
41 10 ables. Finite deformations were described using Lagrangierdinates. Non-
43 2 Isothermal moisture transport was found to be dependenttintbe temperature
45 21 gradient and the concentration of the VOCs. The VOCs werenasd to exist
47 22 and be transported in three phases in the soil: solid, liqand gas. An illustra-
49 23 tive example of an unsaturated landfill with a compacted loheey was presented.
51 2 For the case considered, the transport of gas phase VOCowurd fo dominate
53 s the migration progress. Moreover, the temperature gradien accelerate the
breakthrough of VOCs in an unsaturated liner, while the raaatal consolida-

55 26
27 tion slowed down the motion of the VOCs.
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1. Introduction

Solid waste landfills can pose major environmental threatheé quality of
groundwater resources. Unlike inorganic compounds, VQsdiffuse through
the geomembrane, then breakthrough the underlying bamigicontaminate the
surrounding groundwater. Understanding the progress amidnizing the migra-
tion of VOCs in landfill liners aids both barrier design andalysis of existing
landfills.

Most research in the area has focused on the transport ofqihe phase.
For example, Kim [1] modeled VOC solute transport througbachate drainage
layer overlying a geomembrane and the compacted soil laygermeath. The
leaked leachate was approximated as uniform flow over théendwface area of
soil liner. The seepage velocity was evaluated by an ecenvalydraulic gradient,
which depends on the height of the leachate level accuntutatehe geomem-
brane. The medium was considered to be fully saturated wsgotved VOC due
to agueous phase advection and diffusion. Nguyen et al of2pared the perfor-
mance of different composite liner systems based on thegiifh of VOCs in the
liquid phase through a fully saturated liner. In realitye thasal soil liner is always
unsaturated [3]. Fityus et al. [3] employed a steady-stataturated moisture
distribution to model the mass transfer through a partisdifurated soil liner in-
corporating only the liquid phase. However, VOCs can resgidihe gas phase
in addition to the solid and liquid phases [4]. Therefores-ghase motion in the
pores of an unsaturated soil liner and its contribution taC@igration should be

investigated to ascertain its contribution to VOC transpolandfills.

2
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53 Moisture transport in unsaturated soils is affected by tenapre gradients,
s« Which, for example, can cause liquid-to-vapour phase obsramd vice versa,
ss as well as vapour phase transport. A series of laboratorgrements were car-

s ried out by Nassar et al. [5] to investigate heat, water, §sten chloride, and

l

s7 benzene transport in unsaturated soils under isotherndahan-isothermal con-

s ditions. They concluded that the effect of temperature antperature gradients

a1

o should be included to describe the movement of volatile ¢cbaliin soils.

4]

60 Although the temperature generated by the breakdown af g@lste in a land-
1 fill is not in general extremely high (between 30 and 60°C [6]), the transport

o

2 Of volatile organics can be influenced by different factors:

s (1) The temperature gradient can act as a driving force irsta transport.

o

64 Especially for unsaturated soil with a connected pore asphthe moisture
65 flow caused by water vapour density variations can play arortapt role
66 [7]. In this case, multi-phase flow modelling is necessary.

&7 (2) Further, a rising temperature influences the contaminansgort due to its

68 effect on the gaseous mixture of water vapour, dry air and \g@€There-
69 fore, generally speaking, non-isothermal multi-phasestoioe flow should
70 be included in modelling VOC transport within an unsatuddsndfill clay
7 liner with inter-connected pore air.

72 An analytical solution is available for volatile organicndamination (VOC)

73 transport in a porous medium [8Not surprisingly, it includes several assump-
72 tions and does not account for transient fluid and gas vésaitducedby con-

75 solidation and temperature gradients. For such phenomenggrical models are
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essential. Some progress has been made using numeridabissbo couple non-
isothermal moisture flow with solute or toxic gas transportinsaturated soils.
For example, Nassar and Horton [9] included three fullypted partial differ-

ential equations connecting the heat, water, and solutsfeato describe their
simultaneous transfer in a rigid unsaturated soil. ThonmalsFeerguson [10] de-
veloped a fully coupled heat and mass transfer model deésgribe migration of

liquid water, heat, air, and contaminant gas through annerged clay liner, but
without including deformations.

Small soil deformations were incorporated for non-isatimemoisture trans-
port in an unsaturated landfill liner [11, 12]. However, skagformation models
could overestimate the transit time of contaminants aceoesdfill liner with
increasing discrepancies for increascampressibility of the liner [13]. There-
fore, finite deformation formulations should generally hidized to address the
geometric non-linearity [14, 15].

In summary, existing models of the migration of VOCs in lathd@iil liners

have at least one of the following assumptions:

1. The soil liner is under an isothermal condition;
2. The soil liner is fully saturated;

3. VOC transport occurs only in the liquid phase although gb# liner is

unsaturated;
4. The soil liner is rigid;

5. The soil liner deformation is determined by a small-strandel.

Meanwhile, there is increasingly more interest in VOC eroiss through the

landfill cover [16, 17, 18], because the landfill emissiores r@gulated based on

4
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emissions of non-methane organic compounds rather thamametn some coun-
tries (for instance, in the US). Landfills generally havethtypes of covers: daily,
intermediate, and final. Many daily covers are approxinys80cm thick exposed
layers of clay soil over refuse. Therefore, there is a stregjre to model VOC
through soils experiencing temperature gradients witrasée water saturation.
To overcome these restrictions, the present study propopseathematical
model for non-isothermal, multi-phase moisture and VO@Gspart (in solid, lig-
uid and gas phases) for unsaturated soil, incorporatingg fdeformations. The
model is benchmarked against an example of isothermal ameistansport in a
soil column and an analytical solution describing multapl VOC transport in
unsaturated soil. Then, the breakthrough of the VOCs in aatunated CCL
(Compacted Clay Liner) is examined. The influences of varifagtors such as
mechanical consolidation, the temperature gradient,dheelocity, finite defor-
mations, mechanical dispersion, and the water vapoursiity in the presence
of VOC vapour are investigated. The contribution of disparqdiffusion and

mechanical dispersion) in the gas phase is also examined.

2. Model Formulation

The main processes considered are mechanical consofidatiol moisture,
VOC and heat transport. Correspondingly, the model cansfstn equilibrium of
forces for the solid phase, mass balances for moisture ;gh¥@C, and balance
of energy. The primary variables selected are the capilf@egsure,p., pore
air pressurep,, increase of absolute temperatufe,and the liquid VOC mass
concentrationg,. In deriving the basic equations, the following assumptiares

made:
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1. The pore fluid flow in both the liquid and gas phases are drixepres-

sure, viscous and gravity force&Knudsen diffusion, which may become
pronounced when the gas molecules collide primarily withn pore walls
rather than with other molecules [19], is not accountedridhis work, be-
cause the gas permeability coefficient of CCL consideredi$?Im? and
thus much greater than the threshold value of4m?[20]. Also, data as-
sociated with the Knudsen diffusion coefficient and its aaoin with water

content and temperature are not available for CCL expetisnen

. Diffusion and convection drive the movement of the watgrour. To model

the multicomponent gas mixtures, the dusty gas model inofuthe Knud-
sen diffusion is frequently used [19]. An alternative agmio[9], which is
used in this paper, can be used when Knudsen diffusion caedleated.
Nassar and Horton’s (1997) approach accounts for partedsore gradi-
ents and binary gas-phase diffusion, which are importantofa for multi-

components gas.

