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Vk[7C ||
HE U o T Phoes M€ Feom | |
THE aLelaeestc NoTEpooc. o £ SNAART A (T2 UoEE, | Account Number: 20-5704-193
/H\’;\/ (NCLoDE A'(’L PA’O@ KMVM T2 %{ %RT Collaborators: Sitakanta Mohanty, Gordon Wittmeyer

Note THAT THE LREAT DETAIL W ERUATIN DEVELSF MV | * Directories: $HOME2/Matlab/ODE — $ODE
SV 0l T> FAMILALAE MSOLE i THE Aan | 5

g YD \/ jective: The first proposed objective put forth by Sitakanta on November 16, in a meeting -

o N N Fam) 4 /s ' ‘ g . . . . . . .
= iy | h Gordon and myself, is to examine vertical fluxes of both liquid and vapor at Yucca Mountain

L under the influence of the geothermal gradient. Gordon used an ODE solver previously to handle

2. Performance Assessment Research, Task 3 — Vertical ODE Solver

liquid fluxes only. Immediately after the meeting, Bill Murphy mentioned to me that he had

previously examined 4C fluxes and concluded that diffusion is the dominant mechanism. Quickly

checking this statement with a simple analytic solution for a homogeneous column, liquid flux may

' & ~ be supported up to 10 mm/yr.

Based on the meeting and on the C results, the objective is two-fold: (i) create numer-

ical tools to integrate the steady-state flow and transport equations, using an ODE solver where

g applicable; and (ii) use the tools to estimate what fluxes might be admissible with all sources of
L ) information. As Matlab has ODE solvers built in, the tools will be developed in Matlab.

i H | 12/23/95 Governing Equations.

m 1 The basic nonisothermal multiphase, multicomponent flow and transport equations are the starting
i < :

" ; ~ point for the development. The development is presented in Stothoff (1995).

Summary of governing equations

b : Mass balance

g

4

s ‘ 3 (€aPata) TV - (€apatiaVa) +V - jo =S4 — €aPaoRma =0, (2-1)
B J(; = €ozlooz""oiz (vci - Va)’ (2'2) '

0 where

2-1
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2 PERFORMANCE ASSESSMENT RESEARCH, TASK 3 — VERTICAL ODE SOLVER

‘€, is the volume fraction for phase «,
Do 1s the density of phase «,
wa, is the mass fraction of species ¢ in phase «,
. is the mass-average velocity of phase «,
is the non-advective flux of phase «,
« is the external supply of species ¢ in phase ¢, and

~ 18 the exchange of mass with other phases of species i in phase a.

The following additional constraints must also be obeyed:

Nphase
- Z €as
a=1
Nspec )
1= Z Whs

pha.ae Nspec

-EE

(2-3)

The following definition is used throughout to average from a species-defined variable, B}, toa

phase-average quantity, B, (unless otherwise specified):
Nspec B

By= )Y w.B!
=1

leading to the mass-averaged phase velocity,

Note that there are other, comparable, averaging definitions, such as molar-averaging or volume-
averaging (Bird et al., 1960).

The mass-averaged phase velocity for a fluid phase in a porous medium is assumed to be
described using Darcy’s law, so that
9o = €oz(Voz - Vs) = —kA

o (VPa + Pagvz)a (2"8)

where

2-2

(2-4) R

(2-5)

(2-6) 1

27

f . § v
' 9 PERFORMANCE ASSESSMENT RESEARCH, TASK 3 - VERTICAL ODE SOLVER

——

is the volumetric flux of phase & per unit area [L T71],
is the velocity of the solid phase [L T1],
k is the intrinsic permeability [L?%],

© o
Vs

is the mobility of phase «, or kyo/pa,
kra
Lo

is the relative permeability of phase «, where k.o = kro(Pa) [
is the dynamic viscosity of phase o [ML=1T~1],

is the pressure of phase o [ML™1T~2],
¢ s the acceleration due to gravity [L T—2], and

z is the elevation [L].

