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1 INTRODUCTION

The word fiVverificationo, when used in connection with con
ability of the computer code to provide a solution consistent with the physics defined by the
governing partial differential equation, PDEO. T h er dactoasr seich asl isitml ot her

conditions, boundary conditions, and control variables that also affect the accuracy of the code
to perform as stated.

AVerificationd is generally achi-eattedbyfibonhovhmagr kad sperroibe
AiBenchmar k 0 s are pabléenss ior which there is a closed -form solution or for which the

solution has become fireasonabl y-hane calcuaiionsthatehave zeenr esul t of
perfor med. Publication of the fAbenchmar ko solsolferidons in re

credibility to the solution. There are also example problems that have been solved and

published in User Manual documentation associated with other comparable software packages.

While these are valuables checks to perform, it must be realized that it is possible that errors

can be transferred from onebs software solution to anothe
performing t he Averificationo process on a particular
remembered there is never such a thing as co mpl ete software verification fo
problems. Rather, it is an ongoing process that establishes credibility with time.

Soil Vision Systems takes the process of fAverificationo mc
range of steps to ensure tha  t the SVAIR software will perform as intended according to the
theory of saturated  -unsaturated air flow.

The following models represent comparisons made to textbook solutions, hand calculations, and

other software packages. We at SoilVision Systems Ltd. a re dedicated to providing our clients
with reliable and tested software. While the following list of example models is comprehensive,

it does not reflect the entirety of models, which may be posed to the SVAIR software. It is our
recommendation that water balance checking be performed on all model runs prior to
presentation of results. It is also our recommendation that the modeling process moves from
simple to complex models with simpler models being verified through the use of hand
calculations or simple  spreadsheet calculations.
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2 TWO -DIMENSIONAL STEADY -STATE AIR
FLOW

The steady -state model is used to compare SVAIR results to those recorded in a study by Baehr
& Hult (1991).

2.1 BAEHR & HULT (1991)

Baehr & Hult (1991), present two analytical solutions for stead y-state axi symmetric airflow to a
single we |l that is partially screened in the unsaturated zone. Input data were collected from a
series of pneumatic tests. One model considers a stratum of relatively low air conductivity,

separating the stratum in which the well is completed from the atmosphere. In the other
scenario , there is no separating stratum between the material layer and the atmosphere. This

second analytical model with no separated stratum as presented by Baehr & Hult has been

created in  SVAIR and is presented below.

Project: WellPumping
Model: BHuzPeq

2.1.1 Model Description

In this scenario, a single material layer is present and is exposed to the atmosphere. A well has
been drilled to a depth of 2.88 m and a horizontal water table existed at a de pthof 3.37 m.

Axisymmetric Model Geometry:

Well depth =288 m
Well screen height =06 0m
Well radius =012m
Model radius =20 .00 m
Model depth =337 m

Boundary Conditions:

Ground Surface
Well screen side

0 kPa (gauge pressure )
Normal Flux Expression of 0.1 4 m/s

Model base = Zero Flux (water table)
Wellbore = Zero Flux
Model side = Zero Flux

Material Properties:

Intrinsic Permeability =1.4 310° m2
Vertical anisotropy ratio =031
An initial air pressure of 0 kPa is applied to entire material and an atmospheric pressure of

101.4 6 kPa was set in the model .

2.1.2 Results and Discussions

Figure 1 through Figure 4 show the normalized air pressure versus the radial distance from the
pumping well at various depths. The square symbols represent the values obtained fro m the
field tests. The dashed line indicates the analytical results. The results of the SVAIR analysis are
presented as the solid line and are in good agreement with both the analytical and field results.
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3 TWO -DIMENSIONAL TRANSIEN T AIR
FLOW

3.1 CONVECTIVE AIRFLOW IN EMBANKMENT
(GOERING , 1999)

Goering ( 1999 ), Sun etal . (2007), and Lebeau  (2009) have conducted the numerical simulation

of cooling an embankment using natural convection. The intent is to protect railway or roadway
construction from thaw  ing in permafrost area s. This example presents the characteristics of air
flow and temperature distribution as governed by natural convection within the embankment
using the SVAIR/SVH EAT software.

Project: Geotherm al
Model: Embankment_Convective_Airflow

3.1.1 Model description

The model geometry of the right half of a symmetric roadway is shown in Figure 5. The
embankment is constructed with a ballast type of material that has high air permeability. The

pore -air in the embankment is allowed to approach equilibrium with the surrounding
atmospher e. The ambient temperature changes with time, as described in equation [ 1] The
ground foundation is assumed to be uniform silt material with high w ater content. On the
natural ground surface, the air transfer on the boundary is assumed to impermeable, and the

ambient temperature varies with time by equation [ 2] The air is assumed to be

incompressible in natural convection.

|
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Figure 5 Model Geometry to simulate convective airflow in the embankment
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Boundary Conditions

Goering ( 1999 ) presented the empirical equation s[1],[ 2] and [ 3] todescribe the ambient
temperature s change at the embankment surface (AB and BC), and ground surface CD. These
applied temperatures were determined based on measured ambient temperature using the n -
factor met hod (Go ering, 1999 ). The embankment surface s AB and BC are impermeable with
zero flux boundary conditions . Table 1 contains the remaining boundary conditions for the
model.