. Heat flow occurs by conduction and convection and boiliregzing, and

thawing are not considered [9]. The approximation of lohatinal equilib-
rium is used which means all phases within a representdéwesst volume
(REV) of soil have the same temperature. This assumptioccisable as
the energy exchange between the phases is significantér thsin the en-
ergy transport within a phase. This is valid for small gra@es and their

linked large specific soil surface area between the phadgs [2

. The soil liner is intagtnamely there is no presence of inorganic pollutant or

the associated chemical reactions with soil lir&orption is assumebt to

change the soil porosity.
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2.1. Coordinate systems

A Lagrangian coordinate systern () is used withé(z t) as the particle dis-
placement and(z, 0) = z. The relation between the Lagrangian and Eulerat) (

coordinate systems then implies that for any varid{let) = f(£(z t), t):

OF _otoe oF _ofoe of of ot
Az BEOZ ot dEAt Ot aE S ot

wherevs = 9¢/0t is the solid velocity.

(1)

Since the same amount of solid remains in each soil represenelementary

volume (REV), the continuity equation for the solid phadestathe form:

ps(z, 0)(1 - no)Az = ps(1 — N)AE, (2)

whereps is the soil grain densityy = e/(1 + €) is the current porosity, anay =
n(z, 0) is the initial porosity. The JacobiaM, for the coordinate transformation

is:
M_ag_l—no_ l1+e
S0z 1-n l+e’

3)
whereg is the initial void ratio.

2.2. Force equilibrium

The lateral soil pressure;, is related to the vertical pressure, by the earth

pressure coefficient at re¥ty [22, 23, 24]:

01+ Pa= KO(O'V + pa)- (4)

Hence, the net mean stress is:
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_0'V+20'|+ 1+ 2Ko
-7 3 Pa =3

Here, the tension stresses are taken as positivgpargithe pore air gauge pres-

*

o Ov + Pa- (5)

sure.
For the compaction-induced soil lateral pressure, theevalK, increases
rapidly with the degree of saturation around the optimuneweabntent, and may
exceed 0.9 when the water content is above the optimum [2d4Engineering
practice, the landfill clay liner is required to be compackgith the water content
usually above the optimum [25]. Therefokg, is taken as 0.9 in this study.

The force equilibrium of the soil is described in terms oftieal soil stressr,

by:
ooy o0&
5 bc’)_z =0, (6)
whereb denotes the body force:
b= {[9p| +(1- n)ps] - [HOPI +(1- no)Ps]} Ui (7)

Here, 6 and 6, represent the current and initial water volume fractioespec-
tively, p; denotes the density of liquid wateg, is the gravitational vector taken
with positive being upwards (and equals the acceleratientdigravityg, when
the vertical coordinate, is opposite the direction of gravity; otherwigg = —Q).

The masses of dry air and water vapour are negligibly smadlleae ignored.



O©CO~NOOOTA~AWNPE

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

2.3. Moisture and heat energy transfer in the spatial couadie systemé( t)
2.3.1. Mass balance for water

The liquid water and water vapour flux in an unsaturated mealiebe written

as:

oT
a = v — pi DTa_é:, (8)
0
Qv = _D*aig + pu(N = O)Vyi. 9)

The second term on the right-hand side (RHS) of (8) represtet water flux
due to the thermal gradienDt is a phenomenological coefficient relating the
water flux to the temperature gradietis the absolute temperature increase, and
D* describes the effective molecular diffusivity of the watapour.According to

Darcy’s law,the intrinsic or linear average velocity of each individligiid phase

in soil is:
v-——ﬁﬁ( + Pa + 01Gi) + V (10)
i = 065 Pc + Pa p|g|§ S5
ko Opa
Vai = —o g TV (11)

wherek, andk, are the mobility coefficients for the liquid pore water andibo-
uous air phases, respectively= K;/(0,9), in which K, is the hydraulic conduc-
tivity of the soil medium and;; andv,; denote the intrinsic phase average velocity
with respect to a fixed coordinate system [26] for liquid aagaur water, respec-
tively. The gravitational contribution ta,; is neglected because the density of air

pa IS negligibly small [27].
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The importance of the compressibility of pore water was destrated in the
prediction of solute breakthrough curves from partiallyusated landfill liners
[28]. The solute was assumed to exist in the solid and liqindsps. For the
multi-phase VOC transport model in this study, the densftpath liquid and

vapour water are taken as functions of temperature andagpiressure:

pr=pio[1+6 (pc+ pa) —aT], (12)

where the initial density of liquid water jso, = 998 kg/n¥, the pore water com-
pressibility coefficieng, = 3.3 x 10° Pal, anda; = 3.0x 104 K1 [27],

Pc
pIR, (T + To)

in which h is relative humidity angy is the density of vapour at saturation given
by [29]:

: (13)

pv = poh = PoeXp[

Po exp|aoT’ + o (T')?, (14)

~ 1944
whereay = 0.06374,by = —0.1634x 1073, T’ = T + Ty — 273, andT is the initial

temperaturel assumed).

In earlier non-isothermal moisture transport models [3), 2, 27, 12], the
solid velocity was not included in the expression for theexndiux in deformable
media. Here, the solid velocity is incorporated in both tresmand heat fluxes,
and also in the liquid linear average velocity. When coraetio the material
coordinate system in the next section, all terms involwingre found to disappear
and no extra complexity in the formulas is introduced.

The mass conservation equation for the moisture in a detdemasaturated

soil is:

10
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%[Ple"‘Pv(n_e)] = —%(ql + Q) - (15)

Zhou et al. [27] tookDt as 2.4x 107*° m?/(s K) in their example of a non-
isothermal unsaturated soil column, while other reseaschave attributed the
influence of the temperature on the liquid water flux to iteetffon the capillary

potential head, expressed as [9, 7]:

oY
Dt = klplgﬁ- (16)

The temperature-corrected potential head, assumed tourectidn of the capil-
lary potential heady, and the temperature, is given by [31]:

v = Xexprc,T), (17)
P9

whereC,=-0.0068 K'is the temperature coefficient of water retention [32, 33].
Considering a gaseous mixture of dry air and water vapoe effiective molec-

ular diffusivity of the water vapoub*, can be expressed as [7, 27]:

D* = DathmT(n - 9)’ (18)

wherer is the dimensionless tortuosity factor to account for caripiles in the
pore geometry and the boundary conditions that influenceapeur transport at
the microscopic scale. Its typical value is less than urotyiritact soil, and it is
temperature depend€gf’]. The mass flow factor is defined as = pa/(pa— pv)-
Dam is the molecular diffusion coefficient of water vapour in @ir?/s), and is
expressed in terms of absolute temperature and air pregrgegp, is in units of
Pa) [29]:

11
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(T + Tp)?3

Pa

Damm = 5.893% 107 (19)

Alternatively, the diffusion flux of vapour, which is assutn® be driven by
the vapour density gradient [11], can be described by amdgt&vapour velocity

equation [34]:

dpy Opy 0pc  (VT)adpy 0T
DY — Dy | 220 2P aany
og A Ao B T VT oT 0F

where ¥T),/VT is the ratio of the microscopic to the macroscopic tempeeatu

(20)

gradient. It is introduced since the microscopic tempeeaguadients in the fluid-
filled pores are much higher than the macroscopic gradientsa the sample as
a whole. Thomas and Ferguson [10] employed (20) to desdnidbevater vapour
diffusivity even in the presence of VOC gas.