ODE form for equations

sl smafissidoess o R/ SR e

The equations that will be considered for the ODE solver consist of mass balance for the water
species, mass balance for the liquid phase, mass balance for the total fluid mass, mass balance for

the C species, and global energy balance. The equations will all be steady state.

Ry
4
!

Mass balance equations for species

For mass balance of the water species in the aqueous phase, assume that dissolved species
cause negligible diffusive flux of the water species (j}* = 0), the mass fraction of the water species
in the liquid water is approximately 1 (w}’ = 1), and there is no external source of water. Subscript

[ refers to the liquid (water) phase, superscript w refers to the water species.

V- (Glplvl) — Slw = 0. (2—9)

of vapor, but there may be gas-phase advection as well as diffusion within the gas phase. Subscript

g refers to the gas phase, superscript w refers to the water species (vapor).

1 V- (epgy Vo) + V - [egpay (Vi = V)] = S5 = 0. (2-10)

For mass balance of the air species in the gas phase, assume there is no external source

of air. Subscript g refers to the gas phase, superscript a refers to the air species (a mixturd of

everything but water vapor and 4C.
(2-11)

AV (egpgwgvg) 4+ V- [eg,og(,a‘f;(vg,‘l - vy)]— Sy =0.

2-3

R I e ¥

For mass balance of the water species in the gas phase, assume there is no external source: =~
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.. .. 5 First Results.
. E— For mass balance of the 'C species in the liquid phase, assume there is no external source 12/30/9

g Of 14C. Subscript I refers to the liquid phase, superscript ¢ refers to the 14C species.

The first sets of simulations were run over the past few days. The simulations considered liquid and
vapor fluxes for the UZ16 data set presented in (Baca et al., 1994, pp. 7-19-7-25). Two thermal

cases were considered, isothermal and linear temperature variation as a surrogate for the geothermhl .

V- (apwivi) + V - [apwf (v§ — vi)] = S¥ = 0. (2-12)

-

g A it v

- P IS TR ISR
R A A RO,

i / Cy For mass balance of the *C species in the solid phase, assume there is no external source
i \ .
‘ “C, there is no movement of the solid phase, and there is no diffusion. Subscript s refers to the

ft=—— solid phase, superscript c refers to the 14C species.

gradient. For each thermal case, 6 moisture flux cases were considered, with input moisture fluxes

changing from 1073 to 100 mm/yr by an order of magnitude at a time. A number of input

and coding errors were detected, but finally these were shaken out and the resulting simulations

.
1

I S;=0. (2-13) were found to be comparable to the simulations in Baca et al. (1994). The previous simulations
T 3 considered net downward fluxes of 0.0086 mm/yr and 0.0135 mm/yr, but did not consider fracture
;I:m o Exchange of mass between phases flow. In the current work, a reference fractured continuum was assumed to exist in each unit having ~
pes—— \

low permeability (k¥ < 1078 cm?).

Exchange of the water species with the solid phase is assumed zero (Sy = 0), as is exchange

T =
H
z
i

. S e e

g of the air species with the solid phase (5% = 0). As might be suspected, vapor transport is not significant except f(.)r ex.tremely smz-zll overall
o fluxes, as vapor fluxes are generally on the order of 10™* mm/yr, with spikes in fluxes at interfaces
q'iwm%m The water species is assumed to partition between liquid and gas phases using an equilibrium 2 | on the order of 1073 mm/yr to as much as 1072 mm/yr. Only the low-flow cases are much impacted

QL‘ relationship, A , I by this amount of vapor flux.

T = Pus €Xp ( RT) . for P, <0, (2-14) The simulations were generated using $ODE/run_ODE _sets.m, which calls a hierarchy
g—— ) ‘ of additional files located in the same directory. Solutions are saved as Matlab mat files. Plotting
g pus = arexplaz — (a3/T) — aqIn(T)] (2-15) - is done using $ODE /fancy_ODE _plots.m. A description of outputs is found in Table 2-1.

