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Chapter 1. Buckley-Leverett Flow

Description

This example is Problem No. 2 (*rbim*) - "1-3 Buckley-L everette Flow" - as described
in "TMVOC, A Numerical Simulator for Three-Phase Non-Isothermal Flows of Mul-
ticomponent Hydrocarbon Mixtures in Saturated-Unsaturated Heterogeneous Media,"
Pruess and Battistelli, LBNL-49375, 2002.

The geometry of the problem is given below. A horizontal column, 304.8 m long is di-
vided into 40 elements. The column is filled with an initial mixture of NAPL and wa
ter. Water isinjected at one end and, at the other end, a single cell is used to define a
constant boundary condition.

3048 m
(40 cells)
\\ -------- %
Water NAPL/\Water \
Injection Mixture Fixed BC

Figurel.l. Insert titlehere

Specify the Simulator Mode

1. OntheFile menu, click Preferences....

2. Onthe Simulator Modelist, select TMVOC.

3. Click OK

4. OntheFilemenu, click New... to create anew TMVOC model.
Create the Model Boundary

1. OntheModel menu, click Define Boundary....

2. Inthe X max box, type 304. 8.
3. IntheY max box, typel. O.
4,

In the Z min box, type- 1. 0, and in the Z max box, type 0. 0.
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5. Click OK.

Define Model Boundary

® min: 0.0 nmax: 3048
Y min: 0.0 ¥max: (1.0
Z min; -1.0 Zmax: |0

Material: | ROCK1 w

Figure 1.2. Model Boundary

Create the Grid
1. OntheModel menu, click Create Grid....
2. Inthe X celsbox, type 40.
3. IntheY cellsbox, type 1.
4. IntheZ cellsbox, type 1.
5. Click OK.

Global Properties
1. OnthePropertiesmenu, click Global Properties....
In the Name box, type TMWWOC Pr obl em 2.
Click the EOS tab.

2
3
4. Select the | sothermal M ode check box.
5. Click Edit Options....

6

In the Air Solubility Correlation list, select Kh=1010(Pa) Independent of Tem-
perature.

7. Click OK to close the Thermophysical Propertiesdialog.
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Thermophysical Properties

Real Gas Mixture Options:
(%) Soave-Rediich-Kwong
() Ideal Gas Mixture
() Modified Soave-Redlich-Kwang
() Peng-Rabinson
&ir Solubiliy Carvelation (K, ):

3Ky = KfT) 25 i EWASG

(&) K, = 10" (P) Independert of Temperature

() Caleulate using Henry's Cosffidients for Coaegen and Mitrogen

Figure 1.3. Thermophysical Properties

Edit VOC Data

The VOC (NAPL) used in this example is not chemically active, so it is necessary to
create anew VOC with some modifications. To create a new VOC:

1. Click Edit VOC Data.
Click New.
In the Name box, type Chl or obenzene Mbdi fi ed.

2
3
4. IntheBased On list, select Chlorobenzene (STD).
5

Click OK.
New Compound
Create a Mew VOC
Name: Chlorobenzene Modified
Based 0% | cioropenzens (5T} v

Figure 1.4. New Compound

Change CHEMP.4 Data
1. Click the CHEMP.4 tab near the top of the Edit VOC Data dialog.
In the Reference Density for NAPL box, type 998. 3.

In the Reference Temperature for NAPL box, type292. 15.

A WD

In the Reference Binary Diffusivity of VOC in Air box, type 8. OE- 6.
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5. Inthe Reference Binary Temperaturefor Gas Diffusivity box, type273. 15.

6. Inthe Chemical Diffusivity box, typel. O.

Edit VOC Data
Sl ales CHEMP. 1 | CHEMP.2 | CHEMP.3 | CHEMP.% | CHEMP.S | CHEMP.& || CHEMP.7
i\l‘;;gtl:alllz;n_e. (;TB; o [ Reference Density for MAPL - RHOREF (kgfm~3): 0933

Phenanthrene (STD)
Tetrachloroethylene {STD)
Toluene (5TD) Reference Binary Diffusivity of YOO in Air - DIFYO (m~2/s):  |8.0E-6
Trichlarethane 1,1,1 {(STD}
Trichlorethane 1,1,2 {STD)
Trichloroetheylene (STD) Chemical Diffusivity Exponent - TEXPO: 1.0
winyl Chlaride {STD)

wylene-m {3TDY)

sylene-o (STD)

wylene-p (STD)

Chiorobenzens Modified A

Reference Temperature for MAPL - TDEMRF (K): 292.15

Reference Temperature For Gas Diffusivity - TDIFRF (K): 273.1

Mew

Figure 1.5. Edit CHEMP.4 Data

Change CHEMP.5 Data

1. Clickthe CHEMP.5 tab.
In the VL OA box, type 0. O.
Inthe VL OB box, type 0. 0.

Inthe VLOC box, type 1. O.

a ~ 0w DN

Inthe VL OD box, type292. 15.
Change CHEMP.6 Data
1. Clickthe CHEMP.6 tab.
2. Inthe SOLA box, typel. O6E- 7.
Change CHEMP.7 Data
1. Clickthe CHEMP.7 tab.
2. Inthe Chemical Organic Carbon Partition Coef. box, type 0. 0.