When the concentration of the VOCs in the liquid phase irsgso a critical
level, its effect ont¥ cannot be neglected. It is considered via the surface tensio
model [35]:

¥ ="P(T)(ym/vw)s (21)

whereT, is an arbitrary reference temperatui(T,) is the capillary pressure
head at the reference temperatuykgis the surface tension of a free-water system
at the reference temperature (3)pandy,, is the surface tension (JAmnat a VOC
concentration o€,. In view of (17), the capillary pressure head can be exptesse

as:

Pcym
P19Yw

P =

expC,T), (22)

12
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The effect of organic chemical concentrations on the sartansion;y,/yuw,

can be calculated for a nonionized organic solute by [36, 37]

Im [Fw + o (yo/ 7w)1/4]4’ (23)

Yw

wherey, is the surface tension of the VOCs (3jpT,, andI'y represent the su-
perficial volume fraction of water and VOCs in the surfaceslayor which data
are rare in literature. Therefore, the effect of the VOCshandurface tension of
a mixed liquid is included by specifying a constant redutfiactor fory,,/yw. In
contrast to inorganic species, organic compounds typicstrease the surface
tension of water. The reduction factor falls within the rarg 0.6 to 1 for organic
concentrations lower than 10 mg/ml or less than*Ifol/ml [38, 39].

In the case of a gaseous mixture composed of water vapouajrignd VOC
vapour, the water vapour diffusion may be influenced by tlesgmce of the VOC
vapour especially when its mole fraction is relatively kr¢t can be described by
[36, 40]:

D* = Dym(n - 6)*3 (24)

where the molecular diffusivity of water vapour in a gas migt(nt/s), Dym iS:

Duwm = (Y3/Di_2 + Y4/Di_z + ... + Y4/Din) ™, (25)

in which D;_, denotes the molecular diffusivity for the binary pair, ,.eater
vapour diffusing through componentsy;, is the mole fraction of componentin

the gas mixture evaluated on a component-water-vapoarfasis, that is,

Y2
= ) 26
yz Yo+VY3+...+Vn ( )

13
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For a gaseous mixture that obeys the ideal gas law, the madédn equals the

ratio of the corresponding partial pressures [40].

2.3.2. Mass balance for dry air

Air flow occurs as a bulk flow and as a diffusive flow of dry air ahe dis-
solved air within the pore water. Assuming that the diffedivx of the dry air is
very small relative to the bulk flow and can be ignored [11, 27 mass balance

for air in a deformable unsaturated soil can be written as:

0 _ _%a
E{Pda[n_(l_H)e]}— o¢ s

wherepy, is the density of dry air anHil is the dimensionless coefficient of solu-

(27)

bility defined by Henry’s law [41]. The dry air fluxyy,, is described by:

oT
Oda = dea(HVn - Dr 8_5) + pda (N — 6) Vai. (28)

Since the variation of the pore air pressure from the atmaggbressure in this
study is far less than 1 bar, except when the degree of satuetceeds 0.985,
and the temperature falls in the range of 283-333 K, the brackgl condition is
close to STP (standard temperature and pressure). It is¢hsonable to assume
that the gas mixture obeys the ideal gas law and Dalton’s4dw11]. Therefore,

we have:

pda
a= —rda 29
P48~ Rea(T + To) (29)
Py = pR (T + o), (30)

whereR,(i = da, V) is the specific gas constant (the ideal gas constant dilagled

the molecular weight).

14
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When the volume fraction 6fOC in the gas phase is sufficiently small [42, 43,
44], it can be assumed that the presence of the VOCs doesgmificantly alter
the density and pressure of the dry air and the water vapopplyfg Dalton’s
law to the pore air mixture, the pore air pressyxeis the sum of the dry air

pressurgg, and the vapour pressupg:

Pa = Pda + Pv- (31)
Substituting (30) and (31) into (29) leads to:

__ PR
Pia= Rea(T +To) Rea "

where the specific gas constaR§, = 287.1 J/kg K,R, = 4615 J/kg K.

(32)

The above approach is applicable to the case with a relalae VOC mole
fraction in the gas mixture. Since the density of the VOC vwappyoc) can be
expressed in terms of the adsorption coefficidrand the liquid concentration of
the VOCs,¢, by pvoc = Hg, this additional compound does not add an extra

unknown. Using Dalton’s law of partial pressure yields

Pvoc = pvocRvoc (T + To), (33)
Pa = Pda+ Pv + Pvoc, (34)
and
Pa R Rvoc

= m - @pv - _EPVOC, (35)

whereR, oc is the specific gas constant for the VOC.

Pda

15
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2.3.3. Heat energy balance
For a unit volume of a deformable unsaturated medium, coaten of heat
energy can be written as:
oD 0
R (36)
where® andgr are the heat capacity of the soil and the total heat flux pdr uni
volume, respectively. Besides the heat content in an iddaliphase, considering

the contributions of the latent heat of vapourization andtlegrmic process of

wetting of the porous mediun® can be written as [27]:

O =[ps(1-n)Cs+p16C +py (N=0)Cy + pga(nN—(1-H) ) Cya| T (37)
+ Lopy (N = 6) + pi0W,
whereC; (i = s,1I,v,da) is the specific heat capacity of each constituent in the
soil, L is the latent heat of vapourization, awd(J/kg) is the differential heat of

wetting given by [31]:

W = pléexp( 68’)’ (38)

in which S’ = 10" m™? is the specific surface of the material and the material
constant values and,=1 J/n¥, 6 = 10-° m in accordance with [27].

Heat transfer mechanisms in our model include conductionyection, the
vapourization of heat, the gradient of the water poteraiad| the differential heat
of the wetting flux. When expressing the gradient of the déifeial heat of wet-
ting flux as the liquid water flux multiplied by the coefficieot the differential

heat of wetting (), gr can be written as [45]:

16
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oT
Or =— /16_5 + (Ps (1 - n) VsCs + qICI + quv + qdaCda) T+ CI|W
5 (39)
+ LoQy — De— (Pc + Pa + p1041)

73
whered = (1 - S))Aary + Sidsat is the thermal conductivity (where the degree of
saturationS; = 6/n, Agry = 0.5 J/(s m K), andisy = 2 J/(s m K) [27]). D =
(T + To)Dy relates the water potential gradient to the heat flux [46, &6} the
case where there is a relatively large VOC concentratiorl itheee phases, the
heat transfer parameters employed should be measuredicgicio incorporate
the effect of the VOC:s.

2.3.4. Organic solute transfer

VOCs may reside in the soil in a liquid, gaseous, or a solidspH4], and
their transport can be due to diffusion and advection in BleeHiquid and vapour
phases. Ignoring the degradation of the VOCs in the soiir thass conservation

is expressed as:

ot o€’
wherec,; denotes the mass of the contaminants per unit volume of theatrix,

(40)

andq represents the total VOC flux. In accordance with [36], weshav

Cmt = (1 —N) psS + 6¢ + (N — 6)Cy, (42)

whereS is the adsorbed concentration (mass per mass soil) and chwided into
two parts [48], which is that sorbed from the water phase amah the air phase.

Local chemical equilibrium is assumed between each phasghe concentration
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344

of the VOCs in one phase can be evaluated from that in anottesep Assuming
a linear partitioning coefficient between the soil phaisaad j, H;; [36, 5], we

have

S = H5|C| + HSgCg, (42)

Cg = HgiC

wherec; (i = |, g) denotes the mass of the VOCs per unit volume of the liquid and
gas phases, respectively. They are relatetpfy, j = s 1, g), the linear partition-
ing coefficients between the individual soil phases. Nassat. [5] found that
the liquid—solid partitioning coefficienHs = 0.343x 10-3m?3/kg (which depends
on the water mass content, kg water per kg soil), and the diroeless Henry’s
constantHg = 0.2 (which depends on the temperature and the relative hyidit
The sorption of VOC from the vapour phase onto soil minenadsnely,Hsg, is
strongly dependent upon the pore water content, the sagl, tgpd the chemical
properties of the sorbing VOC [5, 49]. It can be around 1,00@$ theH for
dry soil [50]. Hy for benzene is taken as 0.191 [51]. The partitioning coeffits
are assumed to be functions®f, p., pa, andT for the sake of generality in the
derivation of the related equations and coefficients. Tinedl sorption relation-
ship employed here is valid because the concentrationseed?@Cs in a landfill
liner are normally very low [52, 48].