" where v

A——— i Table 2-1: File Description (12/30/95) S
Lm - . Pus I8 saturated vapor density [M 1,=3], i

T p¥ s liquid water density [M L], b | |  File Name Description ]
L . By is the pressure of the liquid phase (water) [M L~1T~2], H ODE_gT0.mat |Liquid and vapor outputs assuming isothermal temperature of 20 °C. Variables || _______|
"‘:m::: T is temperature [K], ) i subscripted with 1, 2, 3, 4, 5, and 6 refer to inposed downward fluxes of 1073, | |
b R is the ideal gas coefficient [8.3143 J mole™], H | 10-2, 1071, 10°, 10", and 10> mm/yr, respectively. o
‘:mmfmm M, is the molecular weight of water [18 gm mole™!]. ‘ ' L || ODE_gTref.mat [ Same as ODE_ gT0.mat, except assuming temperature gradient of 0.0177( |
e In the cgs system, a1 = 1, ay = 46.440973, ag = 6790.4985, ay = 6.02808, T is in desrees _J§ _ °C/m, increasing downwards.

Kelvin, and p,, is in units of gm cm™3.

" . - . Carbon-system chemistr E—
In addition, *C is assumed to partition between liquid and gas phases using an equilibrium Y Y

- relationship, i Murphy et al. (1996) consider the impact of near-field thermal loading on 'C transport.

= (Kd)"p;, (2-16) ’ The geochemical model of the carbon system assumes local chemical equilibrium, and mass and

where (K;)¢ is a distribution coefficient (a typical value for Yucca Mountain is 40, according to
Murphy (1995)).

|
i
!
b
SN

2-4
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!
Al

| charge conservation. Closely following Murphy et al. (1996), the chemical reactions are:
S HY 4+ OH™ = H,0(l) (2-17)
i - C H* + COZ~ = HCO; (2-18)

i -

RS\« (Q H,0(l) + COy(aq) = HY + HCO; (2-19)
o H20(l) + COy(g) = H* + HCO; (2-20)
le l/ | H* 4+ CaCOjz(cc) = Ca?t + HCO3 (2-21)
,"ﬂfﬁ“wmm  and the corresponding mass-action relations are:

e Ky = —H20() (2-22)
i ap+a0H-

Pl Ky — 3gco; (2-23)

aH+ac2- :

: " " | T w— a + a o »

e — Ky= 1100 (2-24)
‘ ;;1 S— AH,0(1)2C05 (aq)

"‘ ! ag+ a —
1*‘ I, K 4 = H HCO (2-25)
(foo,(g)/fo0, g))a‘Hzo(l) ,

L A0a2+ -

] — Ky = >t He0; (2-26)
i i AH+3CaC0; (cc)

1,‘)‘: e —————

i where (1), (aq), (g), and (cc) refer to liquid, aqueous, gas, and calcite phases, respectively; a; denotes
uwm R

it i the thermodynamic activity of species 4, f002(g) denotes the fugacity of COz(g), and fCO (&) is the
‘] "~ reference fugacity of CO2(g) (1 bar). In addition to the species in reactions 2-17 to 2-21, Na* is
" included to represent other basic aqueous cations.

Local charge balance in the aqueous phase is represented by
mpgj+ -|~ M+ + 2m032+ = mHCO_ + 2m002— + MmMoH-,

(2-27)

_ where m; is the molality (number of moles per kg of solvent) of spe(;1es ¢. Local mass conservation
for carbon is expressed by

1C0,(g) T 1C0z(aq) T Moo~ + Npcos + NCacos(ee) = NC, (2-28)

1 ——

where n; is the number of moles of species 1.

