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Governing Equations for

Technology Multiphase Flow
Water Mass Op(sip X, + sgpgX3) , ( ‘ (
- gr'g =-V- (pl'Xfqu 23 ng«i;qg + Jf[w ¥ J{u) + Gu
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ot
Energy
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ot

¢ = effective porosity [-]

5; = liquid saturation [-]

s, = gas saturation [-]

pr = liquid phase density [kmol/m?]

py = gas phase density [kmol/m’]

X! = mole fraction of water in the liquid phase [-]
X9 = mole fraction of water in gas phase [-]

X! = mole fraction of air in the liquid phase [-]

X7 = mole fraction of air in gas phase [-]

q; = liquid phase Darcy flux [m/sec]

g, = gas phase Darcy flux [m/sec]

J' = water diffusive flux in liquid phase [kmol/m?/sec]
J i — air diffusive flux in liquid phase [kmol/m*/sec]

=-V- (PJHJCH + nggqg - ’iefFVT) T Qe

J¢ = water vapor diffusive flux in gas phase [kmol/m*/sec]
J?¢ = air diffusive flux in gas phase [kmol/m*/sec]
¢, = water source/sink [kmol/sec]

¢, = air source/sink [kmol/sec]

q. = energy source/sink [MJ/sec]

U; = liquid phase internal energy [MJ/kmol]

U, = gas phase internal energy [MJ/kmol]

H,; = liquid phase enthalpy [MJ/kmol]

H, = gas phase enthalpy [MJ/kmol]

C;)"Ck = rock heat capacity [MJ/kg rock-K]

Prock = Tock particle density [kg/m® rock]

1" = temperature [C]

ke = effective thermal conductivity [W/K-m]
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Darcy Flux
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q,, = Darcy flux for phase o [m/s]

k = intrinsic permeability [m?]

k. = relative permeability for phase « [-]
I, = viscosity for phase « [Pa-s]

Po = pressure for phase o [Pa]

v« = density for phase o [kg/m’]

g = gravity [m/s?]

z = elevation [m]

J' = diffusive flux of air in liquid phase [kmol/m>-s]
T = tortuosity [-]

D; = aqueous diffusivity [m?/s]

JY = diffusive flux of air in gas phase [kmol/m?*-s]
D)) = gas diffusivity [m?/s]

po = reference pressure [Pa]



Spent Fuel and
Waste Science and

Primary Dependent Variables for

Technology Each Thermodynamic State
Thermodynamic  Primary Variables
State of Fluid X1 X5 X3
Liquid jo xt T
Gas Dy P,  §
Two-Phase Dy Sg T
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1 Governing Equations

The three residual equations for the General multiphase flow process model within PFLOTRAN are
based on mass conservations equations for water and gas components and an energy conservation
ecquation. The gas component is assumed to be air, bul allernative components can be substituled.
For these three residual equations, there are three comesponding primary dependent variables or
unknowns, onc for cach equation. The primary variables depend on the state of the system (i.e
liquid, gas or two-phase) as shown in Tabic

Table 1: Choice of primary variables (bold-
face variables used in this document).

Thermodynamic  Primary Variables
State of Fluid Xy Xa X3

Two-Phase Py 8y T

Ps S5 Pa
Liquid P xy T
Gas P, Pa T

Liquid state (s; = 1)

JL) +48, (L.1a)
V- (aXigq+ )+, (L.1b)

Boplly + (1 — ¢)C . ]
= V- (il — kg VT) + g5, (L1c)

Gas state (s, = 1

V- (paX3q, + JL) +4C (1.22)
~V - (psX2q, +J5) +45, (1.2b)

Odpglly + (1 ;
= V- (poHoq, — 68VT) + 47, (L2c)

Two-phase state (s + s, = 1)
V- (nXoqu + psXiqy + JL + L) 44,
(1.3a)

~V - (aXaqi + pgXig, +J0 + J7) +47
(1.3b)

0 [sipUt + sypalUs) 4 (1 = S)C%puT ;
ZOpTt Y 2o gl | » Pt ~V - (aHiq + paHzq, — 5aVT) +q;, (L)
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Table of Derivatives

State

Liquid Gas Two Phase

Variable | p X! T | py Pa T | py S T
2 — X X

Pq _ _

p” - X X
Pe X

Do X X X
Sy X

Sg -

II'H X X
o X X X X
Py X X X X X
T — — —
H, X X X X
H, X X X X X
H, X X X X
H, X X X X
U X X X X
U, X X X X X
U, X X X X
U, X X X X
Po X X X X
Pa X X X X
Xl X X X
X! — X X
X7 X X X X
XY X X X X
1 X X X X
g X X X X X
’\',»; X

kg X

0] X X X X X X
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Variables with derivatives with respect to gas pressure are in red.
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Derivative of Water Equation
Darcy Flux with Respect to Gas

Technology Pressure
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Derivatives with respect to gas pressure are in red. 13
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Variables with derivatives with respect to gas saturation are in red.
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Derivative of Water Equation
Darcy Flux with Respect to Gas
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Derivatives with respect to gas saturation are in red.
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Technology Saturation and Temperature

Derivative wrt. gas pressure Derivative wrt. gas saturation
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Gas Injection R:f

IRIE Analytical _____ Numerical _____

Tol. TS NI Cuts Timel[s] TS NI Cuts Time [s]

1e-8 185 576 7 1.36 185 577 7 1.99

5e-9 185 593 7 1.35 185 595 7 1.97
2e-9 179 581 5 1.42 179 583 5 1.97
1.5e-9 211 818 14 1.78 206 770 13 2.46

1e-9 206 770 13 1.86 425 1877 51 5.65
5e-10 211 837 14 1.82 Did not finish
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WIPP Case 5 f/

IRI Analytical _____ Numerical ____

Tol. TS NI Cuts Timel[s] TS NI Cuts Time [s]
1e-8 88 277 0 1.52 88 227 0 2.17
1e-9 605 2939 135 1.65 702 3512 158 2.90
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Technology Simulation Performance

10.8M Grid Cells
32.7M Unknowns
1024 Processes

Multiphase Flow

| TimeStep IM Time [h]

Analytical 684 2790 944,632 1.37
Numerical 1617 6003 3293 85 4.05

Reactive Transport

| Time Step m Time [h]

Analytical 684 1478 17623 1.06
Numerical 1617 3293 30305 0 1.91

19



Spent Fuel and Analytical vs. Numerical
Waste Scienceand  Defense Waste Repository
Simulation Output
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