For the VOC transport mechanism, advection is caused bytameisrans-
port (liquid and vapour) and by the solid grain motion for treformable porous
medium considered, while dispersion is caused by mecHhadispersion and

molecular diffusion:
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oc I
Oct = QDIca_f — (N = 6)Dgyc o¢ + psVsS + o G 43)
+(n-196) (vai + vg) Cys
whereD;i. (i = |,9) is the hydrodynamic dispersion coefficient and the thermal

diffusion effect is represented through the temperateq@eddent diffusion coef-
ficientin each phase. Here, the VOC advective flux in the gasehas two parts:
V, is driven by the air pressure gradient and the equivalerdwaghiffusion veloc-
ity, andvy is due to the water vapour density gradient. In previousiefjdhomas
and Ferguson [10] took into account the first part, while [dassd Horton [36]
considered the second part. However, in general both of gierald be incorpo-
rated, by analogy with the derivation of the water vapoungprt equation.

When defining the total concentration of the VOCs (41) and thex (43), the
bulk density of the soilpgy, is often used to express the solute mass sorbed onto
the solid phase [36, 8]. Howevers, varies with porosity changes. Therefops,
is employed here, for convenience in explicitly descrilting varying porosity.

The hydrodynamic dispersion coefficient for VOCs in the iibphaseD, is
given by [36]:

eloy
Dic = 0001[)07 + Dhw, (44)

whereDyy, = apwVi| (auw = 0.004 m [53] is the longitudinal dispersivity) is the
mechanical dispersion coefficient of the VO, is the mass diffusivity of the
organic chemical through water, and can be expressed thiitvegWilke—Chang

equation [40] (which is also quoted by [36]):
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_ X102 VgM, (T + To)
/JWViO.G

whereg is the dimensionless association factor of the solventf(.@ater [36]),

Do

: (45)

M,y is the molecular weight of water, afl is the molal volume of organic solute
at the normal boiling point, which can be estimated from tadelmethods [37] as
224 cn¥/mol and 98 créymol for toluene and benzene, respectively.

The dynamic viscosity of wateg,, (mPa s), is [27]:

Uy = 6612(T + Ty — 229 71°62, (46)

Liquid state theories for calculating diffusion coeffidigrare quite idealized
and none can be considered as universally satisfactorafoulations [37]. Equa-
tion (45), which has an error around 10% [37] is one of thenestion methods
for the binary liquid diffusion coefficient of a liquid at imiite dilution. .

The hydrodynamic dispersion coefficient for VOCs in the ghase,Dy, is
[36]:

whereDyg = @ glVail (aig is the dispersivity and is taken to be 1 cm [54] in this
paper) is the dispersion coefficient of the VOC in the gas @hdase molecular-
diffusion coefficient of an organic compound in a gaseougune(water vapour,
air and VOC) Dy, can be calculated via (25), whi{g = (n — 0)? is a factor rep-
resenting the tortuosity. The binary diffusion diffusivitn?/s) for gasi through

gasn in the vapour phase can be calculated from [55, 40, 37]:
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143X 107 (T + To)" "
D= 2310 (T + To) (48)

P (Mi)? [()¥3 + 2)¥°]

whereM;_, = 2(1/m + 1/my)™*, m;(j = i, n) (g/mol) is the molecular weight for
the gasesj(= i, n), X, (no units) is the sum of the atomic diffusion volumes for
each gas component [37] (18 for water vapour, 19.7 for dr\pai96 for benzene)
andP is the air pressure< p,) with units in bar.

Since each VOC compound has a different specific gas congtaatto its
unique molecular weight) and partitioning coefficient, amess conservation equa-
tion can be written for each individual component when theC¢CGare a multi-
component mixture. There is no extra theoretical compjesitcept that more
computational effort is required. In this paper, only a gmgpmpound is consid-

ered.

2.4. Moisture and heat energy transfer in the material cawaite system (z, t)

The mass balance equation for moisture is:

0 0 0 oT
ot {[00 +py(N=0)| M} = — — [‘Plkla— (Pc + Pa + p19E) _pIDT(9_§
(49)
— % - kaapa
O¢ Pv b€

whereM on the left hand side (LHS) accounts for deformation of agsentative
element volume (REV) relative to the spatial grid. The spajradient involved
in the water flux on the right-hand side is implemented bysfamming to the
material coordinate system, i.6(;)/0¢ = M~10(-)/0z

The mass balance equation for dry air is:
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0 0 oT
o {pda[n—(1-H) 6] M} = - 5_Z{dea[ — (Pc + Pa +0196) — Dr—— pY:
OPa
soua( -2}
(50)
Heat energy conservation gives:
0 oT oT
oM == 2 {150 [(—p.m—(pc+ Pa+ g8) - DT |
dpy oT
( D* 8p§ vka 0¢ )C +(dea( (pc+ Pa+p10é) — D 8§)
2P\ col T k. SIARY
+pda(_ PY: )) da| | + [0 (pc+ Pa + p10&) — pi Taf
dpy 0Pa
+|-0( D*apf — Pv kaa_pf)_ Caf (Pc + Pa +Plg§|)}
(51)

Mass conservation for the VOCs is given by:

0 0 g 0Cqy
— M) = -6D -(n-6)D
ot (Cmt ) 8 { lc ™~ 65 ( ) gC . 65

: ﬂ 9Pa D* dpy
—[k.a—f(pw pa+p|g§.)+DTa§ agcg+ Vafcg}

(52)
Equations (49-52) can also be developed via coordinateftranations. The
method for tacklingss is analogous to that used in Appendix C of [13]. The proce-
dure is demonstrated in Appendix B. Wheh= 1, the equations can be reduced
to the geometric linear model without considering the selbeity. Expanding

the terms on the LHS of each equation yields:
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(9 apc apa aT
Eii— ot =+ EIZE + E13E + E14E 53)
0 oT 0 0
:_a_z[_plkl_(pc"‘ Pa + 010&) — pIDr— pY: _D*aigv_ﬁvka pga],
doy 0Pc Gpa oT
Eo1—— p =+ Epp—r p + Epz—— ot EME
(54)
= aH 6(+ + -)—Dﬂ+ —ka%
= 9z Pda|— f Pc + Pa plgfl T 8§ Pda 8§ s
doy 0pc (9pa oT
Esi ot + Egpp—— ot + Egz—— (9t E34E
0 6T oT
:_8_2{_ 8§ plkl (pc+ Pa + P10&) — pIDTag CT
op 0 oT
+(_D*6_§V _pvkaa_p;)cv-r + Hpda |- (pc + Pa+0104) — Dt 8§] Cdal
+ —ka(9 CT+—k. (++g§) DaTW
Pda oE da Pl Pc + Pa + 0198i) — p1DT o
0, 0
+|—0( D* a[;:v Pv a_p;) - Caf (pc + pa"‘plgfl)}
(55)
204 and
0 0 0 oT oc
EsC (;)t- + E420 ;; + E430 ;a + E44CIE + E456_tl
0 8C| oH I
=== {[9D|C +(n-16) Dchg|] i - (n-0) Dgca—;q (56)
oT 0pa D (9pv
[ — (Pc + Pa + p19&) + Dt ag] kaaf Hgci - T + Hglcl}