“ expressed by

Similarly, local mass conservation for calcium is

N2+ + NCaC0;(cc) = NCa- (2—29)

Sodium is conserved in the aqueous phase. The mass of H30 is conserved in the hydrologic model,

and the equilibrium distribution between gas and liquid phases is also calculated in the hydrologic

S R

pEorem

| 2 PERF ORMANCE ASSESSMENT RESEARCH, TASK 3 - VERTICAL ODE SOLVER

- to the system.

| 17

del. The system is completely oxidized, so there are no oxidation-reduction reactions relevant -
modael. B

Thermodynamic activities in the mass action relations 2-22 to 2-26 are related to the numbe_l,: X

S

of moles and to molalities by

e
n;y;
)
Wh,0

(30) =

a; = mgy; =

is the activity coefficient of aqueous species ¢ and Wy,o is the mass of HyO(!) in the

where 7; :
representative volume. Activity coefficients are calculated according to

(2-31)’

logv; = —Az}vVI/(1+ a&;BV1) + BI, E—
| Nepec S—
XP: m;z?, (2-32) e

where I is the ionic strength and z; is the electrical charge of species 7 (Helgeson, 1969), and A, a;,

B, and B are empirical coefficients.

Assuming Dalton’s law is valid for the low pressure gas phase, the CO. (g) fugacity is related ) |

to the number of moles of gaseous COg by the ideal gas law,

foo,(e) = Pooa(e) = N0y ()11 €, (2-33) e

where Pgo,(g) is the partial pressure of COa.

1/1/96 More Theory.
Energy balance

Following the Stothoff (1995) documentation, energy balance is defined by

—8_ eapaw;Uof) +V- (GapawéU;;Va) +V- EOt(qe +t- V)civ — Sea — eapaw;Re; =0,

8t(

o) T

where

2-7
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o]

' I inemnal encry per unit mas, B here  is the pressure tensor (£ P8). When g, [t-v], and (4pv2)v are of negligible importance ~"
qe. is the heat flux, :

. ;| (which occurs for most porous medium situations, parenthetically), qesor can be approximated by
t is the stress tensor, I :

|
L ! Nipec ———
Sel is the exchange of energy from other species and other phases, ; ' Qetor = —kVT + Z _MTZ pw;q;. ' (2-40) ]
R.} is the supply of energy from external sources. i ' i= : ]
Note that there is a change in energy when a species changes phase (i.e., latent heat) or \ Definition of non-advective fluxes —‘Q
when a species reacts (i.e., radioactive decay, endothermal reactions, exothermal reactions). X 2R -

R

Again following Bird et al. (1960), nonadvective fluxes within a phase are broken into four

. | L
Summing over all species in each phase, components: (i) ordinary diffusion j(*), (ii) pressure diffusion j(®), (iii) forced diffusion j@), and (iv) -