T,, =1.1- 261co

I OOI

[1]

[2]

‘|- OO

Zp
QE

T,. = 2.7- 209co sg‘ezﬁ(t 9)c
¢36

T, =-19-100c 8 [3]
=r,{t- 6T - T,)) [4]
where:
Tabpe = temperature used to apply the embankment surface AB and BC , ° C,
Tea =temperature  used to apply the natural ground surface CDh,°C,
t =time, day,
ro = air density at a reference temperature, kg/m 3,
g = gravitational acceleration, m/s 2
y = elevation relative to the ground surface m,
b = air expansion coefficient, 1/ °C, b=1 /(237.15+T),
To = a reference temperature, 20 °C.
Table 1 Boundary conditions for convective air-flow model
Application Boundary Boundary Type Value unit
SVHEAT AB and Temperature Tanne (S€€ equatiofl] and[ 2]) °C
BC expression
CD Temperature T.q(see equatioh3]) °C
expression
DE Zero flux
EF Flux expression 5184 J/daym?
FG-GC-GA Zero flux
SVAIR AB and BC Zero flux
CD-DE-EFFG-  Zero flux
GC-GA
Initial Conditions
Temperature: 2 °C,

Pore (gauge) air pressure Ug: 0 kPa.
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3.1.2 Material properties

The main properties of the material used in the model are based on the values from
Goering (1999 ), as shownin Table 2.

Table 2 Material properties used in convective air-flow model

Material Properties Method Value Unit
Embankment Thermal conductivity Constant 29894.4 J/day-°C
Heat capacity Constant 1.0210° Jint-°C
SFCC None
Porosity 0.35
Volumetricwater content 0 me/m®
Air conductivity Intrinsic 6.302 107 m?
permeability
Natural ground Thermal conductivity Johansen 25 %
Dry density 1442 kg/nt
Quartz content 25 %
SFCC Multi-linear
estimation
Porosity 0.45
Volumetricwater content 0.45 m/m®
Air conductivity Intrinsic 1.00310%°  n?
permeability

The air conductivity of a material in airflow is calculated based on air intrinsic permeability and

air dynamic viscosity that is the function of air temperature. The thermal conductivity in heat

transfer is calculated using the Johansen approach for the g iven quartz content. Please see
SVAIR Theory Manual and SVHEAT Theory Manual for the detailed description on how the
theoretical formulation makes use of the material properties.

3.1.3 Result and discussion

The model is simulated for 21 years to eliminate the effect of the initial condition on the
temperature in  the ground foundation. The following briefly discusses and compares the results
with other software.

3.1.3.1 The patterns of convective air flow in the embankment

During winter, the cool and heavy air at the embankment surface s sink into the embankment.
This happens because the air density increases with the decrease in temperature. The warm air

then rises up from the lower region in the embankment forming cir culation cells and this
process is called natural convection, as illustrated in Figure 6. The onset of natural convection
depends on several parameter s such as temperature differences between surface and the base

of the embankment and permeability of the material. In this mode ling, the onset occurs
between October and November. After that time the intensity of convective airflow increases
with the decr ease in temperature until January. The convective flow reduces with the increase in
temperature after the end of January (see Figure 6). During the su mmer, because the
temperature on the embankment surface is higher than the temperature at the lower region in

the embankment, a small amount of convective airflow occurs in the embankment ( Figure 7).
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3.1.3.2 Compare convective flow patterns with results from others

Figure 6 and Figure 7 are the airflow simulated from SVAIR/SVH EAT, and Figure 8 is from
Goering (2003). It can be seen from Figure 6 and Figure 8 that the patterns of convective
airflow at different times are very similar. It should be noted that the figures from Goering

(2003) are presented only as a comparison of the flow patte rn. An exact comparison  to the flow
vectors is not poss ible as Go ering did not publish ~ enough specific s of the modeling process. As
illustrated in
convective cells, if one flows clockwise, another
characteristic of natural convection was also discussed in other research (Chen et al., 200

Figure 6, multi -convection cells are formed in wintertime. For the two neighboring
must move counter -clockwise. This
8).