405 The coefficientssj; (i = 1 -4, j = 1-5) used in (53)—(56) are formulated in

w6 detail in Appendix A. The spatial coordinages determined by:
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=7
d +z l1+e&

de. (57)

Thus, the first-order PDE:

o . e—€2)
az_1+ l+e ’

(58)

with boundary conditiong(L,t) = L was constructed to find

2.5. Constitutive relationships

A non-linear elastic soil model is used here. GenerallyhIstate surfaces for

the void ratio and the liquid water content can be postulate[®7]:

e= fu(c", pe. T), (59)

0= fg(O'*, pC’ T) (60)

Considering (5)e andé actually depend on the four primary variables. Thus, we

have:

e = fe(O-V’ pC’ pa, T), (61)

0 = fy(ov, Pe, Pas T). (62)

Lloret and Alonso [56] give an extensive review of a numbefiooms of state
surfaces and concluded that the following formulation gitlee best description

of the soil behavior (also employed in [12]):
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e=a+ bin(-o") + cIn(—pc) + din(=c)In(—pc) + (1 + &)atT, (63)

wherea, b, ¢, andd are model parameters. The thermal coefficient of volume

changeqr, can be expressed by [29]:

at = ag+axl + (a/l + CYgT)ln (%) . (64)
0

Here, o is the reference net mean stress andi = 0,1,2,3) are the model
parameters.
The water retention curve and the hydraulic conductivitydalay liner at a
reference temperature ©f can be described by [56] (employed in [30]):
0= (al ~ [1 - expb/POI(C — d'o) (65)
wherea, b/, ¢/, andd’ are model parameters.
The unsaturated hydraulic conductivity of a deformablé waier isothermal

conditions K|, is given by [57]:

S| - Su
1- SIu

whereS; is the degree of saturation ad S;,, anday are the related constants.

3
Ki = kg = A( ) 10m, (66)

The mobility coefficient of the continuous air phakg,is [57]:

ke = ;B le(1-S)°, (67)

whereu, is the dynamic viscosity of the pore air aBc&indgs are model constants.
The governing equations are solved using the multiphysadatting software

package COMSOL 3.5a [58]. In the model, the spatial domaerewliscretized
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into unstructured Lagrange-linear elements with a maxinglobal element size
of 102 m, and maximum local element size at the end boundaries 8f0The
sub-time steps were set to 1h and 1d in the two benchmarkerahrespectively.
The corresponding solutions have been confirmed to be imdieipe on the sizes
of time-steps and meshes.

To verify the present model, the model was reduced in ordeetwalidated
against benchmark problems in the literature. The first gpanms for the Isother-
mal moisture transport in a deformable soil column[27],le/tiie second example
is for the multi-phase VOC transport [8]. The compersionsvieen the reduction
from present model and the previous analytical solutionsvsdm excellent agree-

ment.

3. Application: VOC transport through an intact CCL

3.1. Problem description

The liner system investigated here is of a type widely usexdaste impound-
ments and is assumed to be of sufficiently large extent tdyusbne-dimensional
analysis. As schematically shown in Figure 1, the compdaitdfill consists of
animpermeable geomembramapervious to the diffusion of an inorganic solute,
an underlying clay soil layer such as an engineered comgatdy layer, and a
second leachate collecting system. In this paper, only @k S8 modeled, the
effects of the overlying geomembrane and the second leaclodecting system
below CCL on the porous flow and VOCs transport are repredenitd proper
boundary [13]. The CCL is assumed to be intact during the V@@kthrough.

Initially, the VOC-free CCL has a uniform pore air pressuteb@r) and tem-
perature ofTy. To account for the initial steady liquid distribution wigihavity, a

linear variation of the pore water pressure is assumed &9in [
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SLCS

Figure 1: Schematic of a composite landfill liner [28].

Pe(zt=0) = per + pioGi (L - 2). (68)

e Here,pg is the reference capillary pressure dnig the thickness of the CCL. The

4

o

s initial uniform net mean stress is;,.

456 At the top of the CCL, a time-dependent temperature increaseposed. It

57 Increases rapidly to a fixed value, and then decreases dirattuzero.

T(z=0,t) =

t/LAT, o<t<ty

AT, th<t<t

(69)
[1-(t-t)/(t-L)]AT, L<t<ts

0, t>13

s Here,AT is the maximum temperature increase r{d= 1, 2, 3) are the times at

o Which the temperature changes due to waste degradation.

460 The waste filling process is approximated by a linear ramgifag[13]:
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t/rAQ, O0<t<t
O'V(Z = O, t) = . (70)

AQ. t>t
where AQ is the maximum surcharge aidis the time taken by the landfill to
reach its full capacity.

The impervious geomembrane means that the liquid water fhasequals
zero,q(z = 0,t) = 0, and the pore air pressure gradient vanishesypg(z = 0,t)/0z =
0.

VOC vapour can permeate through a non-porous geomembréreerablecu-
lar level. The process occurs in three steps [59, 60]. Rhstpermeant dissolves
and partitions at the geomembrane surface. Second, isd#fthrough the ge-
omembrane in the direction of lower chemical potential alin it evapourates or
desorbs onto the ambient receiving medium.

The VOCs diffuse through the thin (relative to the CCL) gearbeane at the

top boundary, with a flux given by:

C|(O+’t) —Co
h b
wherec, is the concentration of the VOCs in the liquid phase at thediole

f(0,1) = —Pg (71)

of the geomembrane, which has a thicknes$f. Pg is the product of the
diffusion coefficient for the solute in the geomembrabg) and the partitioning
coefficient of the solute between the geomembrane and tleead)fluid Sg)

[14]. A good contact between the geomembrane and the CClsigvaed, and

consequently; (0*, t) is the same as the concentration at the bottom surface of the

geomembrane. Then, the flux in the CCL at the interface is:
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+ _ % +
f(0".1) = ~6D (0", 1). (72)

Equating (71) and (72) [13], a Neumann boundary conditiarttie solute con-

centration is obtained:

% _ PG _ PG
92 300" DD, 6(0", DD,

At the bottom of the CCL, the second leachate collectingesyss often made

(0.1) ¢t (0.1) = (73)

of gravel material with a high hydraulic conductivity. Tkéwre, the flow of pore
water contained in the CCL driven by the capillary pressme:temperature gra-
dients is assumed to drain freely and the gradient of theealoncentration is
assumed to be zero (Danckwert’'s boundary condition, [Glihough different

interpretations of this condition are possible (e.g., [62]

pC(Z = L’ t) = pC(Z = Lat = O),
pa(z=L,t) =1 bat
(74)
T(z=L,t) =T,
g

0z
The model parameters employed in the following analysebased on recent
studies of solute transport in clay liners [63, 14]. The eslof the parameters
used are shown in Tables 1-4 unless stated otherwise.
The coupled non-linear equations are solved using the pmyisics modelling
software package COMSOL 3.5a, which solves Equations%8)+56), and (58)

simultaneously. Consequently, the two-way coupling ofttoésture and the VOC
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Table 1: Soil parameters employed in numerical simulations

Parameter Value
Initial concentration in the landfillgy 100 mg/dni
Maximum waste loadingAQ 2x 10° Pa
Loading period}’ 2y
Geomembrane thicknedss [14] 0.0015m

Mass transfer coefficient of geomembraRg,[14]
CCL thicknessL

Magnitude of acceleration due to gravity,

Initial compressive stress; o [12]

Reference capillary pressungy [12]

Earth pressure coefficient at rekt,
Temperature coefficient of water retenti@, [32]
Temperature increase at the top boundafy,
Initial temperature in the linef

Temperature changes parametgrg,= 1,2, 3)

4 x 1071Mm?/s
1m

9.81 m/$
-200 kPa
-2.8 kPa

0.9

-0.0068 K*
30K

288 K

1y, 10y and 10y respectively
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Table 2: Soil components properties.