3
e 0 ol T ,
4 ‘o a7 (6aPala) + V- (€apaHava) + V- (€aled) ~ Sea = €aallea = 0. (2-35) thermal diffusion j*). These are defined by l / [ O
B e “ [ ]
” . The global energy balance equation results from summing over all phases, thereby cancelling out j j(a:) s ]\%"_fc MoM:D A%fc 0G;
" the S, terms (since they must sum to zero). ’ ) pRT — S B — \ Oxi | T:Px VXE| (2-41) —s
g 1 : k=t ik N
I Bird et al. (1960) give an excellent description of mass and energy fluxes for multiple ; i () _ € Nepee V. 1 : N
e 7 M M DZ M £ = -
components within a single phase. The following section summarizes the Bird et al. (1960) results. I ! ~ pRT Z ¢ _XJ T\ M p) VP] ’ (2-42) —
. . .. .(9) c? NSpec [ Nopec T——
The total energy flux relative to the mass average velocity, qerel, i8 given by ‘ , 3= RT Z M;M;D;; |x;M; | b; — Z B—k—bk } , (2-43)
.* <__ — p rm————
= B k=1
Geret = 49 + 9@ + 9, (2-36) R iD= _pIviT, (2-44)
M — Where ' where T ‘
e q'®) is the conductive energy flux, ’ c is the molar density of the solution [mole L~3], S—
q? s the energy flux caused by interdiffusion, and X: is the mole fraction of species ¢ (x; = ¢;/c) : N
q® is the Dufour flux, or flux caused by mechanical driving forces. 77 D;; is the multicomponent diffusion C(;efﬁ Cizent,, :::MWW
f;"";”w — In summary, ' li) is the external force, R
JTL'“M o o N G is the partial molal free enthalpy (Gibbs free energy) [J/M], and S——
e q'” = —kVT, (2-37) V is the partial molal volume.
b where k is the instant us local th 1 conductivity,
- whe ins aneous lo ermal conductivity The D;; and DzT have the following properties: ) T
——— Nspec 7 ;
e q¥ =3 Eval (2-38) § 0= Dy, (2-45)
ujl ! =1 ’ o Nspec T
i where H; is the partial molal enthalpy of species 7, and M; is the molecular weight of species i. *‘: 0= Z D;‘r ] (2-46) —T
';l Bird et al. (1960) term q(*) complex and usually of minor importance. Nep T
L“v  ——————— ; v spec
I _ # : 0= (M;M;D;; — M;MyD;3). S (2 T
O — In terms of the energy flux with respect to stationary coordinates, qetot, . ; il L xDir) (2-47) -
E Note that when N, > 2 th iti iy - i :
L «»«,WWWW .1 spec e quantities D;; and D; t
otot = Qeret [0 - V] -+ p( + —v2)v, (2—39)‘ | reva p q g j; are not in general equal, and may in fact be ____
’ ﬁ e g 2 E gatlve. ) i
e 2.8 & : B

2-9

1t { )



i

J.ww

|
ES
. l

"."

[

20

A ——

~ but this telm is very small unless centrifuging is occurring. The forced diffusion term is primarily

2 PERFORMANCE ASSESSMENT RESEARCH, TASK 3 - VERTICAL ODE SOLVER

Bird et al. (1960) comment on these quantities as following. There may be net movement

“of the spec1es in a mixture through pressure diffusion if there is a pressure gradient on the system

important in‘ionic systems, in which the external force on an ion is equal to the product of the |
ionic charge and the local electric field strength, thus each ionic species may be under the influence }

- of a different force. Gravity acts on each species equal and jz(g) = 0. The thermal diffusion term is §

quite small unless very steep temperature gradients are imposed.

(’)lnaA>
Olnxa/rp xa

In natural waters in a porous medium, pressure diffusion and thermal diffusion are negligible.

Generally dissolved species are so dilute that nonadvective mass flux is adequately described with

2
jf) = —jg) = C—MAMBDAB ( (2-48)

* binary ordinary diffusion, each species with liquid water.

When considering ordinary diffusion in multicomponent gases at low density (i.e., atmo-

.. spheric pressures), the ordinary diffusion equation becomes

' .. ﬁ« pr—————

- at the top and the liquid flux, the mass flux for each element is completely specified thloughout
- the domain.

equation (Equations 2-28 and 2-27). The mass action equations and thermodynamic relationships

Nspec

Z M;M;D;;V;
» =

i@ = (2-49)

The D;; coefficients depend on concentration.

_ Definition of ODE treatment of chemistry

In the spirit of the ODE treatment of water fluxes, the fluxes of the elements in the system

are assumed to be spatially invariant, since the system is assumed to be at steady state. Thus, qg,

" qCa, and qn, are assumed to be constants. An approach for specifying these values is by assuming

that the flux at the top boundary for each element is completely advective. Given the concentration

Chemistry is specified based on the mass balance equation for carbon and the charge balance

are substituted into the balance equations, yielding a pair of equations in two unknowns, AHco;

and ay. Note that the balance equations are functions of activity coeflicients, which are functlons

of temperature and composition.
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When considering a binary mixture, the relationship (dG a)Tp = RTdlnay can be used to
- define an alternate form of J( @)
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1/4/96 Data.