Mean air velocity = 32.7 0 m/ hr

Mean air velocity = 47.33 m/ hr

Mean air velocity = 43.00 m/ hr
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Figure 8 Patterns of convective airflow presented by Goeringl@99, in January

3.1.3.3 Temperature distributions with natural convection

The maximum soil temperature at the base of the embankment is of particular interest in
evaluating the embankment stability in a permafrost area.  The construction of a railway or
highway in a permafrost area is performed above the permafrost layer. If the soil temperature
below the ground surface of the embankment is above the soil freezing p oint, thaw settlement

of the permafrost results in damage to the embankment. It can be see n that the maximum soil
temperature during the summer (in July) at the base of the embankment is changed from the
initial value of 2 °C to 0 °C. The embankment base i s cooling due to the effect of natural
convection. Figure 9 illustrates the temperature contours in July and January compared to the
similar temperatur e profiles from Goering (2003) is shown in Figure 10.
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Figure 10 Temperature contours within the embankment in July and January (Goering, 1999)
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3.2 CHIMNEY VENTING

The physics of ¢ himney venting are based on the stack effect, in which warm lighter air raises
up and out and cold air is draw n in and there is a buoyancy effect or national air convection.
This difference in air density can cause temperature and/or moisture difference between the
inside and outside  of the chimney. To model this, both SVAIR and SVHEAT need to be coupled.

Project: Geothermal
Model: Chimney_Venting

3.2.1 Model description

The geometry of the model is shown in Figure 11 and it shows the area s, where air is drawn in
and moved out the chimney and the heated base where cold air is heated and rises up.

Air out
2.60

Flux 2
2.40
2.20
2.00
1.80
1.60
1.40
Y (m) 1.20
1.00
0.80

0.60

0.40 Flux 1
0.20 /‘ i

0.00 Airin

|/

-0.20 Heated edges

e
-

-0.20 0.00 0.20 0.40 0.60 0.80 1.00 1.20
X (m)

Figure 11 Model Geometry

Initial  conditions

This is a transient model and therefore initial conditions are needed for both SVAIR and
SVHEAT.
Temperature: 13 °C,

Pore (gauge) air pressure Ua: 0 kPa.
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Boundary conditions:

Pore air pressure: 0 kPa at Air -out edge
0.02 kPa at Air -in edge
Temperature: if t <= 500then 0.574 *t + 13 else 300
The temperature at the heated edge rises gradually from 13 °C to 300 °C over 500 seconds.

Other edges have a zero  -flux boundary condition.

3.2.2 Material properties

Material properties are sho  wnin Table 3 and the degree of air saturation is 99 %. Air density is
calculated based on the current air temperature and pressure. The dynamic viscosity of air is a

function of temperature.

Table 3 Material properties used in convective air-flow model

Properties Method Value Unit
Thermal conductivity Constant 2.40 wim°C
Heat capacity Constant 1173 Jimé-°C

Air conductivity Constant 3.0 m/s

3.2.3 Result and discussion

The model was run for 1000 seconds . Steady -state natural air convection has been established.
Figure 12 shows the air velocity pattern after 1000 seconds . This figure indicates that the cold -
heavy intake air first sinks into the heated edges then it is heated and rises up. The rising hot
air is lighter.

Figure 13 shows the temperatures at 1000 seconds and the contour indicates cold temperature
near the air intake and warmer temperatures near the heated edges and along the air outlet.
The temperature and air velocity results of SVAIR are very similar to AIR/W ( Figure 13, right)

(GEO-SLOPE, 2012) .

Figure 14 shows the normal flux rates at the flux sections, Flux -1 and Flux -2. This figure shows
that not until 500 seconds , air flows out of the inlet and comes in from the outlet at a
decreasing rate until 500 seconds . After 500 seconds, the air direction reverses and becomes
steady state afterward. This volume fluxes are compa rable to AIR/W results (GEO-SLOPE,
2012) . Similarly, the cumulative fluxes are shown in Figure 15.
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4 ONE-DIMENSIONAL AIR FLOW
4.1 TOUMA AND VAUCLIN (1985)

Touma and Vauclin (1985) conducted experimental and numerical analysi s of two -phase
infiltration in  an unsaturated soil column. This model is desig ned to use their experimental
results for the verification of infiltration coupled with airflow using the SVAIR and SVF LUX
software.

Project: Columns

Model: Touma_1985

4.1.1 Model description

The model is simulated using a vertical one -dimensional soil column. The model geometry is
illustrated in  Figure 16. The soil column has 1 m height. In itially, the soil column is unsaturated,
and the pore air is connected to atmosphere. The lower end of the soil column does not allow
air-flow. The upper end is open to the atmosphere. During the simulation, a constant water
infiltration is applied at the upper end of the soil column. With the increase in the degree of
wetting soil saturation, the air -flow movement is impeded in its attempt to escape from the
upper end of soil column. It can be expected that the pore air pressure in the soil column will
increase. The increasing pore air pressure will obstruct the water infiltration rate. The following

initial conditions and boundary conditions are applied to simulate the interaction of air and

water flow.