Parameter Value

Soil solids

Density of the solid phasgs 2.7 x 10° kg/m?
Specific heat capacit,, s [14] 800 J kgt K1t

Soil liquid water

Initial pore water densityyq [14] 0.998x10° kg/m?
Phenomenological coefficient relating

o 2.7 x 10719 m?/(s K)
liquid flux to temperatureD+ [27]

Reduction factor of surface tension due to

0.8
VOC, Ym/Yw
Specific heat capacit@y s [14] 4180 J kgt K1
Soil air
Henry’s solubility coefficient for airH
0.02
[14]
VOC transport

8.3144621/MW  J/(kg
N K), whereMW is molar
Specific gas constant for VO®,,oc _
weight of VOC (78.114
g/mol for Benzene)
Partitioning coefficientiHsg 1.8x107° m3/kg
Longitudinal mechanical dispersion coef-

- o 0.004 m
ficient for liquid phasegq,,

31



O©CO~NOOOTA~AWNPE

494

495

496

497

498

499

500

501

502

503

Table 3: State surface functions for unsaturated soil [12]

S a b C d at (K™
\oid ratio
55 -0.4 -0.25 0.02 2.510%
a b’ c d

Volumetric water content
0.9 -0.8 -108 10°°

Table 4: Liquid mobility in unsaturated soil [12].

A (m/s) Su (07
6x1014 0.05 5

Hydraulic conductivity

B (Pam/s) s (Ns/m) B

Conductivity of air
1.8x101? 1.0x10° 4

transport is implementedn the model, the system was discretized into unstruc-
tured Lagrange-linear elements with a maximum global efgraize of 102 m,

and maximum local element size at the end boundaries (wherenbst rapid
changes occur) of I m. The setting of sub-step size along the lines is corre-
sponding to the waste filling process. The external loadmgeases from zero
to its maximum in the first 2 y and then keeps steady. The sub-step was

set to 102 y in the simulation of the first 2 y, after which it was incredse 1

y in the following simulation period. All aforementionedrte-steps and meshes

have been checked through a convergence tests and thennute following

numerical examples.
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3.2. Results and discussion

3.2.1. Geometric non-linearity and soil velocity

One of the important features of the present model (FD) it itheccounts
for the finite deformation of the CCL, namely, the geometmninearity. In
addition, the soil velocity is included. Two other modelsreveonstructed for
comparison. The first one is a small deformation model (S@tjch does not in-
corporate the soil velocity occurrence in both the mass flukthe linear average
velocity of the liquid phasg; andv,;. The second (SD2) is also a small deforma-
tion model, the difference with SD1 being that it considées $oil velocity.

As illustrated in Figure 2, the small deformation model uedémates the
transit of the contaminant. Relative to the finite deforimatnodel (FD), the small
deformation models SD1 and SD2 assume that the thicknelse ebtl is constant
even though consolidation causes soil contraction. Asutrastakes the VOCs
longer to breakthrough the CCL. In previous research onigotiermal mois-
ture transport in deformable soil, the solid velocity waglaeted based on the
assumption that it is relatively small. However, Figure thdastrates that includ-
ing soil mobility can accelerate the transport of VO@Gss noted that even with a
small solid velocity, the capacity of the solid to transEmtute ((1- n)psvsS) may
become non-negligible because of a relatively large sadiasdy. Therefore, the
present model not only is theoretically consistent by adersing the soil velocity
but also accommodates the geometric non-linearity.

Since there is a significant advective VOC flux (the advedtiveis approxi-
mately 50 times the diffusive flux, especially when the terapee increaseaT

is higher), the VOC concentration level at the exiting baanydnay exceed that
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Figure 2: Effect of geometric non-linearity and soil velgan VOCs breakthrough.

in its vicinity. With a temperature decrease, and an advedhix gradually van-
ishing, the VOC concentration at the bottom boundary griyldacreases due to

the dispersion of mass to the adjacent zone, until steatlyisteeached.

3.2.2. Two-way coupling coefficient Bndpg,

The water vapour diffusivityD*, can be calculated using (24), (25), (48),
which we refer to as method WVD1. This approach requireswag-coupling of
the moisture, heat, and the VOC transport to provide rea¢-tralues of the con-
centration of the VOCs when determinily. Alternatively,D* can be approxi-
mated by (18) and (19) (method WVD2), so that the solutiorhefW¥OC trans-
port can be decoupled and calculated sequentially aftemgpfor the moisture
and heat transport. However, Figure 3 demonstrates that 2\d¥erestimates the

water vapour diffusivity and predicts a faster contaminargration as a result.
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Figure 3: Effect of different methods for estimations of @ratapour diffusivity on VOCs break-

through.

For either WVD1 or WVD2, the final levels of the total VOC cont&tion are
identical, regardless of the temperature gradient. Asaxed in the last section,
the concentration level at the exit boundary undergoes ieedse, especially for a
greater temperature gradient. This is probably causededosethtively larger ratio
of advection to the effective dispersion in the advectiaospersion equation. On
the other hand, whether considering VOCs or not when cdlogléhe density of
dry air, pq does not make a discernible difference on the VOC transpogrpss

(results not shown).

3.2.3. Total constitution of the concentration of the VOCs
In the literature, there is no consensus on an expressidhddotal concentra-

tion of VOCs in unsaturated soil. While Thomas and Fergud®h$nly focused
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on retention of VOCs in the aqueous and gaseous phases, esesatrchers con-
sider that the VOCs also reside in the solid phase, due tdisorpHowever,
different description are used. For example, some haveiteddhe sorbed con-
centration as being from either the aqueous or gaseousfEs86], but others
have included adsorption from both fluid phases [48, 8].

Figure 4 illustrates the liquid phase concentration anddked concentration
level at the bottom boundary. ‘ExpCtoti’ represents threel& of model: with the
expression for the total concentration used in the presedeiri = 1), excluding
any contribution of adsorption from the gas phase ), and no adsorption onto
the solid phasei (= 3). Although the liquid and gas phases are assumed to be
in equilibrium in this study, it means that the transfer kineomes to a steady
state, namely the concentration of the VOCs in one phaseea&vdluated from
that in another phase. However, the concentration in ligund gas phases are
not necessary to be identical. Therefore, the sorption eparated from both the
liquid and gas phases

As expected, the more complete adsorption mechanismsesiower VOC
transport due to retardatiomhe difference of the final total concentrations in Fig-
ure 4(b) caused by their different constitutions are sigaift. Therefore, more
experiments are needed to clarify which expression of tsergdion is appropri-
ate. A higher temperature increase at the top boundary leadsamarlcarrying
capacity of both the liquid and gas phases. Consequendymigration of the

VOCs is accelerated.

3.2.4. Longitudinal mechanical dispersionyaand D)
Based on the assumption that the pore water flow velocity exdimined soils
due to mechanical consolidation is low (less than®1f/s), mechanical disper-

sion can be neglected [65, 14]. However, Zhang et al. [28ficord that the
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Figure 4: Comparison of the different expressions for ti@ 8OC concentration on the predicted

breakthrough.
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mechanical dispersion could double the final advective sionisat the bottom
of a partially saturated CCL when the molecular diffusioefficient decreases
within a practical range. In this section, the effect of natbal dispersion on
VOC transport is reexamined in a multi-phase context.