/

Since the geochemistry is a function of temperature, thermal properties of the Yucca Mountain
stratigraphy are necessary. Thermal properties from Table C-1 in Sandia National Laboratories

(1994) is copied in Table 2-2.

Table 2-2: Thermal properties from TSPA-1993.

Upper  Lower Thermal
Contact Contact Conductivity Heat Capacitance ’
Unit (m) (m) (W/mK) T <94°C 94°C< T < 114°C 114°C< T
TCw 0 36.0 1.65 2.0313 9.3748 2.0979
PTn 36.0 74.1 0.85 2.2286 29.3110 1.5236
TSwl 74.1 204.2 1.60 2.0775 12.2655 2.0219
- TSw2 | 204.2 383.5 2.10 2.1414 10.4768 2.1839
TSw3 | 393.5 409.3 1.28 2.0530 4.5193 2.5535
CHnlv| 409.3 414.5 1.20 2.5651 35.3680 1.6702
CHnlz | 414.5 518.5 1.28 2.6709 35.3854 2.2835
CHn2 | 518.5 535.2 1.30 2.5512 22.3349 1.9599

1/16/96 Results and close-out of project.

Due to the reorganization of projects at the CNWRA, the Performance Assessment Research
Project is being closed out. Accordingly, this entry serves to close out the contribution under
the current organizational structure. It is anticipated that the geochemistry work may continue
under the new KTI for Ambient Flow, and some of the hydrology work may as well. Today’s entry

identifies the conclusions from the work thus far.

The simulations run to date have assumed one of two thermal conditions: (i) isothermal, with
no thermal gradient, and (ii) linear thermal gradient, with no consideration of thermal properties or
energy transport. For the second case, it is assumed that thermal conduction far outweighs energy
redistribution through advective means (liquid and vapor fluxes). The data in Table 2-2 indicates
that thermal conductivity is relatively uniform, with somewhat lower conductivity in the PTn unit

and almost twice as high in the TSw2 unit, so the linear assumption shouldn’t be too bad:

The set of simulations are described in the entry for 12/30/95. The plots were finalized
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today from the previous simulations. Plots of resulting distributions from the isothermal case are
shown in Figures 2-1 and 2-2; corresponding plots of the linear-thermal-gradient case are shown in
Figures 2-3 and 2-4. In general, increasing flux rates yield increasing moisture content, saturation,
and pressure. The color schemes for the lines are consistent through all plots. Gaps in fracture
distributions occur in several nonwelded units, where it was assumed that no fractures exist.

Based on the Figures 2-1 through 2-4, the geothermal gradient at Yucca Mountain should
result in vapor fluxes less than 10~3 mm/yr, except for spikes at interfaces between highly contrast-
ing material properties. Accordingly, it can be concluded that whenever overall fluxes are greater
than 1 mm/yr, vapor fluxes are completely insignificant and can be neglected. As a consequence, it
can be concluded that the impact of the geothermal gradient on water fluxes is not large at Yucca
Mountain unless extremely low fluxes exist. On the other hand, there may be some (presumably

relatively small) impact on the geochemistry;
KTI.

this issue remains to be examined under the new
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Figure 2-1: Vertical distribution of (a) pressure, (b) liquid flux, and (c) vapor flux for the zero-
.lerrnal—gra.dient case. UZ-16 material properties are used. Zero elevation represents ground sur-

.ce, and the bottom is an assumed water table.
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Figure 2-4: Vertical distribution of (a) moisture content in the matrix, (b) moisture content in the
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\} fracture, (c) matrix saturation, and (d) fracture saturation for the linear-thermal-gradient case.
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