3. Inthe Default Fraction of Organic Compound in Soil box, type 0. 0.

4
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4.

Click OK to close the Edit VOC Data dialog.

Add to Active VOC List

1.
2.

Select Chlorobenzene Modified inthe VOC Library list.

Click the right arrow (-->) to move the selection to the Active Simulation VOCs
list.

Click OK to close the Global Propertiesdialog.

Global Properties

Analysis | EOS | MINC | Misc
TMYOC! Three-Phase, Mon-Isathermal Flow
Isothermal Mode

‘apor-air Temp Dependence - TEXP: (1.8

Air-Yapor Diffusion - DIFFO: 0.0

Edit YO Data...

Edit Diffusion Coefficients:
Edit Thermophysical Options:

Edit YOC Library:

Select Simulation NCGs:

Air

[] oxygen

[] mitragen

[[] Carbon Dicxide

Select Simulation WO Cs:

YOO Library

Acetone (STD)

Benzene (STDY)

Butanaone (STD)

(Carban Tetrachloride (STDY
hlorobenzene (STD)
hloroethane (5T
Chloroform {STD)
Dichlorethane 1,1 (STO)

[] Methane
[] Ethare

[] Ethylene
[] Acetylens

Active Simulation YOCs
Chiorobenzene Modified

hd

I [ Cancel

Figure 1.6. Global Properties

Material Properties

1.

o ~ w0 DN

On the Properties menu, click Materials....

In the Name box, type DI RT1.

In the Por osity box, type 0. 2.

Inthe X, Y, Z Permeability boxes, type 2. 96E- 13.

Inthe Wet Heat Conductivity box, type 3. 1.
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Material Data
Materials Matrix | Eracture
Narne - MAT: DIRTL
Descripkion:
Density - DROK (kgfm~3): 2600.0
Parosity - POR: 0.2
¥ Permeability - PER(LY {m™2): 2.96E-13
Y Permeability - PER(Z) (m™~2): 2.96E-13
Z Permeability - PER(E) {m™2): 2.96E-13
Mew
‘Wet Heat Conductivity - CWET (W/m-C) 3.1
Specific Heat - SPHT {Jfkg-C): 1000.0
[ Additional Material Data... ]
[ Apply ] [ OF ] [ Cancel ]

Figure 1.7. Material Data

Define Additional Material Data

1.

2
3
4.
5
6

Click the Additional M aterial Data button.

In the Relative Per meability box, select Faust (1985).
Click the Misc tab.

In the Pore Compressibility box, type 1. OE- 8

Click OK to closethe Additional Material Data dialog.

Click OK to closethe Material Data dialog.

Initial Conditions

1.
2
3
4.
5
6

7.

On the Properties menu, click Initial Conditions....

In the Phase list, select Water and NAPL.

In the Pressure box, type 6. 895E5.

In the Temperature box, type 19. 0.

In the Water Saturation box, type 0. 159.

In the M ole Fraction box for Chlorobenzene Modified, type 1. 0.
Click OK.
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Default Initial Conditions
Phase: |water and MAPL |v
Initial Conditions:
Pressure (Pa): Canstant |+ 6.895E5|
Temperature (C): | Constant |+ 19.0
‘Water Saturation: | Constant | w 0.159
Component IMole Fraction
Chlorobenzene Modified: 1.0

Figure 1.8. Initial Conditions

Edit Grid

To make it easier to work with this 1D problem, you can scalethe Y or Z axes. To
scaletheY axis:

1. OntheModel menu, click Edit Grid.
2. OntheView menu, click Scale Axes.
3. IntheY Factor box, type 10.

4. Click OK.

At X=0, water isinjected at a constant rate of 150.6E-6 kg/s. To name this cell, specify
the water injection, and mark the cell for additional time history output:

1. Click to select the left most cell (id=1).
On the Edit menu, click Properties.
In the Cell Name box, typel nj ect i on.

2

3

4. Click the Sour ces/Sinks tab.

5. IntheAvailable Componentslist, select Water/Steam.
6

Select the Component is a Sour ce check box.

7
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10.

11.

In the Rate box, type 1. 506E- 4.

In the Enthalpy box, type 8. OE4.

Click the Print Optionstab.

Select the Print Cell Time Dependent Data check box.

Click OK to exit out of the Edit Cell Data dialog.

Edit Cell Data

Properties | Sources/Sinks | Initial Conditions | Print Options

Heat
[] Heat In:

Production

[] mass out:

[ well on Deliv.:

Injection
Available Components

Standard

* Water[Steam Component is & Source
NCGs

Air
Constant || Rate =k 1,506E-4
vors {kays)

Chlorobenzene Modified Enthalpy (Jfkg):  8.0E4

Figure 1.9. Edit Cell Data

At X=340.8, afixed state is defined.