The mechanical dispersivity is often obtained by fitting smwad breakthrough
curves with analytical solutions of the advection—disgr&quation. However,
there is the so-called dispersion-scale effect, namedydigpersivity changes with
the distance over which the contaminants travel. A gooddjpgroximation is to
use a value of one-tenth of the transport distance for thgitiadinal dispersivity
if there is not enough information [66]. In this sectian,, = 0.1 m[67] was used
to examine the effect of mechanical dispersion.

Figure 5 illustrates the distribution of the VOCs’ dispeesflux in both the
agueous and gaseous phases. For the unsaturated soilereddiere, the gas
molecular diffusive flux is over four orders greater than ¢fas mechanical dis-
persivity flux, so the mechanical dispersive flux is small paned with the dom-
inant diffusive flux through the gas phase (which is at théesof10° g/(n? s)).
Therefore, the mechanical dispersion in unsaturated CG@herronsidered cases

can be neglected (as shown in Figure 6).

3.2.5. Mechanical consolidation and temperature increase

When the waste is added at the top boundary, the clay linesrgnds mechan-
ical consolidation, which can cause advective pore flow &g is expected to
help accelerate VOC transit. To investigate the contrdyutif mechanical consol-
idation in an unsaturated CCL, the present model was redioc&bSV’, which
does not include variation of the vertical stress. A congmariwas made between

it and the present model (Model Cpt). Figure 7a and the cageAMli= 30 K in
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Figure 6: Effect of mechanical dispersion on VOC breaktgto(@,,, = 0.1 m).

Figure 7b demonstrate that including the vertical compvessiress, namely, the
mechanical consolidation, seems to predict a slower ta@hspthe VOCs, which
is contrary to the conclusion for their transport (in theida@nd liquid phases)
within a saturated or partially saturated CCL. This is dugwvo effects: First, the
gas phase diffusion dominates the transport progress &aturated soil instead
of the advective flux in the liquid phase for saturated seitad, the mechanical
consolidation compacts the CCL and reduces the effectigedgusion due to
the lower void ratio. For the cases with larger temperatuaeignts, the effect of
soil contraction due to mechanical consolidation is batdray the swelling due
to heating. Thus, the influence of mechanical consolidatiothe movement of
the VOCs is limited. Furthermore, both the liquid phase emti@tion and the
total concentration of the VOCs at higher temperature gradihave higher peak

values than at lower temperature gradients. This phenomisna result of the
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advective transport due the higher temperature gradierdadually, the concen-
tration level decreases with decreasing advective fluxéseo¥/OCs.

In Figure 7b, the total concentration for ‘Model Cpt’ surpas that of ‘Model
NoSV’ for cases witPAT= 0 K after a certain period. This is because the total
sorptive capacity of a unit volume of solid is greater thaat thf a unit volume
of pore fluid. When the soil is compressed and the void fluikse#ed, a unit
volume of soil can carry more VOCs. Therefore, mechanicakobdation does
not always lead to a faster transit of multi-phase VOCs witin unsaturated soil.

Figure 8 indicates that the lower pre-consolidation steggbthe consequent
larger initial void can speed the migration of the VOCs. Ehpee-consolidation
stress levels are considered here: PS1 wijth= —200 kPa, PS2 with,o = —100
kPa, and PS3 witkr,g = —50 kPa. The values of the corresponding initial void
ratio are 0.628 (0.646), 0.775 (0.815) and 0.920 (0.986peetively. The values
in brackets are the void ratios at the CCL bottom (the voiiatreases linearly
from top to bottom due to the distribution of the initial ciigniy pressure).

A higher temperature increase at the top boundary was odxse¢ovshorten
significantly the time required for breakthrough. This icdese the gas phase
VOC diffusion increases rapidly with increasing temperatand dominates the

migration progress.

3.2.6. Contribution of the gaseous phase

In this section, a model (NoGas) without VOC flux in the gasgghis setup
by lettingHg = Hsg = 0 in the present model. As illustrated in Figure 9, incor-
porating the gas phase can dramatically speed up the nograithVOCs for both

non-isothermal and isothermal soils. This is attributetheogreater magnitude of
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Figure 7: Effect of mechanical consolidation and tempeegaincrease on VOC breakthrough.
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10°

Liquid concentratioml(mg/dn?)

—— PS1,A T=30 K||
——PS2AT=30K
—— PS3A T=30 K[|
- = PSIAT=0K
== PS2AT=0K ||
== PS3AT=0K

10 15 20 25 30
Time (y)

——Cpt,AT=30 K

——NoGasA T=30 K
- = Cpt,AT=0K

+='=NoGasA T=0 K

20

40 60 80 100
Time (y)

Figure 9: Contribution of the gas phase to VOC breakthroagk (0.9).
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the diffusion coefficient (around 10 m?/s) for the gas phase relative to that for
the fluid phase (around 1 m?/s).

Since gas phase diffusion depends on the gas satur&@jos, 1 - 6/n, a
parametric study on the initial volume water conténtyas performed to examine
the influence of the degree of saturation on VOC migratiogufé 10 shows that
lower water content leads to faster VOC migration in unsaturabéd gredicted
by three-phase transport model, which is in the oppositeton to the trend for
the two-phase (aqueous and solid phases) model (NoGagg farmer model, a
lower water content means a larger gas saturation and a lgagdlow pathway.
In contrast, it results in a smaller pore water fraction, skhiimpedesthe VOC
transit according to the model NoGas.

Therefore, gas phase transport plays a crucial role in thé ¥@nsport within
unsaturated soil. As reported in the literature, some rekess attributed the ob-
served faster VOCs breakthrough than the estimation ofuhe-@iffusion model
to the mechanical consolidation of soil liner [13, 68]. Hawe other researchers
[14, 15] suggested that the influence of mechanical coretodid on solute trans-
port was not important, especially when the compressyhditow and decreasing
of hydrodynamic dispersion due to soil compression is §icamt. The present
results redirect ouaittentionto examine whether the soil liner is fully saturated. If
it is not, the gaseous phase VOCs transport could be a priraaspn for acceler-

ated VOC transport.

4. Conclusions

A one-dimensional non-isothermal multi-phase (solidyiitj and gas phases)

moisture and VOC transport model for a non-linear elastiops medium was
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Figure 10: Effect of water content on VOC breakthrough: &tilie is the present model and

dash-dot line is for the NoGas model.

developed. The model proposed in this study is theorejicalhsistent for a de-
formable soil column by including the soil velocity in thaediar average pore fluid
(liquid and gas) velocities and taking into account the nflagsdue to the motion
of the soil. Based on the present model, benzene migrat@satid waste landfill
CCL under top surcharge and temperature gradient conditi@s investigated.

Mainly, the following conclusions can be drawn:

1. The assumption of small deformations (neglecting chaud¢he soil col-
umn) and ignoring the motion of the soil underestimates taesit of the
VOCs;

2. A two-way coupling approach is essential to get an aceutatermination

of the water vapour diffusion coefficient in the presence GiCG/vapour;
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. Taking into account the adsorption of the VOCs from bothghs and fluid

phases in the composition of the total concentration casiderably slow

down the migration progress predicted by the model;

. The mechanical dispersion of the fluid phase can be neglésicause the

related VOC dispersion fluxes are several orders of magaitess than the

diffusive flux in the gas phase.

. The shrinking of the pores in the soil due to mechanicasobdation helps

to prevent VOC breakthrough, but a higher environmentabtature in-
creases the VOC gas phase diffusion, which plays a predoiiol in an

unsaturated soil liner.