4

1.00 r— ——-

0.90 &

0.80

0.70

0.60 &
Y (m) 0.50 &
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0.20 &
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Figure 16 Model geometry © simulate airflow and infiltration
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Initial Conditions:

Water head: 0 m for SVFLUX application
Pore air pressure  (gauge) Ua: 0 kPa for SVAIR application

Boundary Conditions:

Table 4. Boundary condition inputs

y - coordinate

Test cases Application () Boundary Type Value unit
Casel: SVFLUX 1.0 Normal flux 0.083 m/hr
Light infiltration  rate 0 Zero flux

SVAIR 1.0 Air pressure 0 kPa
0 Zero flux
Case 2 : SVFLUX 1.0 Normal flux 0.166 m/hr
Heavy infiltration  rate 0 Zero flux
SVAIR 1.0 Air pressure 0 kPa
0 Zero flux

4.1.2 Material properties

According to soil properties presented by Touma (1985), the soil water characteristic curve can

be described with the van Genuchten equation, as illustrated in Figure 17, and the hydraulic
conductivity changing with matri c suction is approximated in Figure 18. The saturated
volumetric water content is 0.316 m?3/m 3, and saturated hydraulic conductivity is about 0.154

m/hr . The function of air conductivity as the function of the degree of water saturation was
givenin Figure 19.

i

A A A —— Mualem Fit
& Data
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a.150

Volumetric water content

0100
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10 10 10 10 10° 10 10 10
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Figure 17 Soil water characteristic curve (SWCC) based on Touma experimental data (1985) and van
Genuchten and Mualem estimation method
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Figure 19 Air conductivity changing with the degree of water saturation based on Touma
experimental data (1985) and Binning (1994)
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4.1.3 Result and discussion

The following sections present t he results of the model simulation. The comparison of the
simulation with other results obtained by Touma (1985) and Binning (1994) is included.

4.1.3.1  Air pressure build-up

As soil wets, the air conductivity decreases due to the increase in the degree of water saturation
(see Figure 19). Consequently, the pore air pressure in the soil column will increase. Figure 20
illustrates the behavior of the build -up of pore air pressure with time at different elevations in

the soil column.

Figure 21 illustrates the change of air pressure, U,, water pressure, Uy, matri ¢ suction Ua-Uy,
and water content at the elevation of y = 0.78 m. The saturated hydraulic conductivity of the

soil is app roximately 0.154  m/hr . When a constant infiltrat ion rate of 0.083 m/hr is applied at

the upper end of the soil column, the pore air can escape from the uppe r end of the soil column |
and the air pressure slowly increases ( Figure 21a). When a higher infiltrat ion rate of 0.166 m/hr

is applied, the soil at the top of the soil column is saturated. The air pressure increases at a
faster rate because the air escape path is blocked by the saturated soil as shown in Figure 21b.
Please note that the matri ¢ suction un = u, i u, becomes negative after the soil is over -
saturated ( Figure 21b). Figure 22 to Figure 24 further illustrate the profiles of air density, air
pressure, and matric suction along the soil column at dif ferent times.

4.1.3.2 Comparison with results from Touma (1985) and Binning (1994)

Figure 25 is the comparison of  the calculated water content profile in the soil column with the
experimental result s from Touma (1985). It can be seen from Figure 25 that the calculated
water content profile isin a good agreement with the measured value S.

Figure 26 shows the pore water and air pressure profile calculated from SVAIR and Figure 27 is
the numerical result from Binning (1994). Compar ison of Figure 26 with Figure 27 indicates tha t
the calculation s from SVAIR and Binning (1994) are very similar.
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Figure 20 Air pressure build-up with water infiltration time
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Figure 21 The change of pore water pressure, air pressure, matric suction, and volumetric water
content with time at the elevation of y = 0.781 and at the different infiltration rates
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Figure 22 Air density profiles at different timesfor the bounded soil column ag filtration rate of

Y (m)

0.083m/s

04
0z
03
04
05
0.6
07
08
04

1.1
12
13
14
15
16
17
18

0.200 0400 0600 0800 1000 1200 1.400
ua (kPa)

Y

Figure 23 Air pressure (gauge)profiles at different timesfor the bounded soil column ata filtration

rate of 0.083m/s



Soi IVision Systems Ltd. OneDimensional Air Flow 260f 29

09
0.8
—o0
07 — 02
— 04
0.6 — 06
—_ — 08
E o5 |
> 1.2
0.4 — 14
— 15
03
02
0.1
1 2 3 4 5 6 7 8 9

um (kPa)

Figure 24 Matric suction, u,, profiles at different times at a filtration rate of 0.083 m/s
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Figure 25 Calculation and measured data of water contenat afiltration of 0.083m/hr
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Figure 26 The profile of pore water and pore air pressure changing with time

Figure 27 The profile of pore water and air pressure obtained from Binning (1994)