1.

o o w DN

Click to select the right most cell (id=40).

Select Edit Properties....

In the Cell Name box, type Fi xed.

In the Type box, select Fixed State.

Click the Print Optionstab.

Select the Print Cell Time Dependent Data check box.

Click OK to exit out of the Edit Cell Data dialog.

8
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To generate additional time history output at the center cell:
1. Click to select acell near the center (id=19).

On the Edit menu, click Properties.

In the Cell Name box, type Cent er .

2

3

4. Click the Print Options tab.

5. Select the Print Cell Time Dependent Data check box.
6

Click OK to exit out of the Edit Cell Data dialog.

B Grid Editor =<
I

File Edit Wiew
v h e A Gfe] € >k omnal

AY View @ Layer ::II Property | Mone

Figure 1.10. Grid Editor

Solution Controls
On the Analysis menu, click Solution Controls.

Inthe End Time box, type 1. 296ES8.

1.
2.
3. IntheMax Time Step list, select User Defined.
4. IntheMax Time Step box, type 8. 64E5.

5.

Click OK.
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Solution Controls
Times | Solver | Weighting | Comvergence | Options
Start Time - TSTART {sec): 0.0
End Time - TIMAX {sec): User Defined | » | |1.296E8
Time Step - DELTEN {sec): Single Yalue || |100.0
Max Mumn Time Steps - MCYC: 200
Max CPU Time - MSEC {sech: Infinite w
Max Ikerations Per Step - NOITE: 3

Enable Automatic Time Step Adjustment

Max Time Step - DELTMY {sech User Defined | v | |& B4ES|
Iter. to Double Time Step - MOP{16): 5
Reduction Factor - REDLT: 4.0

Figure 1.11. Solution Controls

Output Controls
1. Onthe Analysis menu, click Output Controls.
In the Print and Plot Every # Steps box, type 20.
Click the Fluxes and Velocities check box to deselect the option.

Click the Add TMVOC Variables check box.

a &~ 0w DN

Click OK.

Output Controls

Print and Plok Every # Steps - MCYPR: 200

tditionial Prink & Plot Times - TIMES:

[ Prink After Each Iteration - KDATA
[] Print Input Data - MOP{T)
Print Program Yersion Info - MOVER

Additional Output Data - KDATA
[] Fluxes and Yelocities
[ Primary Variables
Beldtional THYOC Yariables

Additional Printaut - MOP(1-8)
[[] Every Iteration [ Sinks/Sources
[ Main []Equatian of State
[ Flow and Accumulation [[]Linear Equatians

Figure 1.12. Output Controls

10
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Saving
1. OntheFile menu, click Save.

2. Create a new folder named Buck- | ev-f | ow and in the File name box, type
buck-1ev-fl ow.

3. Click Save.

TMVOC Analysis
1. OntheAnalysis menu, click Run TOUGH?2.
2. Upon completion, the Simulation Complete dialog will appear. Click OK.

3. Click Close on the Running TOUGH?2 dialog.

View Results

Y ou can view 3D results using the 3D Results dialog. To view 3D results, on the Res-
ults menu, click 3D Results. To scale the Z-axis for better visualization:

1. OntheResults menu, click 3D Results.

2. OntheView menu, click Scale Axes....

3. IntheY Factor box, type50. O.

4. Click OK.

To show dlice planes for oil saturation:

1. Intheleft hand navigation pane, click Slice Planes....
2. IntheAxislist, select Z.

3. IntheCoord box, type- 0. 5.

4. Click Close.

1. IntheTimelist, select 1.296E8.

2. IntheScalar list, sdlect SO.

11
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E 3D Results

File Results Yiew

& @ A [l
5.86623E7

7.09423ET

9. 32223E7

1,105023E8

1.277823E5

1.296E8

3
>

Scalar:
[s0

]
Wectors:
|FLOH (W) per m? M
Show Isosurfaces (Scalar)
s
hl
Scalar Propetties. ..

[] Show Yectors

Yfeckor Scale:

0.1 loo

Yector Size Range:

Const,

Wector Properties. ..

Show Slice Planes

Slice Planes. ..

Figure 1.13. 3D Results

View Cell Time History Plots
To view 2D time history plots for oil saturation:
1. OntheResults menu, select Cell History Plots.
2. IntheVariablelist, select Sail.

3. IntheCéel Nameligt, select Center (19).

12



Buckley-L everett Flow

—
Cell Time History g@
Eile  Wiew
Primary Data Soil
Vatiable:!
Soil M 085
Cell Mame {Id#):
Injection (1) 0.8 4
Center (19)
Fixed {40}
075 1
074
065
05 4
055
0.5 4
0.45 1
0.4+
035 t t t t T t
on 20ET 4.0E7 GOE7 S.0E7 1.0E3 12E8 1.4E8
Mark Style! Time
|D|amond M

Figure 1.14. Time history plot of oil saturation in center cell.
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