. Furthermore, the deviation of saturation from the fubyusated state can

significantly speed up the motion of VOCs. Therefore, a remthermal
multi-phase moisture and VOC transport model is essemtiabtain a re-
liable prediction of the migration of VOCs in an unsaturased liner ex-

posed to heating and compression.
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s0  Appendix A: The coefficients used in the governing equations

881 The coefficientE; (i = 1-4, j = 1-5) used in (53)—(56) are given as follows.

882 For the case of a finite deformation, i.8,# 1,
1+2Ky[ 1+e 00 1 oe
E; = — — (0 -0 , 75
11 3 1+eo(pl pV)80'*+1+eo(pl + Pv pv)ao_* (75)
3 1+e%+ e 1+e %
T 1 v edpe \1+e 1+e)ape
(76)
2 o 2 4 pe— pu) 22
1+eo | — Pv, apc 1+eo | Pv — Pv apc,
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B 1+e%Jr e l+e (9pv 3
B v edp. \1+e 1+e 8pa 42K,
£ 1+e%+ e 1+e %

Mo 1y eaT 1+eo 1+e) aT

1+e 1 oe
1 (pl pv) ﬁ m (010 + py — pb) ﬁ,
1+ 2Kg l+e 00 Pda
= —(1-H
3 ( Q=M pe g5 T Tr gt ™ )
e 1+ e |dpga l1+e 06
Ey=|———(1-H)0 —(1- e
22 [1+eo ( )1+eo P (1 )pda1+eoapc

+1'O"a [1-(1- H)e]—
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Pda i E21 3 ’

e 1+e
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ssa  Where
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oe 00
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ss0  Appendix B: Coordinate conversion for the governing equatbns

(116)
(117)

(118)

(119)

(120)

(121)

(122)

As an example, consider the transformation of the moistuasstbalance

equation (15) from,t) coordinates toZ t) coordinates.

(15) yields

0 0
It (016 + py(N—0)] = o€

e
Pv vka

0 0
so0  Apply the transformation formula (1) and multiply both ssdey M to get

-
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+pv (N—6)vs|.

oT
(pc + Pa+p10&) — pIDr— + pi6Vs
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Inserting (8-11) into
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(124)

The first term on the LHS and the second term on the right-h&el can be

simplified using the product rule of differentiation,

0 0 oT
It P10+ py(nN—06) _] =- [ plkl (pc+ Pa + p19i) — oI DT — pY:
.Opy apa
P TP

which is with the same as (49).

Nomenclature

ap, a constant used in calculating the density of the vapouatatation
A, a constant used in calculating the hydraulic conductivity

by, a constant used in calculating the density of the vapouatatation
B, a constant used in calculating the mobility coefficienttfa pore air
b, soil body force, ML2T—2

C,, specific heat capacity of pore liquid in SoiPT-?K*

Cga, Specific heat capacity of dry air in soil?T2K !

C., specific heat capacity of water vapour in sofTE?K 1

Cy, the temperature coefficient of water retention! K

Cmt, Mass of contaminants per unit volume of soil matrix, ML

¢, VOC concentration in the liquid phase
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g, VOC concentration in the gas phase

Dam, the molecular diffusion coefficient of water vapour in &7 1

Do, mass diffusivity of organic chemical in watePT-1

D*, effective molecular diffusivity of water vapour?L?

Dng, mechanical dispersion coefficient of the gas phasg;L

Dhw, mechanical dispersion coefficient of the VOCTL?

Dic, hydrodynamic dispersion coefficient for the VOCs in theiighphase, BT
Dge, hydrodynamic dispersion coefficient for the VOCs in the glaase, ET~*
Di_n, molecular diffusivity for the binary pair,4T*

D+, phenomenological coefficient relating the water flux totdraperature gradient?L~1°K -1
Dwm, molecular diffusivity of water vapour in a gas mixture -t

e, void ratio

&, initial void ratio

Ps, mass transfer coefficient of the geomembrarid; L

g, magnitude of acceleration due to gravity, £T

0i, gravity acceleration vector, F

h, relative humidity

hewm, thickness of the geomembrane, L

Ki, hydraulic conductivity, LT*

ka, mobility coefficient for gas, FTM 1

k;, mobility coefficient for liquid, 2TM 1

H, dimensionless solubility coefficient

Hi;(i, j = s I, 9), linear partitioning coefficients between the individeall phases
H.,, a constant in calculating the heat of wetting, MT

Ko, earth pressure coefficient at rest
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Lo, latent heat of vapourization?T 2

L, thickness of the CCL, L

M, Jacobian of a coordinate transformation

Mi_n, equivalent molecular weight, Mn1dl

m;(j = i,n), molecular weight for the gas component, Mrol
n, current soil porosity

No, initial soil porosity

P, air pressure with units in atmospheres

Pa, gauge pore air pressure, MiT -2

Pe, capillary pressure, Mt1T-2

Per, reference capillary pressure in the CCL, MIL 2
AQ, maximum surcharge, MEET—2

Oet, total VOC flux, ML=2T-1

i, liquid water flux, ML2T-1

qr, heat flux, MT3

Qv, Water vapour flux, ME2T1

Raa, Specific gas constant for dry air’ T-2K*

Ry, specific gas constant for water vapoufTE2K 1
Rvoc, specific gas constant for VOC vapoufT-2K 1
S, VOC concentration adsorbed to solid phase
S, specific surface of the material; L

S, degree of saturation

t, time, T

T, temperature increase, K

AT, maximum temperature increase, K
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895

T, an arbitrary reference temperature, K

To, initial temperature, K

V,i, average air velocity, LT

vy, equivalent vapour diffusion velocity, £F

vii, average fluid velocity, LT

Vs, solid velocity, LT

W, differential heat of wetting, T2

y;,, the mole fraction of componentin the gas mixture

z, material coordinate, L

Greek symbols

&, spatial coordinate, L

A, equivalent thermal conductivity of unsaturated soil, MR
Aary, thermal conductivity of completely dry soil, MCFK

Asay, thermal conductivity of fully saturated soil, METK 1

I'o, superficial volume fraction of water in the surface layer

I'w, superficial volume fraction of VOC in the surface layer

Yo, surface tension of the VOC, MET 2

Yw, surface tension of a free-water system at the referenceaeture, MZ3T-2
¥m. Surface tension of pore water in the presence of VOCs;,Wit?
o*, net mean soil stress, MET2

o, initial uniform net mean stress in the CCL, MiT

o, lateral soil stress, Mt T2

o, vertical soil stress, M1 T2
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Pda density of dry air, ML3

po, density of vapour at saturation, Mt

o1, density of the pore liquid, Mt3

pio, initial density of the pore liquid, Mt3

ps, density of the soil grains, Mt

pv, density of water vapour, Mt

pvoc, density of VOC vapour, M3

ax, & constant to calculate the hydraulic conductivity

@, thermal expansion coefficient for pore water:K

@, longitudinal dispersivity parameter for the gas phase, L
aLw, longitudinal dispersivity parameter for the liquid phase
[, a constant used in calculating the mobility coefficientdore air
B, pore water compressibility coefficient, Pa

6, a constant in calculating the heat of wetting, L

vm, the mass flow factor

7, dimensionless tortuosity factor

6, volume water content

o, initial volume water content

Y, capillary potential head, L

Y(T,), the capillary pressure head at the reference temperature
®, heat capacity of the soil, MLET—2

¢, dimensionless association factor of a solvent

s, dynamic viscosity of the pore air, MT

1w, dynamic viscosity of the pore water, MT

Q, factor representing the tortuosity in calculating thepdision coefficient of the VOCs in the gas p
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Y, sum of the atomic diffusion volumes for each gas component
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